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Abstract 

Chlamydia trachomatis is the leading cause of bacterial sexually transmitted in-

fections and can lead to infertility if left untreated. C. trachomatis infects epithelial cells 

and replicate exclusively within a membrane-bound vacuole called the inclusion. C. tra-

chomatis Inc proteins are translocated through a type III secretion system, then embed-

ded into the inclusion membrane where they interact with host molecules to support 

the establishment of the C. trachomatis intracellular niche. The inclusion establishes di-

rect contact with the endoplasmic reticulum (ER-Inclusion Membrane Contact Sites 

(MCS)), and these contacts have been proposed to be important for the C. trachomatis 

developmental cycle by facilitating lipid acquisition.  

Our lab has demonstrated both bacterial and host factors that localize to ER-In-

clusion MCS. The Inc protein IncD recruits the host ceramide transfer protein CERT to 

the inclusion membrane. This forms an IncD-CERT-VAP complex which has been pro-

posed to function in facilitating the transfer of host lipids that become incorporated into 

inclusion and bacterial membranes. Additionally, the host ER calcium sensor protein 

STIM1 localizes to ER-Inclusion MCS, though its interacting partner and function there is 

still unknown. While we had learned about a possible function of ER-Inclusion MCS in 

lipid acquisition, how they are formed and maintained was unclear.  

I showed that Inc protein IncV plays a structural role at ER-Inclusion MCS through 

its interaction with VAP via the molecular mimicry of two eukaryotic FFAT motifs. VAP 

interacts with proteins containing FFAT motifs, which contain a 7-residue core and 
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flanking acidic regions called the acidic tract. IncV contains two FFAT motif cores and 

mutating conserved core residues abolished the IncV-VAP interaction. IncV is sufficient, 

but not required, for the formation of ER-Inclusion MCS, suggesting IncV plays a sup-

porting role in their formation and/or maintenance. 

In eukaryotic cells, phosphorylation has been shown to regulate protein interac-

tions with VAP and the cytosolic tail of IncV is highly enriched in phosphorylatable resi-

dues. I demonstrated that IncV is modified by a host factor and that IncV expressed by 

C. trachomatis in infected cells is phosphorylated. Phosphorylation of IncV is both neces-

sary and sufficient for the IncV-VAP interaction in vitro and during infection. VAP recruit-

ment to the inclusion is dependent on the host serine/threonine kinase Protein Kinase 

CK2 activity. 

Altogether, my studies support a model in which CK2 phosphorylates IncV to 

promote the IncV-VAP interaction. I hypothesize that this this phosphorylation event 

supports the maintenance of ER-Inclusion MCS. In this dissertation, I present the charac-

terization of two novel components of ER-Inclusion MCS, the host CK2 and the C. tracho-

matis Inc protein IncV, and identify their roles in the formation of these contacts. I dis-

cuss how my findings add to our understanding of ER-Inclusion MCS formation and 

maintenance, as well as the MCS field, in general. Identifying molecules involved in the 

formation and maintenance of ER-Inclusion MCS could uncover potential targets for vac-

cine or therapeutic drug development. 
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Chapter 1: Introduction 

1.1 Chlamydia, the disease 

1.1.1 Epidemiology 

1.1.1.1 The Incidence of Sexually Transmitted Infections Worldwide 

Over 1 million bacterial sexually transmitted infections are estimated to occur 

daily around the world.1 Globally, there are an estimated 376 million new cases in peo-

ple between ages 15 and 49 every year with the top four non-viral sexually transmitted 

infections (STIs), Chlamydia, gonorrhea, syphilis and trichomoniasis.1 Over one third 

(131 million) of these new infections are attributed to Chlamydia trachomatis, the caus-

ative agent of Chlamydia.2  

1.1.1.2 The Incidence of Sexually Transmitted Infections in the United States 

In 2018, there was an increase in reported cases for all three of the notifiable 

STIs of bacterial origin, Chlamydia, gonorrhea, and syphilis, in the United States (US) for 

the 5th year in a row (Figure 1.1).3 In the US, C. trachomatis is the most commonly re-

ported infection, with about 1.8 million cases reported to the CDC in 2018.3 There has 

been a steady increase in reported Chlamydia infections between 2000 and 2018.3 The 

true incidence of Chlamydia infections is unknown because the majority of infections 

are asymptomatic.4 Adjusted to 2010 dollars, Chlamydia was the mostly costly sexually 

transmitted infection of bacterial origin in the US with an estimated $517 million direct 

medical cost.5  
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Figure 1.1. Reported cases of C. trachomatis sexually transmitted infections in the 

United States from 2000-2018. Rate is expressed per 100,000 people. Graph was ob-

tained from the CDC website. 
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1.1.2 C. trachomatis Transmission 

Most C. trachomatis infections affecting adults and teens are transmitted sex-

ually.3 While there are no similar studies in the United States, one Australian study 

found that among females infected with C. trachomatis, 76% of their male partners also 

tested positive.6 A second Australian study assessed transmission rates male same sex 

couples and found that about half of the partners of those positive for urethral C. tra-

chomatis tested positive for rectal C. trachomatis7. Their findings suggested that trans-

mission from urethra to rectum, and vice versa, might be less efficient than transmission 

between male and female genital tracts in heterosexual couples.7 However, no data was 

collected on the number of exposures, so it would be difficult to draw such conclusions. 

There are also no studies examining transmission rates to and from other anatomical 

sites such as the pharynx.8  

1.1.3 Risk Factors for C. trachomatis Infection 

Young people are more likely to be infected with C. trachomatis and those ages 

15 to 24 make up nearly 60% of the reported cases in 2018.3 Females are infected at 

twice the rate of males.3 Having multiple or new sex partners is a risk factor for all sex-

ually transmitted infections (STIs), as is inconsistent condom use.9–11 Having a history of 

previous C. trachomatis infection is a risk factor, though it is probably more related to 

behavior rather than biology.12 Socioeconomic status and race have also been identified 

as risk factors.3 In particular, Blacks had a rate of reported infections that was 5.6 times 

higher than that of Whites in 2018.3 American Indian/Alaska Native and Native 
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Hawaiian/Other Pacific Islander were also disproportionately represented in the number 

of reported infections.3  

1.1.4 Clinical Presentations of Chlamydia Infections 

1.1.4.1 Overview of Chlamydia Species Infections in Humans 

There are nine Chlamydia species including C. trachomatis, C. pneumoniae, C. 

abortus, and C. psittaci which can all infect humans.13 Depending on the anatomical site 

of infection and with which Chlamydia species, there are a diverse range of clinical man-

ifestations of Chlamydia infections. C. pneumoniae typically infects the lungs and causes 

pneumonia, an inflammation of air sacs in one or both lungs.14 C. abortus is a pathogen 

that largely infects ruminants, but occasionally infects humans and can cause abortions 

their mammalian host.15 C. psittaci typically infects birds and livestock, and sometimes 

infects humans and causes flu-like symptoms that can progress into life-threatening 

pneumonia.16 The major Chlamydia species that infects humans is C. trachomatis, which 

causes eye infections, sexually transmitted infections, and rarely, pneumonia.17  

1.1.4.2 Diseases Caused by C. trachomatis 

C. trachomatis strains, referred to as serovars, are divided into two biovars: 1) 

the trachoma biovar, which contains ocular and urogenital strains; and 2) the Lympho-

granuloma venereum biovar.18 The ocular serovars in the trachoma biovar (serovars A, 

B, Ba, and C) are generally known to cause an eye infection called trachoma which is 

characterized by conjunctivitis, swelling of the eyelids, and eye pain.19 The urogenital 

serovars in the trachoma biovar (serovars D, E, F, G, H, I, J, and K) mostly cause 
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infections of the genital tract which can lead to symptoms including discharge, bleeding, 

pelvic pain, and pain with urination.20 The serovars in the Lymphogranuloma venereum 

biovar (L1, L2, L2a, L2b, and L3) cause an infection of the draining lymph nodes close to 

the site of entry called Lymphogranuloma venereum (LGV).21 LGV usually manifests as 

genital ulcers and swollen lymph nodes in the groin.21 Each serovar exhibits a preferred 

tissue tropism, though it is increasingly appreciated that most serovars are capable of 

infecting sites other than the preferred tissue.20 For example, a study in Austria demon-

strated the presence of serovars E and F in several ocular samples and serovar B in sev-

eral genital samples.22 Another example is Chlamydial neonatal conjunctivitis which oc-

curs when a pregnant woman who is infected with C. trachomatis genitally (most com-

monly serovars D-K) transmits the bacteria during birth.23 

1.1.5 Pathogenesis of C. trachomatis Infections 

The majority of C. trachomatis infections are asymptomatic and thus, often go 

untreated.4,24 If left untreated, infections can progress to lifelong sequelae that interfere 

with quality of life. Trachoma, the leading cause of non-congenital blindness globally, 

can lead to severe scarring on the inside of the eyelid, which could then turn eyelashes 

inward where they continually scratch the eye, including the cornea.19 Once the cornea 

is scarred from constant scratching, the infected person can become irreversibly vision 

impaired or blind.19 In females, genital tract infections can ascend into the upper genital 

tract (uterus, fallopian tubes, or ovaries) and cause pelvic inflammatory disease, which 

can lead to extensive scarring within the upper genital tract.25 This scarring can then 
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lead to complications such as chronic pelvic pain, infertility, and ectopic pregnancy.25 In 

males, genital tract infections can extend into the testicles and cause epididymitis, in-

flammation of the tube that carries sperm, which can ultimately lead to sterility.26 LGV 

can cause obstruction of the lymphatic system, which can lead to elephantiasis, the en-

largement and hardening of body parts.27 There is some evidence that, in some cases, C. 

trachomatis can travel to joints and lead to reactive arthritis.28 

1.1.6 Treatment of C. trachomatis Infections 

Uncomplicated genital tract infections, as well as trachoma, can be treated with 

a single, large dose of oral azithromycin or oral doxycycline twice daily for seven days.29 

Azithromycin is considered safe to use during pregnancy, but doxycycline is not recom-

mended after the 1st trimester.30 Neonatal conjunctivitis is also treated with azithromy-

cin.30 Alternatives to the first-line treatments include quinolones and erythromycins.29 

Complicated urogenital infections and LGV are often treated with a combination of oral 

doxycycline taken for several weeks and an intramuscular injection of a quinolone.21  

1.2 Chlamydia, an Obligate Intracellular Bacterium 

1.2.1 Microbiological Description of Chlamydia 

Chlamydiae are obligate intracellular, gram negative bacteria that replicate most 

commonly within epithelial cells and sometimes in macrophages and dendritic cells, 

though it is not currently known if the latter occurs in infected individuals.31–33 All Chla-

mydiae share a biphasic developmental cycle, where the bacteria transition to two 

forms (Figure 1.2).34 The cycle begins when an infectious, non-replicating elementary 
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body (EB) attaches to a host cell and induces its own endocytosis.35 From this point for-

ward, the bacteria reside exclusively within a membrane-bound vacuole called the inclu-

sion.36 The nascent inclusion, containing one EB, traffics along microtubules until it 

reaches the microtubule organizing center (MTOC) in a perinuclear region.37,38 The EB 

converts into a replicating, non-infectious reticulate body (RB).35 If more than one EB 

entered the same cell, the separate inclusions fuse to form a single inclusion.39 As RBs 

replicate, the inclusion becomes larger to accommodate the increasing number of bac-

teria.35 Eventually, RBs convert asynchronously into EBs which then exit the cell through 

host cell lysis or extrusion of the inclusion.40  
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Figure 1.2. Chlamydia developmental cycle. Infectious elementary bodies (EB) enter an 

epithelial cell and are enclosed in a membrane vacuole called the inclusion. Nascent in-

clusions travel down microtubules until they reach the microtube organization center 

(MTOC) next to the nucleus. By 8 hours post-infection, EBs have transitioned into the 

replicating reticulate bodies (RB). If multiple bacteria enter a cell, the individual inclu-

sions will fuse around 12-18 hours post-infection. RBs replicate until 24 – 48 hours post 

infection when they begin to transition back into EBs asynchronously. 48-72 hours post 

infection, bacteria exit the cell through cell lysis or inclusion extrusion. N = nucleus. This 

figure was adapted from Bastidas et al.41  
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1.2.2 Chlamydia Genetics and Genetic Tools 

A common way to determine protein function in many organisms is to mutate or 

delete the corresponding gene and/or to introduce extrachromosomal DNA, such as 

plasmids, containing the given gene. It was not until recently that tools to genetically 

manipulate Chlamydia were available and the recent advances have been essential for 

furthering our understanding of Chlamydia biology.42–44 

1.2.2.1 The Chlamydia Genome 

Over millions of years of co-evolution with the human host, C. trachomatis has 

reduced its genome to about 1 million base pairs that encode about 900 open reading 

frames (ORFs).18 There are relatively few examples of recently acquired genes from for-

eign sources, but the majority of acquired genes bear more similarity to eukaryotic 

genes than prokaryotic genes.45 Because many bacterial metabolic enzymes are missing, 

the bacteria rely on the host for several metabolic processes.45 For example, Chlamydia 

possesses a mostly intact glycolytic pathway missing the gene encoding an enzyme that 

catalyzes the conversion of fructose bisphosphate into glyceraldehyde-3-phosophate.45 

As a result, C. trachomatis cannot use glucose and must import glucose-6-phosphate 

from the host. Additionally, Chlamydia is auxotrophic for most amino acids, likely due to 

the considerable lack of amino acid biosynthesis enzymes.45  The Chlamydia genome 

lacks homologs encoding enzymes and other proteins involved in the uptake of foreign 

DNA including transformation, competence, restriction enzymes, phages, or transpos-

ons.45 However, there is evidence of recombination machinery, including enzymes 
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involved in DNA repair, replication, and recombination, suggesting Chlamydia is at least 

capable of recombining DNA.45 Conversely, the Chlamydia genome lacks orthologs of ox-

idative DNA damage repair enzymes and mismatch repair.45  

1.2.2.2 The Chlamydia Cryptic Plasmid 

Chlamydia have an eight ORF plasmid referred to as a cryptic plasmid.46 These 

ORFs play roles in transcriptionally regulating chromosomal genes and virulence in 

vivo.47 There are about 10 copies of the plasmid per genome.48 The plasmid is appar-

ently not required for Chlamydia propagation as there are laboratory strains that have 

been cured of the plasmid and still replicate efficiently.49 However, plasmid-less strains 

are less virulent during animal infections, highlighting the importance of the cryptic plas-

mid in vivo.49,50 

1.2.2.3 Chlamydia Transformation and Cloning Vectors 

Obligate intracellular pathogens have been notorious for requiring challenging 

and inefficient genetic tools.51 The first barrier encountered for transforming any organ-

ism is that foreign DNA must be taken up by the cell. In Chlamydia, one must consider 

several factors such as which form of the bacteria to target. EBs have a highly cross-

linked outer membrane that could impede foreign DNA delivery.52 On the other hand, 

RBs are not infectious and are contained within an inclusion within the host cell, pre-

senting at least four membranes to cross to get into the bacterial cytosol.35 Multiple 

lines of evidence demonstrate that transformation of the EB form is more effi-

cient.44,49,53–56 The most efficient method of transformation to date is calcium based.53 
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Another layer of difficulty was added by the Chlamydia cryptic plasmid. The origin of 

replication in the Chlamydia plasmid is not functional in E. coli.44,46,49 To circumvent this 

challenge, C. trachomatis-E. coli shuttle vectors were designed such that they contained 

the necessary Chlamydia components to maintain the plasmid, combined with DNA suit-

able for plasmid maintenance and replication in E. coli. 53,54,57  

1.2.2.4 Fluorescent Proteins and Inducible Gene Expression in C. trachomatis 

An important tool developed for studying C. trachomatis was the introduction of 

fluorescent protein expression. This allowed for the visualization of Chlamydia-infected 

cells without having to immunostain a bacterial protein and also allowed for straightfor-

ward live imaging of the developmental cycle.53,54 Not long after fluorescent protein ex-

pression was possible in C. trachomatis, systems for inducible expression of fluorescent 

proteins and tagged C. trachomatis proteins were developed.55,57,58 Inducible expression  

was an instrumental tool because it allowed for studying protein functions at various 

times during the developmental cycle.57–62 Inducible expression from a Chlamydia-E. coli 

shuttle vector is now widely used and has proved essential for functional studies.57–62 

1.2.2.5 Mutating the C. trachomatis Genome 

The first instances of generating of a Chlamydia null mutant was a complicated 

process involving chemical mutagenesis combined with the mismatch specific endonu-

clease CEL I or whole genome sequencing and a collection of mutants was generated.63–

65 One method relied on the rare event of a single point mutation to generate an early 

stop codon and the base pair mutated was mostly random.65 Another method used high 
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concentrations of a chemical mutagen which resulted in multiple mutations per ge-

nome.63 This meant that screening of many mutants and whole genome sequencing was 

required to confirm the mutation sites.63–65 To optimize generation of null mutants, the 

TargeTron system was applied to C. trachomatis and allowed for site-specific, targeted 

disruption of genes by the insertion of a Type II intron.56 Many C. trachomatis genes 

have been mutated with TargeTron, but it requires a proprietary algorithm to identify 

suitable insertion sites.61,66–72 Even though it is site specific, TargeTron can still lead to 

the generation of functional, truncated gene products instead of a true null mutant, 

have off target insertions, or not be inserted at all.73  Fluorescence-Reported Allelic Ex-

change (FRAEM) was developed to completely replace a given gene with a fluorescent 

marker and a resistance cassette.74 A new version of FRAEM was recently developed, 

called Floxed-Casette Allelic Exchange Mutagenesis (FLAEM), that allows for the removal 

of the fluorescent protein and resistance cassette after FRAEM using a Cre-lox system to 

generate a marker-less mutant.75 

1.2.3 Chlamydia Effector Proteins 

1.2.3.1 Type III Secretion System in Chlamydia 

Many pathogens utilize a needle-like apparatus, called type III secretion system 

(T3SS), to inject effector proteins into the target host cell to promote bacterial survival 

and manipulate host factors to establish the bacterial niche (Figure 1.3 A).76 The Chla-

mydia T3SS was first discovered in C. psittaci which contains several open reading 

frames that are homologous to Yersinia T3SS genes.77 One year later, a T3SS was 
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identified in C. trachomatis when the genome was sequenced.45,78 Additionally, all Chla-

mydia species genomes sequenced to date contain T3SS subunit genes.79–82 Initially, 

Chlamydia EBs use T3SSs presynthesized by RBs to inject presynthesized effector pro-

teins across the host cell plasma membrane that facilitate bacterial entry into the cell.83–

85 Once an inclusion is formed, Chlamydia establishes an intracellular niche by using the 

T3SS to translocate effector proteins that manipulate its host cell surroundings and to 

modify the inclusion.36,86 Effectors are categorized based on when they are expressed 

during the developmental cycle and their expression mostly corresponds with specific 

stages of the cycle. Early effectors are expressed just after the transition from EB to 

RB.87 Early effectors are proposed to be involved in modifying the inclusion mem-

brane.34,87,88 Mid-cycle effectors are expressed during RB replication and are proposed 

to facilitate nutrient acquisition, inclusion membrane maintenance, and innate immun-

ity modulation.34,87,88 Late effectors are expressed as RBs convert to EBs through the end 

of the cycle and some late effectors are packaged into EBs to facilitate entry into a new 

cell.34,87,88 An overview of T3SS effectors of C. trachomatis functions and temporal cate-

gory are presented in Table 1.1 
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Figure 1.3. Type III secretion system and Inclusion membrane proteins. A) Schematic of 

generic bacterial type III secretion system (T3SS). The T3SS is embedded into both bacte-

rial membranes and a 3rd membrane that interfaces with the target cell cytosol. Effector 

proteins are translocated from the bacterial cytosol to the environment on the opposite 

side of the 3rd membrane. B) Schematic depicting an inclusion in an epithelial cell. The 

Chlamydia T3SS (blue/orange) is inserted through both bacterial membranes and the in-

clusion membrane and translocates effector proteins into the host cytosol. Inclusion 

membrane proteins (Inc) (red) are effector proteins that are embedded into the inclu-

sion membrane and have cytosolic tails. RB, Chlamydia reticulate body. EB, Chlamydia 

elementary body. 
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Table 1.1 C. trachomatis Type III Secretion System effector proteins 

Serovar D/L2 annota-

tions, Common Name 

Temporal 

Class87,89 

Host interacting 

partner(s) 

Proposed role and/or locailza-

tion 
References 

Non-Inc proteins 

CT042/CTL0298, GlgX No data None 
Glycogen hydrolase in inclusion 

lumen 
90 

CT089/CTL0344, CopN No data Unknown 
Regulates T3SS at inclusion 

membrane 
91 

CT105/CTL0360, CteG mid Unknown 
Modulates host cell vesicular 

trafficking 
92 

CT142/CTL0397, None mid Unknown 
Unknown function in inclusion 

lumen 
93 

CT143/CTL0398, None mid Unknown 
Unknown function in inclusion 

lumen 
93 

CT144/CTL0399, None mid Unknown 
Unknown function in inclusion 

lumen 
93 

CT456/CTL0716, TarP mid 
Actin, Abl1, Vav2, 

PI3K, SHC1 

Nucleates actin, promotes host 

cell survival 
94–99 

CT529/CTL0791, Cap1 early Unknown 
Associates with lipid droplets 

and inclusion membrane 
100,101 

CT620/CTL0884, None mid ESCRT 
Unknown function in inclusion 

lumen, host cytosol, nucleus 
102 

CT621/CTL0885, None mid ESCRT 
Unknown function in in-clusion 

lumen, host cyto-sol, nucleus 
102 

CT622/CTL0886, None early Unknown 
Promotes bacterial growth in in-

clusion lumen and host cytosol 
103,104 

CT694/CTL0063, TmeA late AHNAK Promotes host cell invasion 75,85,105 
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CT695/CTL0064, TmeB late Unknown 
Unknown function in the cyto-

sol 
106 

CT711/CTL0080, None mid ESCRT 
Unknown function in the nu-

cleus 
102 

CT737/CTL0106, NUE late Histones 
Histone methyltransferase in 

nucleus 
107 

CT798/CTL0167, GlgA late None 
Glycogen synthase in inclusion 

lumen 
108 

CT875/CTL0255, TepP early 
CRK, CRKL, PI3K, 

GSK3 

Manipulates host gene expres-

sion 
71,84 

Inc Proteins 

CT005/CTL0260, IncV early VAPA/VAPB ER-Inclusion MCS tether 109 

CT006/CTL0261, None early Unknown Unknown  

CT101/CTL0356, MrcA mid ITPR3 Promotes inclusion extrusion 61 

CT115/CTL0370, IncD early CERT 
Lipid transfer at ER-Inclusion 

MCS 
58,110 

CT116/CTL0371, IncE early SNX5/SNX6 Restricts retromer 60,111 

CT117/CTL0372, IncF early Unknown Inc-Inc Interactions 59 

CT118/CTL0373, IncG early 14-3-3β Unknown 112 

CT119/CTL0374, IncA mid 
VAMP3/VAMP7/VA

MP8 

Homotypic fusion of inclusions, 

inhibit fusion with endolysoso-

mal system 

56,70,113–116 

CT134/CTL0389, None early Unknown Unknown  

CT135/CTL0390, None early Unknown Unknown  

CT147/CTL0402, None early Unknown Unknown  

CT179/CTL0431, None mid Unknown Unknown  

CT192/CTL0444, None early Unknown Unknown  
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CT222/CTL0475, None mid Unknown Inc-Inc interactions 117 

CT223/CTL0476, IPAM mid CEP170 
Manipulates host microtubules, 

inhibits host cell cytokinesis 
118,119 

CT224/CTL0477, None early Unknown Inhibits host cell cytokinesis 119 

CT225/CTL0477A, 

None 
early Unknown Inhibits host cell cytokinesis 119 

CT226/CTL0478, None early Unknown Unknown  

CT227/CTL0479, None early Unknown Unknown  

CT228/CTL0480, None early MYPT1 Inhibits inclusion extrusion 66,120 

CT229/CTL0481, CpoS early RAB GTPases 

Inhibits host cell death, modu-

lates host cell vesicular traffick-

ing 

67,68,121,122 

CT232/CTL0484, IncB early Unknown Unknown  

CT233/CTL0485, IncC early Unknown Unknown  

CT249/CTL500A, None early Unknown Unknown  

CT288/CTL0540, None early CCDC146 
Inclusion microdomain localiza-

tion 
123 

CT345/CTL0599, None early Unknown Unknown  

CT358/CTL0612, None early Unknown Unknown  

CT383/CTL0639, None early Unknown 
Promotes stability of inclusion 

membrane 
67 

CT440/CTL0699, None early Unknown Unknown  

CT442/CTL0701, CrpA mid Unknown Unknown  

CT449/CTL0709, None early Unknown Unknown  

CT483/CTL0744, None early Unknown Unknown  

CT556/CTL0819, None mid Unknown Unknown  
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CT565/CTL0828, None early Unknown Unknown  

CT618/CTL0882, None mid Unknown Unknown  

CT813/CTL0184, InaC mid 

14-3-3 proteins, 

ARF1/ARF4, 

VAMP7/VAMP8 

Post-translational modification 

of microtubules, actin remodel-

ing, promotes Golgi fragmenta-

tion  

69,124 

CT850/CTL0223, None late DYNLT1 

Inclusion localization at centro-

some, inclusion microdomain 

localization 

125 
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1.2.3.2 Inclusion Membrane Proteins 

Some of the T3SS translocated effector proteins become embedded into the in-

clusion membrane after their translocation and are called inclusion membrane proteins, 

or Incs (Figure 1.3 B).36,116,126–129 Depending on the serovar, C. trachomatis has 30 to 60 

predicted Incs.128,129 Most Incs are expressed early in the developmental cycle and are 

thought to play roles in establishing the inclusion.87 Incs are defined by having one or 

more bilobed transmembrane domains with one or more tails facing the host cytosol.116 

These cytosolic tails are well positioned to interact with host molecules and manipulate 

host cell processes. Interestingly, Incs do not share sequence homology amongst them-

selves and only a few share structural homology regions with proteins in other organ-

isms.127,128 Thus, characterization of Incs has been challenging. However, much progress 

was made over the last several years in the field of Incs, in part because of the increas-

ing availability of genetic tools.  An overview of Inc protein functions is presented in Ta-

ble 1.1 and below. 

1.2.4 Chlamydia Interactions with the Host  

1.2.4.1 Interactions Between the Inclusion and Host Factors 

As an intracellular pathogen that relies on the host for many processes to main-

tain an intracellular niche, Chlamydia must interact with host cell components. Since 

Chlamydia resides within the inclusion and does not directly contact host cell compo-

nents in the cytosol, the inclusion offers a platform through which the bacteria can in-

teract with host cell components. The inclusion has been shown to interact with several 
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host cell cytoskeletal elements and organelles including multivesicular bodies, the Golgi 

apparatus, the endoplasmic reticulum, and the plasma membrane.34,88 In addition to 

these interactions, it is now well known that Chlamydia require several host lipids, such 

as phospholipids, sphingomyelin, and cholesterol, to complete the developmental cy-

cle.130 A schematic overview of interactions between the inclusion and host cell compo-

nents is presented in Figure 1.4. Importantly, Inc proteins are a major player in the inter-

actions between host components and the inclusion. 
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Figure 1.4. Chlamydia inclusion interactions with host factors. A) Schematic depicting 

various interactions between Chlamydia and host organelles and molecules. An infec-

tious elementary body (EB, brown) attaches to the plasma membrane and manipulates 

the host actin cytoskeleton (grey). After entering the cell, the EB is enclosed in a mem-

brane-bound vacuole called the inclusion (black circle encasing EB and RB) and EBs con-

vert to the replicative form of the bacteria, reticulate bodies (RB, orange). The inclusion 

quickly diverts from the endocytic cycle and does not fuse with endosomes (cyan) or ly-

sosomes (yellow). The inclusion travels down microtubules (blue) until it reaches a re-

gion near the nucleus (light grey). Throughout the developmental cycle, the inclusion in-

teracts with several host organelles. Infection induces the fragmentation of the Golgi ap-

paratus (blue) into functional mini-stacks that surround the inclusion. The endoplasmic 

reticulum (green) directly contacts the inclusion membrane. Multivesicular bodies (cyan 

with white circles), lipid droplets (pink), and peroxisomes (purple) associate with the in-

clusion and may translocate into the inclusion lumen. B) The inclusion is surrounded by 

cages of actin (grey), post-translationally modified microtubules (blue), and intermedi-

ate filaments (purple). 
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1.2.4.1.1 Interactions with the Host Cytoskeleton 

The actin cytoskeleton plays a major role in the Chlamydia developmental cycle. 

After EBs attach to the host cell, pre-synthesized effector proteins are translocated into 

the host cytosol via the T3SS.83–85 One of the first effector proteins released is the trans-

located actin-recruiting phosphoprotein (TarP) which contains actin-binding domains.83 

Upon its translocation into the host cell, TarP recruits and nucleates actin, which results 

in membrane remodeling and internalization of the bacteria.131 Actin also seems to play 

a role in stabilizing the inclusion during the rest of the developmental cycle.132 Both ac-

tin and intermediate filaments form a cage around the inclusion that is thought to main-

tain the integrity of the inclusion membrane.132 Several host factors and one Inc protein, 

InaC, have been shown to play a role in actin cage formation.63,133 Microtubules also 

play important roles in the Chlamydia developmental cycle. Nascent inclusions traffic 

along microtubules until they reach the Microtubule Organizing Center (MTOC). Several 

Incs (MrcA, CT222, IPAM, CT224, CT228, IncB, IncC, CT288, and CT850) localize to a re-

gion on the inclusion membrane near the MTOC and IPAM, CT288, and CT850 are pro-

posed to facilitate interactions with the MTOC, as well as the actin cytoskele-

ton.37,38,118,120,125,134 In addition to the actin cage, there is also a cage of post-translation-

ally modified microtubules formed around the inclusion and the microtubule cage for-

mation relies on several host and Incs (InaC and IPAM).69,118,135,136  

1.2.4.1.2 Escape from the Endocytic Pathway 
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It has been known for decades that the inclusion rapidly escapes the endocytic 

pathway after bacterial internalization. The inclusion is negative for late endosome and 

lysosomal markers and the lumen of the inclusion is not acidified.137 Despite its diver-

sion from the endocytic pathway, the inclusion still associates with many endolysosomal 

pathway components, such as RAB GTPases, sorting nexins, and endocytic SNARE pro-

tein.60,138–141 For example, IncA contains SNARE motif mimics and IncA, InaC, and IPAM 

recruit host SNARE proteins which are proposed to inhibit lysosomal fusion with the in-

clusion.114,115,142 Additionally, IncE was shown to sequester retromer (a protein complex 

that recycles endosome cargo) components and could play a role in preventing lysoso-

mal fusion with the inclusion.60 Despite inhibiting several steps in the endolysosomal 

pathway, an interesting finding was that the contents of multivesicular bodies, a late en-

docytic organelle, are translocated into the inclusion lumen as a source of host li-

pids.139,143  

1.2.4.1.3 Manipulation of the Golgi Apparatus 

Partway through the Chlamydia developmental cycle, the Golgi apparatus be-

comes fragmented into “mini-stacks” which are then positioned around the inclusion.144 

Since Chlamydia requires host lipids, such as sphingomyelin, to complete its develop-

mental cycle and these lipids are synthesized in the Golgi, mini-stack formation had pre-

viously been proposed to facilitate lipid delivery.144 However, recent studies have 

demonstrated that Golgi fragmentation is not required for lipid delivery.145 The Inc pro-

tein InaC controls the position of the mini-stacks around the inclusion, but an inaC 
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mutant strain of C. trachomatis is not deficient in sphingolipid trafficking.63 Thus, the 

precise role of Golgi fragmentation is still unclear. Nevertheless, C. trachomatis is known 

to incorporate sphingomyelin into the inclusion membrane and bacterial cell walls.146 

This sphingomyelin acquisition is essential for C. trachomatis development.147 It was 

shown that Golgi-derived sphingomyelin-containing vesicles fuse with the inclusion. In-

terestingly, when cells were pretreated with Brefeldin A, an inhibitor of vesicular traf-

ficking, sphingomyelin accumulation in the inclusion was decreased and inclusions were 

smaller, but Brefeldin A treatment had no effect on infectious progeny production.146 

These data suggested a non-vesicular route of sphingomyelin acquisition.  

1.2.4.1.4 Direct Contact with the ER 

The inclusion establishes direct contact with the endoplasmic reticulum (ER). 

First identified over a decade ago, electron micrographs revealed that ER was closely as-

sociated with the inclusion membrane.148 Our lab, concurrently with Elwell et al, subse-

quently confirmed ER and Inclusion association using confocal fluorescence and electron 

microscopy approaches (Figure 1.5).110,149 It was observed that the inclusion was cov-

ered in patches of ER and that the ER and inclusion membranes did not fuse.110,150 The 

measured distance between the ER and inclusion membranes was about 10-20nm.110,150 

Because of their striking resemblance to Membrane Contact Sites (discussed in detail in 

the following section), we named them ER-Inclusion Membrane Contact Sites.110,151 An 

independent study showed that the Chlamydia inclusion contacts the ER in a structure 

referred to as a pathogen synapse, which contain ordered arrays of bacterial T3SS 
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connect the bacterial, inclusion, and ER membranes.150 It is unclear at this point, 

whether ER-Inclusion MCS and the Chlamydia pathogen synapse is referring to the same 

structure. 
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Figure 1.5. ER-Inclusion Membrane Contact Sites. A) Schematic depicting the contact 

between the endoplasmic reticulum (ER) and the inclusion membrane. RB, reticulate 

body. EB, elementary body. B) Transmission electron micrograph (TEM) of C. tracho-

matis infected HeLa cell and showing the close contact of the ER (arrowheads) with the 

inclusion membrane (arrows). The scale bar is 500nm. ER, endoplasmic reticulum. RB, 

reticulate body. EB, elementary body.  
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1.3 Membrane Contact Sites 

1.3.1 What is a Membrane Contact Site? 

The compartmentalization of cells into discrete organelles with a membrane en-

closure allows for the spatial concentration of specialized functions. However, this pre-

sents a challenge when the different organelles need to talk to each other and/or ex-

change materials that do not easily diffuse across membrane. Vesicular trafficking is a 

major means of transporting lipids between different membranes within the cell. How-

ever, blocking vesicular trafficking does not cease all lipid trafficking.152,153 It is being in-

creasingly appreciated that lipids and small molecules are also transported at sites 

where membranes of different organelles interface.154–161 These platforms are called 

Membrane Contact Sites (MCS) and are defined as zones of close apposition, typically 

about 10-30nm apart, between two membranes with no fusion occurring.154–162 MCS 

have been identified between almost all organelle pairings, and the largest membrane 

bound organelle, the endoplasmic reticulum (ER), is often one of the partnering orga-

nelles. A schematic overview of a selection of Membrane Contact Sites is presented in 

Figure 1.6.  
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Figure 1.6. Membrane contact sites structure and function. The endoplasmic reticulum 

(green) contacts most other organelles (orange, shown here are mitochondria, endo-

some, Golgi) and the plasma membrane. Proteins enriched at each MCS are depicted 

with green and red ovals. 
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1.3.2 Components of MCS 

 There are four subclasses of proteins within MCS: 1) structural, 2) functional, 3) 

sorting, and 4) regulating (Figure 1.7).162 Structural proteins bridge the space between 

the membranes, maintaining a specific distance that allows functional components to 

perform their functions.162,163 For example, junctophilin proteins are anchored into the 

ER and have a domain with affinity for the plasma membrane (PM).164 In the absence of 

junctophilin ER-PM MCS fail to assemble and Ca2+ signaling is defective at these sites in 

excitable cells.164 Functional proteins play an active role in transferring small molecules 

such as lipids or ions. The activity of the ceramide transfer protein (CERT) in transferring 

ceramide from the ER to the Golgi places it in the functional category.165 Sorting pro-

teins recruit specific proteins or modify membrane lipids to define the molecular com-

ponents of a given contact site.162 For example, phosphoinositide kinases localized to 

certain MCS modify phosphatidylinositol to enrich that contact in specific phospholipids, 

which then recruit proteins with domains specific to a given phospholipid.166 Regulating 

proteins modulate the formation, maintenance, or function of MCS.162 For example, 

phosphorylation of a tether protein by an unidentified kinase at mitochondria and vacu-

ole contacts in yeast disrupts vacuole-mitochondria MCS.167 It is also important to note 

that tethering proteins at MCS can also be functional components.  
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Figure 1.7. Types of Proteins at Membrane Contact Sites. Schematic depicting the dif-

ferent categories of proteins found at Membrane Contact Sites. Structural proteins (light 

and dark green) tether the opposing organelles together. Functional proteins (purple) 

perform a specific function such as lipid transfer or ion exchange. Sorter proteins (red) 

recruit specific proteins and repel other proteins. Regulator proteins (dark blue) control 

the function or formation of Membrane Contact Sites. 
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1.3.3 Functions of ER-Containing MCS 

1.3.3.1 Calcium Signaling 

Calcium (Ca2+) signaling is an important mechanism used by the cell to alert the 

cell to changes and initiate downstream signaling. The ER maintains a relatively high 

Ca2+ ion concentration within its lumen compared to cytosolic Ca2+ concentra-

tion.168,169 This ER Ca2+ store can be released in response to external stimuli to initiate 

Ca2+ signaling in the cytosol or other organelles, such as mitochondria or endosomes.170 

MCS are formed between the ER and mitochondria or endosomes to facilitate efficient 

and rapid Ca2+ transfer from the ER.171 Additionally, once Ca2+ stores in the ER have de-

creased, they must be refilled to maintain ER Ca2+ homeostasis.171 The ER-resident Ca2+ 

sensor molecule STIM1 detects low ER luminal Ca2+ which induces oligomerization of 

STIM1 molecules.172 Clustered STIM1 then interact with the plasma membrane, thus 

forming ER-plasma membrane MCS, and recruits Ca2+ specific Orai channels to stimu-

late ER Ca2+ store refilling.173 

1.3.3.2 Lipid Exchange 

Eukaryotic cells contain lipids that are used to make membranes, store energy, 

and for communication between cells. Most lipids found in cells are synthesized in the 

ER and then must be delivered to the correct location.174 Vesicular trafficking is one way 

lipids can be delivered, but some organelles, such as peroxisomes, are not connected to 

the ER via vesicular trafficking.175 Nonvesicular lipid exchange at MCS provides a source 

of lipids for many membranes. Lipid transport proteins (LTPs) extract one lipid from a 
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certain membrane and transfer it to another membrane.155 Different LTPs localize to 

certain MCS by binding to lipids and/or proteins enriched at the contact.155,158 For exam-

ple, CERT contains one Golgi-targeting domain and one ER-targeting domain to position 

it at ER-Golgi MCS.176 CERT contains a ceramide-binding domain that transfer ceramide 

from the ER to the Golgi.176 

1.3.4 Formation and Maintenance of ER-Containing MCS 

1.3.4.1 Membrane Tethering 

For functional components of MCS to perform their functions, the two mem-

branes must be brought together and held in place. Proteins that bridge the two mem-

branes are referred to as tethers.163 To be considered an MCS tether, a protein must ful-

fill the following four criteria: 1) enriched in the MCS, 2) mediates binding to opposing 

membranes, 3) its overexpression increases the area of the MCS, and 4) its deletion de-

creases the MCS.157,163 The fourth criterium has been challenging to prove because 

there can be redundancy in tethering. For example, in yeast, six tethers must be deleted 

before ER-plasma membrane MCS are depleted.177  

1.3.4.2 Connecting the ER to Other Organelles Through a Common Protein 

Many MCS formed between the ER and other organelles are enriched in the ER-

resident vesicle-associated membrane protein-associated protein (VAP) proteins.178 

There are two VAP proteins (VAPA and VAPB) in vertebrates, and because of their high 

homology, they are together referred to as VAP.178 VAP contains a globular domain with 

homology to major sperm protein (MSP), short linker regions, a predicted coiled-coil 
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domain, and a transmembrane helix which anchors it to the ER (Figure 1.8A).179 ER-inte-

gral VAP interacts with a broad range of proteins on different organelles.178 Most VAP-

interacting proteins contain one or more phenylalanine-phenylalanine (FF) in an acidic 

tract (FFAT) motifs that interact with an electropositive face in the MSP domain of 

VAP.179–181 FFAT motifs are defined by a core motif made of seven amino acids with the 

consensus motif of E1-F2-F3-D4-A5-x-E7, where x is any amino acid.178–182 Several proteins 

containing FFAT motifs that have been identified and an alignment of their FFAT motif 

cores demonstrates that there is considerable variation tolerated in any core amino acid 

except for position 2, which must be a phenylalanine (F) or tyrosine (Y) (Figure 

1.8B).178,182 The other important component of FFAT motifs is an acidic tract which is an 

enrichment of acidic residues flanking the core of the motif.180 Acidic tracts are thought 

to provide an initial, nonspecific interaction with the electropositive face on the VAP 

MSP domain before the core of the FFAT motif then binds stably in a hydrophobic 

pocket.179 VAP-interacting proteins, which are often lipid transfer proteins, interact with 

VAP using a FFAT motif and contain at least one other domain targeting the opposing or-

ganelle.158  
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Figure 1.8. VAP binds to proteins with FFAT motifs. A) Schematic depicting the domains 

of VAP (yellow) and a VAP interacting protein (pink). blue, electropositive face; MSP, 

Major Sperm Protein domain. CC, predicted coiled coil domain; L, linkers; TM, trans-

membrane domain; Magenta, Two Phenylalanines (FF) in an Acidic Tract (FFAT). B) 

Alignment of experimentally validated FFAT motifs. The grey box highlights the core of 

the FFAT motif. Acidic residues in orange and essential position 2 of core motif in blue. 

CERT, ceramide transfer protein. OSBP, oxysterol-binding protein. ORP3, oxysterol-bind-

ing protein-related protein 3. ORP4, oxysterol-binding protein-related protein 4. FAPP2, 

pleckstrin homology domain-containing family A member 8. STARD3, StAR Related Lipid 

Transfer Domain Containing 3. C, canonical FFAT motif. NC, noncanonical FFAT motif. 
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1.4 Model of ER-Inclusion MCS 

Our lab has identified several molecular components of ER-Inclusion MCS, in-

cluding both host and bacterial factors (Figure 1.9). C. trachomatis expresses the Inc 

protein IncD which interacts with the FFAT motif-containing ceramide transfer protein 

(CERT).58,110 VAP is also a part of this complex, so the IncD-CERT-VAP complex bridges 

Inclusion with the ER where it is proposed to function in transferring ceramide from the 

ER to the inclusion membrane.110,149 Depletion of CERT or VAP causes inclusions to be 

smaller and a reduction in infectious progeny formation, demonstrating their im-

portance during infection.110,149 We also identified the host protein STIM1 as a compo-

nent of ER-Inclusion MCS.151 STIM1 depletion had no effect on inclusion size or infec-

tious progeny production but negatively affected the extrusion mechanism of host cell 

exit.61,151 However, the specific role of STIM1 at ER-Inclusion MCS remains to be defined. 

Until this point, though we had gained insight into potential functions of ER-Inclusion 

MCS, it remained unclear how these structures were formed and maintained. 
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Figure 1.9. Model of molecular components at ER-Inclusion Membrane Contact Sites. 

The IncD (red)-CERT (green)-VAP (yellow) complex had been proposed to facilitate lipid 

acquisition by the bacteria. STIM1 (blue) localizes to ER-Inclusion MCS but has an un-

known function at the sites.  
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1.5 Thesis Rationale 

In addition to the machinery contributing to the function of MCS in naïve cells, 

such as ion and lipid transfer, an important part of MCS biology is that specific tethering 

molecules must contribute to their formation.158,163 A defining feature of such tether 

molecules is their insertion in the membrane of a given organelle and their interaction 

with a molecule inserted in the membrane of the opposing organelle.163 The typical 

structure of Chlamydia Inc proteins, consisting of a transmembrane domain embedded 

in the inclusion membrane and cytoplasmic tails facing the cytosol, makes them ideal 

candidates to act as tether molecules bridging the ER and inclusion membranes by di-

rectly interacting with ER-resident proteins. The Inc-Human interactome is a published 

web of interactions between Incs and host proteins.60 The authors expressed tagged 

versions of 58 of the 62 predicted Incs in HEK293T cells and performed affinity purifica-

tion coupled to mass spectrometry to identify interacting partners. The interactome 

predicted an interaction between the Inc protein CT005 (renamed IncV based on our 

findings), and the ER-resident VAP proteins. An analysis of the amino acid sequence of 

IncV revealed a conserved FFAT motif. Because of the putative FFAT motif in IncV and 

the fact that VAP is already a known component of ER-Inclusion MCS, I hypothesized 

that IncV was a novel component of ER-Inclusion MCS that acts as a tether between the 

ER and the inclusion membrane. 
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Chapter 2 

IncV, a FFAT motif-containing Chlamydia protein, tethers the en-

doplasmic reticulum to the pathogen-containing vacuolea 

 

 

 

 

 

 

 

 

aStanhope, R., Flora, E., Bayne, C. & Derré, I. IncV, a FFAT motif-containing Chlamydia 

protein, tethers the endoplasmic reticulum to the pathogen-containing vacuole. Proc. 

Natl. Acad. Sci. 114, 201709060 (2017). 
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2.1 Introduction 

Eukaryotic cells are compartmentalized into intracellular membrane-enclosed or-

ganelles (the endoplasmic reticulum (ER), the Golgi apparatus, mitochondria, endo-

somes etc.), which perform very specific functions essential for cell homeostasis. How-

ever, while organelles can be perceived as isolated entities, the proper function of the 

cell relies on constant inter-organelle communication. This can occur through vesicular 

trafficking, a process in which the material to be exchanged is packaged into vesicles 

that bud off of the sending organelles and fuse with the membranes of the receiving or-

ganelles to deliver their cargo.183–188 In addition, direct organelle contact is emerging as 

an important way to coordinate cellular activities.157,158 Membrane contact sites (MCS) 

are defined as a zone of close apposition (10-30nm) between the membranes of two or-

ganelles, with no fusion occurring. MCS play a role in the non-vesicular trafficking of 

small molecules such as lipids and calcium (Ca2+) and have been described between the 

ER and nearly any other organelles or the plasma membrane.  

By definition, MCS can only occur, and perform their respective functions, if the 

two organelles are brought together and maintained in close apposition. This process is 

proposed to rely on specific tethering molecules that should in theory fulfill the follow-

ing requirements: 1) be enriched at the point of contact between the two organelles, 2) 

be part of a molecular complex that bridges the opposing membranes, 3) if not redun-

dant, their deletion should abolish the contact between the two organelles and 4) re-

gardless of redundancy, their overexpression should increase the extent of 
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contact.157,163 Once contacts are established, functional proteins such as lipid transfer 

proteins or ion channels can initiate the exchange of molecules between the paired or-

ganelles. In many instances, however, it is difficult to discriminate between tethering 

and functional components, as their roles are not mutually exclusive. For example, the 

lipid transfer protein STARD3 has been implicated in tethering endosomes to the ER and 

in cholesterol transfer between these two organelles.189,190 In addition, because of re-

dundancy, few molecules fulfill all the tethering molecule criteria listed above. This is 

probably best illustrated by the fact that, in yeast, ER-PM contacts were only lost after 

deletion of all three classes of tethering molecules (6 proteins total).191 

The ER integral proteins VAPA and VAPB (Vesicle-associated membrane protein-

associated protein, referred to as VAPs here192) are common components of the MCS 

formed between the ER and various organelles.189,193–198 At each of these MCS, VAPs in-

teract with different proteins that have in common a 7 amino acid sequence, known as a 

FFAT motif (two phenylalanines (FF) in an acidic tract).180 The binding of the FFAT motif 

to electropositive residues in the cytosolic MSP (Major Sperm Protein) domain of the 

VAP proteins mediates the interaction between the FFAT motif-containing proteins and 

the VAPs.179,199 Many of the VAP-interacting proteins are lipid transfer proteins, includ-

ing CERT (Ceramide transfer protein)200 and OSBP (Oxysterol-binding protein) family 

members201, which can also act as tethering factors through their interaction with the 

VAPs. 
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Pathogen-containing vacuoles resemble cellular organelles: they have a unique 

protein and lipid composition and their maturation requires interaction with other cellu-

lar organelles. This is a pathogen-driven process. One common strategy that pathogens 

employ is to secrete bacterial effector proteins across the vacuolar membrane to manip-

ulate the vesicular trafficking of the host cell.202 In particular, the obligate intracellular 

bacteria Chlamydia trachomatis, which resides in a membrane-bound compartment 

termed the inclusion, intercepts the vesicular trafficking between the Golgi and the 

plasma membrane to acquire sphingomyelin, a host lipid that is incorporated into the 

cell wall of the bacteria and is essential for bacterial replication.144,147,203 In addition to 

vesicular trafficking, we have shown that the C. trachomatis inclusion also establishes 

membrane contact sites with cellular organelles such as the ER.110 These ER-Inclusion 

MCS are highly enriched in two known components of ER-Golgi MCS, the lipid transfer 

protein CERT, which mediates the non-vesicular transfer of ceramide from the ER to the 

Golgi, and the ER integral protein VAP.110,149,192,200 IncD, a member of the family of C. 

trachomatis type III secreted effector proteins that are inserted into the inclusion mem-

brane (i.e the Inc proteins),36,127,128 also localizes to ER-Inclusion MCS and recruits CERT 

to the inclusion.110 The IncD/CERT/VAP complex has been proposed to mediate the 

transfer of lipids to the inclusion, a process necessary for bacterial replication.110,149  

Although we have started to gain insight into the functional role of ER-Inclusion 

MCS in lipid exchange, it is still unclear how the ER is recruited and maintained in close 

apposition to the inclusion membrane. Here we show that, through molecular mimicry 
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of a eukaryotic FFAT motif, the C. trachomatis protein IncV acts as a molecular tether 

that mediates the formation of ER-inclusion MCS through interaction with the ER-resi-

dent proteins VAPA and VAPB.  

2.2 Results 

2.2.1 IncV-VAP Interaction Depends on the FFAT Binding Domain of VAP. 

C. trachomatis Inc proteins all share a common predicted structure, including at 

least two to four transmembrane domains116 for insertion into the inclusion membrane 

and amino- and carboxyl-terminal cytosolic tails. Inc proteins are strategically positioned 

to mediate inclusion interaction with cellular organelles. For example, IncD mediates the 

recruitment of the functional component CERT to ER-inclusion MCS.110 However, it is un-

known if Inc proteins can also act as structural components to bring and maintain the ER 

and the inclusion membrane in close apposition. C. trachomatis encodes more than 50 

putative Incs and only some of them have known functions in C. trachomatis infec-

tion.39,58,60,63,67–69,110–112,121,128,134,141 Recently, Mirrashidi et al.60 determined the Inc-hu-

man interactome from uninfected cells expressing C. trachomatis Inc proteins. Interest-

ingly, the Inc protein CT005, that we have renamed IncV (Inc interacting with VAP) 

based on our findings, was predicted to interact with the ER-resident proteins VAPA and 

VAPB, which are both enriched at ER-inclusion MCS.58,110 To validate that IncV interacts 

with VAPA and VAPB, we subjected lysates from HEK293 cells expressing IncV-3xFLAG 

and GFP-VAPA or GFP-VAPB to coimmunoprecipitation (co-IP) using anti-FLAG conju-

gated beads. VAPAWT coimmunoprecipitated with IncV (Figure 2.1A) and a similar result 
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was obtained with VAPBWT (Figure 2.2A). The IncV–VAP interaction was specific and not 

due to aggregation of IncV in the ER (Figure 2.3A). Importantly, mutant forms of VAPA 

and VAPB, with a defective FFAT binding domain (VAPKFM/DFD), failed to co-IP with 

IncV (Figure 2.1A and Figure 2.2A). Thus, when expressed in eukaryotic cells, IncV inter-

acts with VAPA and VAPB in a manner that relies on the integrity of the FFAT binding do-

main of VAP. 
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Figure 2.1. Two FFAT motifs in the C terminal of IncV mediate IncV interaction with the 

MSP domain of VAPA. (A) Co-IP of IncV-3xFLAG and GFP-VAPA (WT or KFM/DFD) from 

HEK293 lysates. (B) IncV amino acid sequence containing two FFAT motifs. FFAT motif 

(red); essential position 2 of FFAT motif (blue); ncFFAT, noncanonical FFAT motif; cFFAT, 

canonical FFAT motif; numbers indicate amino acid position. (C) Co-IP of IncV-3xFLAG 

(WT, F263A, Y287A, FY/AA) and GFPVAPAWT from HEK293 lysates. (D) GST pull-down of 

IncV-3xFLAG full-length (1–363) or C terminal (167–363), WT or FY/AA from HEK293 ly-

sates using GST, GST-VAPAMSP-WT or GST-VAPAMSP-KFM/DFD purified from E. coli 

(Ponceau).  
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Figure 2.2. IncV–VAPB interaction occurs in cotransfected and C. trachomatis-infected 

cells, and depends on the FFAT binding domain of VAPB and on the FFAT motifs of 

IncV. (A) Co-IP of IncV-3xFLAG and GFP-VAPBWT from HEK293 lysates coexpressing the 

two constructs. (B) Co-IP of IncV-3xFLAG (WT, F263A, Y287A, FY/AA) and GFP-VAPBWT 

from HEK293 lysates coexpressing the indicated constructs. (C) Co-IP of IncV-3xFLAG 

constructs from lysates of HEK293 cells expressing GFP-VAPB (WT or KFM/DFD) and in-

fected with C. trachomatis expressing IncV-3xFLAG WT under the control of an aTc in-

ducible promoter. (D) Same as C with C. trachomatis strains expressing IncV-3xFLAG 

(WT, F263A, Y287A, or FY/AA) and HEK293 cells expressing GFP-VAPBWT. 
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Figure 2.3. The IncV constructs used in this study do not aggregate in eukaryotic cells. 

Confocal micrographs of HeLa cells co-expressing GFP-VAPAWT (green) or IncV-3xFLAG 

(WT, F263A, Y287A, FY/AA), or IncV167-363-WT-3xFLAG (red). The merge is shown on the 

right. Scale bar = 5µm. 
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2.2.2 IncV Contains Two FFAT Motifs That Mediate IncV-VAP Interaction. 

Based on the hydropathy profile of IncV (Figure 2.4), it is predicted that the N-

terminal region of IncV (amino acids 1–166) contains the type III secretion signal and the 

hydrophobic domain important for insertion into the inclusion membrane. The C-termi-

nal region of IncV (amino acids 167–363) is predicted to face the cytosol. Additionally, 

analysis of the primary sequence of IncV and of the other C. trachomatis Incs, using an 

algorithm designed by Murphy and Levine.178 revealed the presence of two putative 

FFAT motifs, in the C-terminal (cytosolic) region of IncV only (Figure 2.1B, amino acids 

252–296 are shown). Both motifs are preceded by a stretch of serine residues which, if 

phosphorylated, could provide the acidic environment typically located upstream of the 

consensus FFAT sequence [E1(F/Y)2(F/Y)3D4A5x6E7]. One FFAT motif (SFHTPPN, amino ac-

ids 262–268) is quite degenerated compared with the consensus sequence, except for 

the phenylalanine residue at position 263, and will be referred to as the IncV noncanoni-

cal FFAT motif (ncFFAT). The other FFAT motif (EYMDALE, amino acids 286–292) is lo-

cated 17 aa downstream of the ncFFAT. Its sequence is nearly identical to the consensus 

sequence and will be referred to as the IncV canonical FFAT (cFFAT). This result suggests 

that FFAT motifs present in IncV may promote IncV interaction with VAPA and VAPB. 

While amino acid substitutions are tolerated at most positions in the FFAT motif, 

a phenylalanine or a tyrosine residue at position 2 is critical for VAP binding.178 To test 

the functional importance of the putative FFAT motifs in IncV, we introduced alanine 

substitutions in the essential position 2 of the ncFFAT (F263A), the cFFAT (Y287A), or 
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both FFAT motifs (F263AY287A, referred to as FY/AA). The ability of GFP-VAP to co-IP 

with the indicated IncV-3xFLAG constructs was assayed, after confirming that these con-

structs did not aggregate (Figure 2.3). VAPAWT (Figure 2.1C) and VAPBWT (Figure 2.2B) 

successfully coimmunoprecipitated with IncV-WT and IncV-F263A, but not with IncV-

Y287A and IncV-FY/AA. These results indicate that IncV–VAP interaction requires an in-

tact cFFAT motif, but the ncFFAT is apparently dispensable. 
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Figure 2.4: Hydropathy profile of IncV as generated using: 

http://web.expasy.org/protscale/ 
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2.2.3 The MSP Domain of VAP and the C-terminus of IncV Mediate IncV-VAP Interac-

tion. 

To demonstrate that IncV interacts with VAPA in an in vitro system, we per-

formed GST pull-down assays. The MSP domain of VAPA, which contains the FFAT bind-

ing domain, was expressed as a GST-tagged fusion protein in Escherichia coli, immobi-

lized on glutathione Sepharose beads, and incubated with cell lysates from eukaryotic 

cells expressing IncV-3xFLAG full-length (amino acids 1–363) or the C-terminal part of 

IncV that contains the FFAT motifs (amino acids 167–363) (Figure 2.1D). VAPAMSP-WT 

successfully pulled down IncV1–363-WT and IncV167–363-WT. However, mutations in 

either the FFAT binding domain of VAPA (KFM/DFD) or the FFAT motifs of IncV (FY/AA) 

abolished this interaction. Thus, the MSP domain of VAP and the C terminus of IncV are 

sufficient to support the IncV–VAP interaction, which neither relies on insertion of the 

proteins into the inclusion membrane nor requires additional C. trachomatis factors. We 

cannot exclude, however, that additional eukaryotic factors may be required. 

2.2.4 IncV-VAP Interaction Occurs During C. trachomatis Infection. 

To validate our observations in the context of infected cells, we engineered C. 

trachomatis strains expressing mCherry constitutively, and IncV-3xFLAG (WT, F263A, 

Y287A, or FY/AA) under the control of an anhydrotetracycline (aTc)-inducible promoter. 

All four IncV constructs were expressed upon the addition of aTc and localized to the in-

clusion membrane (Figure 2.5 and Figure 2.6). When cells expressing GFP-VAPAWT or 

GFP-VAPA-KFM/DFD were infected with the IncVWT-3xFLAG–expressing C. trachomatis 



54 

 

strain, VAPAWT, but not VAPA-KFM/DFD, coimmunoprecipitated with IncV-WT (Figure 

2.5A). Moreover, while VAPA-WT also coimmunoprecipitated with IncV-F263A, it failed 

to do so with IncV-Y287A or IncV-FY/AA (Figure 2.5B). A similar result was obtained with 

VAPB (Figure 2.2 C and D). Altogether, these results show that IncV proteins, produced 

by C. trachomatis and inserted into the inclusion membrane, interact with VAPA and 

VAPB in a manner that relies on the FFAT binding domain of VAP and the cFFAT motif of 

IncV.   
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Figure 2.5. IncV–VAPA interaction occurs in C. trachomatis-infected cells and depends 

on the FFAT binding domain of VAPA and on the FFAT motifs of IncV. (A) Co-IP of IncV-

3xFLAG constructs from lysates of HEK293 cells expressing GFP-VAPA (WT or KFM/DFD) 

and infected with C. trachomatis expressing IncV-3xFLAG WT under the control of an aTc 

inducible promoter. (B) Same as A, with C. trachomatis strains expressing IncV-3xFLAG 

(WT, F263A, Y287A, or FY/AA) and HEK293 cells expressing GFP-VAPAWT.  
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Figure 2.6. The IncV constructs used in this study are aTc inducible and localize to the 

inclusion when expressed from C. trachomatis. Confocal micrographs of HeLa cells in-

fected with a C. trachomatis strains expressing mCherry constitutively (red) and IncV-

3xFLAG WT, F263A, Y287A or FY/AA (yellow) under the control of an aTc inducible pro-

moter in the absence (-aTc) or the presence (+aTc). The merge is shown on the right. 

Scale bar = 5µm. Ext. foc., extended focus. xy, cross-section through the center of the 

inclusion. 
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2.2.5 IncV-mediated Association of VAP With the Inclusion Depends on the FFAT 

Binding Domain of VAP. 

We next investigated the cellular localization of YFP-VAPA in cells infected with a 

C. trachomatis strain expressing the inducible IncVWT-3xFLAG. In the absence of in-

ducer, small patches of VAPAWT were observed in close apposition to the inclusion (Fig-

ure 2.7A). Upon the addition of aTc, IncV-WT localized to the inclusion membrane, 

which correlated with an increased recruitment of VAPAWT to the inclusion and with 

colocalization of IncV and VAPA on the inclusion (Figure 2.7 A and D). IncV-WT expres-

sion, however, did not induce an increase in recruitment of VAPAKFM/DFD to the inclu-

sion (Figure 2.7 B and D). Similar results were observed with VAPB (Figure 2.9 A, B, and 

D). These results indicate that IncV mediates the recruitment of VAP to the inclusion and 

that this recruitment requires an intact FFAT binding domain in the VAP molecule.  
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Figure 2.7. The IncV-mediated VAP recruitment to the inclusion depends on the FFAT 

binding domain of VAPA and on the FFAT motifs of IncV. (A–C) Threedimensional 

reconstruction of confocal micrographs of HeLa cells expressing YFP-VAPAWT (A and C) 

or KFM/DFD (B) (yellow) infected with a C. trachomatis strain expressing mCherry con-

stitutively (red) and IncV-3xFLAGWT (A and B) or WT, F263A, Y287A, or FY/AA (C) (blue) 

under the control of an aTc inducible promoter, in the absence (−aTc) or the presence 
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(+aTc) of aTc. The merge is shown on the Right. (D and E) Quantification of IncV-3xFLAG 

(blue, hashed bars) and YFP-VAPA (yellow, solid bars) association with the inclusion in 

arbitrary units (AU). D and E, respectively, correspond to quantification of A and B, and 

C. The quantification method is described in Figure 2.8A. Error bars are SEM. ****P 

<0.0001. ND, none detected. (Scale bar, 5 μm; applies to A–C.) 
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Figure 2.8: Method to quantify the inclusion association of a given marker. 

3-dimensional reconstruction of the raw signal corresponding to a given marker was 

generated using the Imaris imaging software. The volume corresponding to the sum of 

the pixels, above the threshold corresponding to the signal in the cytosol, was deter-

mined for the marker of interest and for the inclusion. The inclusion association of the 

given marker was determined in arbitrary units by normalizing the volume of the marker 

of interest with the corresponding volume of the inclusion. 
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Figure 2.9. The IncV-mediated VAP recruitment to the inclusion depends on the FFAT 

binding domain of VAPB and on the FFAT motifs of IncV. (A–C) Three dimensional re-

construction of confocal micrographs of HeLa cells expressing YFP-VAPB WT (A and C) or 

KFM/DFD (B) (yellow) infected with a C. trachomatis strain expressing mCherry constitu-

tively (red) and IncV-3xFLAG WT (A and B) or WT, F263A, Y287A, or FY/AA (C) (blue) un-

der the control of an aTc inducible promoter, in the absence (−aTc) or the presence 

(+aTc) of aTc. The merge is shown on the Right. (Scale bars, 5 μm; applies to A and B.) (D 
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and E) Quantification of IncV-3xFLAG (blue, hashed bars) and YFP-VAPB (yellow, solid 

bars) association with the inclusion in arbitrary units (AU). D and E, respectively, corre-

spond to quantification of A and B, and C. The quantification method is described in Fig-

ure 2.9. Error bars are SEM. ****P < 0.0001. ND, None detected. 
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2.2.6 Both FFAT motifs of IncV Are Required for VAP Association With the Inclusion. 

Both FFAT Motifs of IncV Are Required for VAP Association with the Inclusion. 

We next tested whether the FFAT motifs of IncV are required for VAP association with 

the inclusion. As observed with IncVWT, inclusions harboring C. trachomatis expressing 

IncVF263A or IncVY287A displayed increased association with VAPAWT, compared with 

the uninduced control (Figure 2.7C). Expression of IncVFY/AA, however, did not induce 

an increase in the association of VAPA with the inclusion. Quantification of the immuno-

fluorescence data revealed that, individually, the introduction of F263A and Y287A mu-

tations reduced VAPA recruitment to the inclusion by 60% compared with their WT 

counterpart. The combination of these mutations (FY/AA) had an additive effect, leading 

to a reduction of nearly 95% (Figure 2.7E). A similar result was observed with VAPBWT 

(Figure 2.9 C and E). Altogether, these results indicate that IncV promotes VAP recruit-

ment to the C. trachomatis inclusion and that both IncV ncFFAT and cFFAT motifs con-

tribute to this process. 

2.2.7 IncV Promotes the Formation of ER-Inclusion MCS in a VAP-Dependent Manner. 

To determine if IncV could recruit the endogenous ER-resident VAP proteins to 

the inclusion membrane, HeLa cells infected with a C. trachomatis strain expressing the 

inducible IncVWT-3xFLAG construct were immuno-labeled with anti-VAPA antibodies 

(Figure 2.10A). In the absence of inducer, endogenous VAPA localized to discrete 

patches in close proximity to the inclusion. However, when the expression of IncVWT 

was induced, endogenous VAPA strongly accumulated on the surface of the inclusion. 
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These results indicate that IncV can recruit the endogenous ER-resident protein VAPA to 

the inclusion membrane and possibly the ER associated with this protein. In support of 

this notion, qualitative ultrastructural analysis of C. trachomatis inclusions harboring the 

inducible IncVWT-3xFLAG strain, in the absence of inducer, revealed the recruitment of 

ER-like membrane structures closely apposed to the inclusion membrane (see Figure 

2.10B and Figure 2.11 for larger images), as previously described.110 The extent of the 

ER-like membrane structures was greatly increased when IncVWT expression was in-

duced, with long and continuous membrane tracks tightly apposed to the inclusion 

membrane. The ER nature of the tracks was further confirmed by analyzing the cellular 

localization of the ER marker Sec61β by confocal microscopy. Sec61β+ rings that colocal-

ized with IncV surrounded 80% of the inclusions harboring the inducible IncVWT strain 

(see Figure 2.10 C and D and Figure 2.12A for larger images of the Sec61β marker). In 

cells treated with siRNA against VAPA and VAPB, however, the percentage of inclusions 

presenting a Sec61β+ ring was reduced by 65%, which also translated into a reduction of 

the Sec61β signal associated with IncV (Figure 2.11E). Taken together, these results indi-

cate that IncV promotes the formation of ER-inclusion MCS and that VAPA and VAPB are 

required for this process. 
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Figure 2.10. IncV induces the formation of ER-Inclusion MCS in a VAP-dependent 

manner. (A) Three-dimensional reconstruction of confocal micrographs of HeLa cells in-

fected with a C. trachomatis strain expressing mCherry constitutively and IncVWT-

3xFLAG under the control of an aTc-inducible promoter in the absence (−aTc) or pres-

ence (−aTc) of aTc and stained with antibodies against FLAG (blue) and endogenous 

VAPA (yellow). The merge is shown on the Right. (Scale bar, 10 μm.) (B) Transmission 

electron micrographs of HeLa cells infected as described in A. ER patches are highlighted 

in pink and a higher magnification of the +aTc image is shown on the Right. (Scale bars, 

2.5 μm.) (C) XY plane confocal micrographs of HeLa cells, depleted (VAP siRNA) or not 

(No siRNA) of VAPA and VAPB, expressing YFP-Sec61β (yellow) and infected with a C. 

trachomatis strain expressing mCherry (red) and IncV-3xFLAG WT (blue). The merge is 

shown on the Right. (Scale bar, 5 μm.) (D and E) Quantification of inclusions presenting a 
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Sec61β+ ring (D) and of the Sec61β signal associated with IncV in arbitrary units (AU) (E) 

in cells as described in C. The quantification method used for E is described in Figure 

S6C. Error bars are SEM. ****P < 0.0001, ***P < 0.001. 
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Figure 2.11. IncV induces the formation of ER-inclusion MCS. Transmission electron mi-

crographs as presented in Figure 2.10B without the mask highlighting the ERinclusion 

MCS. White arrowheads, ER patches in close contact with the inclusion membrane. 

(Scale bar, 2.5 μm.) 
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Figure 2.12. Quantification of YFP-Sec61β association with the inclusion. (A) Larger 

representation of the images presented in Figure 2.10C to visualize the Sec61β+ ring. 

(Scale bar, 5 μm.) (B) VAPA/B siRNA treatment prevents YFP-VAPA but not YFP-Sec61β 

expression. Fluorescence micrographs of VAPA/B siRNA treated or untreated HeLa cells 

transfected with YFP-VAPAWT or YFP-Sec61β (green) infected with a C. trachomatis 

strain expressing mCherry constitutively (red) and IncVWT-3xFLAG under the control of 

an aTc inducible promoter, in the presence of aTc. The merge is shown on the Right. 
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(Scale bars, 50 μm.) (C) Quantification method. Step 1: 1 μm z-slices in the center of the 

inclusion were used for quantification of Sec61β inclusion association. Step 2: A three-

dimensional object from the raw IncV signal was generated using the Imaris imaging 

software. The object was restricted to the half of the inclusion opposite the nucleus to 

limit the background due to the signal from the bulk of the ER present between the nu-

cleus and the inclusion. Step 3: First, the volume corresponding to the sum of the pixels 

was determined for IncV. Then the total intensity of the Sec61β signal within the IncV+ 

object was determined. Step 4: The inclusion association of Sec61β was determined in 

arbitrary units by normalizing the YFP-Sec61β total intensity within the IncV-positive ob-

ject with the corresponding volume of the IncV object. (Scale bar, 10 μm.) 
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2.2.8 PM-Targeted IncV Tethers the ER to the PM. 

To determine if IncV is sufficient to mediate the formation of MCS between the 

ER and other cellular membranes in the absence of Chlamydia infection, we targeted 

the C-terminal cytosolic tail of IncV to the PM, by fusion of a C-terminal CAAX motif (PM-

IncV167–363-3xFLAG) (Figure 2.13A). In cells expressing the cytosolic IncV167–363-WT, 

VAPAWT displayed the typical reticulate pattern of the ER (Figure 2.14A, Top). A similar 

VAPA pattern was observed upon expression of a PM-targeted red fluorescent protein 

(Figure 2.13B). Expression of PM-IncV167–363-WT, however, dramatically affected the 

cellular localization of VAPAWT and induced the formation of large sheets that were 

plastered against the PM and highly enriched in VAP and PM-IncV (Figure 2.14, Middle). 

The sheets were positive for the ER marker CFP-ER (Figure 2.14B), but were not ob-

served when the FFAT motifs of IncV were mutated (FY/AA) (Figure 2.14A, Bottom). Al-

together, these results indicate that, independent of the lipid and protein environment 

of the inclusion membrane, expression of PM-targeted IncV induces the formation of 

ER–PM MCS.  
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Figure 2.13. PM targeting of IncV and effect of PM-dsRed on VAPA cellular localization. 

Confocal micrographs of HeLa cells expressing PM-IncV167-363-WT-3xFLAG or PM-IncV167-

363-FY/AA-3xFLAG (blue) (A) or co-expressing PM-dsRed (red) and YFP-VAPA WT (yellow) 

(B). Scale bar = 5µm. 
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Figure 2.14. PM targeting of IncV induces the formation of ER-PM MCS. (A) Confocal 

micrographs of HeLa cells coexpressing YFP-VAPAWT (yellow) and IncV167–363-WT-

3xFLAG, PM-IncV167–363-WT-3xFLAG, or PM-IncV167–363-FY/AA-3xFLAG (blue). The 

merge is shown on the Right. (Scale bar, 10 μm.) PM targeting was achieved by fusion of 

a C-terminal CAAX motif. (B) Confocal micrograph of HeLa cells coexpressing PM-

IncV167–363-WT-3xFLAG (red), YFPVAPAWT (yellow), and CFP-ER (blue). The merge is 

shown on the Left and individual channels to the Right. (Scale bars, Left, 10 μm; Right, 5 

μm.) In A and B, XY cross-sections corresponding to the cell glass coverslip interface are 

shown. 
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2.2.9 An IncV Mutant Displays MCS with Reduced Level of VAP. 

Finally, we tested if IncV is required for the formation of ER-inclusion MCS by 

using an incV::bla mutant.67 We confirmed that the mutant harbors an intron insertion 

between nucleotide position 99 and 100 of the incV ORF, which is predicted to lead to 

the production of a truncated peptide containing the first 33 aa of IncV (Figure 2.15 A 

and B). Moreover, as previously shown by Weber et al., the incV::bla mutant did not dis-

play a growth defect (Figure 2.14C). VAP+ ER-inclusion MCS of similar volumes were ob-

served in close apposition to inclusions harboring the incV::bla mutant or its WT coun-

terpart (Figure 2.16 A and B); however, the mutant displayed a significant, albeit moder-

ate, reduction in the levels of YFP-VAP enrichment at the MCS (Figure 2.16C). In sum, 

our data indicate that IncV is sufficient, but not necessary, for the formation of ER-inclu-

sion MCS, suggesting the existence of redundant mechanisms.  
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Figure 2.15. Characterization of the C. trachomatis incV::bla mutant. (A) PCR analysis of 

the incV::bla mutant. The incV ORF was amplified from genomic DNA extracted from WT 

C. trachomatis (WT) or the incV::bla mutant and the corresponding PCR products were 

resolved on a 1% DNA agarose gel stained with ethidium bromide (lane 2: WT; lane 3: 

incV::bla mutant). Lane 1: molecular weight marker. 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 IncV truncated peptide is presented. 

The asterisk denotes the early stop codon introduced by insertion of the group II intron. 

Blue: IncV, Red: group II intron. (C) HeLa cells were infected with C. trachomatis WT or 

the incV::bla strain and infectious forming units (IFUs) were measured 48 h postinfec-

tion. ns, not significant. 
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Figure 2.16. An incV mutant displays diminished VAP association with the inclusion. 

(A) Three-dimensional reconstruction of confocal micrographs of HeLa cells expressing 

YFP-VAPAWT (yellow), infected with C. trachomatis WT or an incV mutant (incV::bla) 

and stained with anti-major outer membrane protein (anti-MOMP) antibodies (red). The 

merge is shown on the Right. (Scale bar, 5 μm.) (B and C) Quantification of the volume 

(B) and intensity normalized to the bulk of the ER (C) of the YFP-VAP signal associated 

with WT (•) or incV mutant (incV::bla, ▲) inclusions in arbitrary units (AU). Each circle or 

triangle represents one inclusion. The quantification method is described in Figure 2.8. 

Error bars are SEM. ns, not significant. ****P < 0.0001.  
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2.3 Discussion 

Here, we report the first bacterial factor containing eukaryotic FFAT motifs and 

we present evidence that both motifs are required for IncV interaction with the ER-resi-

dent proteins VAPA and VAPB.  

FFAT motifs were first described as a 7 amino acid sequence (EFFDAxE) that tar-

get eukaryotic proteins to the ER through interaction with the ER-resident VAP pro-

teins.180 The sequence of IncV cFFAT (EYMDALE) is nearly identical to the consensus 

FFAT motif and key residues that have been shown to mediate the FFAT/VAP interaction 

are conserved.179,181,199 It includes the invariable aromatic residue (phenylalanine or ty-

rosine) at position 2, which has been shown to establish van der Waals interaction with 

VAPA residue methionine 89. Accordingly, mutation of this critical aromatic residue at 

position 2 of the cFFAT motif of IncV was sufficient to abolish the IncV-VAP interaction. 

Moreover, substitution of methionine 89 (and lysine 87) in VAPKFM/DFD abolishes VAP in-

teraction with FFAT-containing proteins, including IncV. The cFFAT of IncV also displays 

the conserved aspartate residue at position 4. Structure analysis of VAP bound to the 

FFAT motif of OSBP revealed that this aspartate residue formed an electrostatic interac-

tion with lysine 34 and lysine 45 present in the electropositive face of the MSP domain 

of VAPA.199 In addition, alanine substitution of aspartate residue at position 4 in the 

FFAT motif of Osh1, CERT and protrudin abolished the interaction of each protein with 

VAP,180,193,204 further illustrating the importance of these conserved residues for FFAT-

VAP interaction. As previously described for the FFAT-like motif of ORP3 (HFFSGST) and 
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STARD3 (QFYSPPE), the ncFFAT of IncV (SFHTPPN) is more divergent from the canonical 

sequence.189,201 Nevertheless, it displays the aromatic residue at position 2 and, like in 

ORP3 and STARD3, position 4 harbors a serine or threonine residue that could be phos-

phorylated and therefore mimic the aspartate residue present in the canonical se-

quence. Altogether, the level of mimicry displayed by the FFAT motifs of IncV is striking 

and each motif, especially the cFFAT, contains the key residues that have been experi-

mentally confirmed to promote interaction with the VAP proteins. 

Another hallmark of the FFAT motif is the presence of upstream acidic residues, 

such as aspartate, glutamate or negatively charged residues such as phosphorylated ser-

ine and threonine residues.180 On average, four acidic residues are present upstream of 

any given FFAT motif,178,201 but strikingly, IncV ncFFAT and cFFAT motifs are each di-

rectly preceded by multiple serine residues, which, if phosphorylated and combined 

with the acidic residues also present upstream of the FFAT motifs, would offer unprece-

dented tracts of nine and eight consecutive negatively charged residues, respectively 

(Figure 2.1B). If, as proposed, the acidic tract plays a role in increasing VAP binding by 

mediating the formation of intermediate FFAT-VAP complex via electrostatic interac-

tions,199 it would suggest that the molecular mimicry displayed by C. trachomatis goes 

beyond the presence of FFAT motifs and also includes an accessory mechanism that en-

sures strong binding to VAP. 

Many of the FFAT motif-containing proteins characterized to date are lipid trans-

fer proteins of the CERT and OSBP-related proteins (ORP) family. Until recently, it was 
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assumed that each of these proteins harbor a single canonical FFAT motif that interacts 

with the electropositive face of the MSP domain of the VAP proteins, thus mediating the 

interaction with the ER. However, Weber-Boyvat et. al. identified and characterized a 

second FFAT-like motif upstream of the canonical FFAT motif in ORP3.201 This observa-

tion led to the identification of many more putative FFAT-like motifs upstream of the ca-

nonical FFAT motif of known VAP interacting proteins.178,201 Although the functionality 

of these FFAT-like motifs remains to be tested experimentally, data gathered for ORP3 

validated the importance of the FFAT-like motif, by demonstrating that although muta-

tion of the FFAT motif abolished VAP binding by 40%, mutation of both the FFAT and the 

FFAT-like motifs of ORP3 were required to completely abolish ORP3-VAP interaction, in-

dicating that both motifs acted in synergy for VAP binding.201  Similarly, the results pre-

sented here with IncV show that although the ncFFAT of IncV was dispensable for IncV-

VAP interaction in a Co-IP experiment in vitro, both motifs were required for VAP associ-

ation with the inclusion in vivo. Altogether, these results reinforce the idea that cooper-

ation of two FFAT motifs may be a common mechanism dictating the interaction of pro-

teins with the VAP proteins.  

At MCS, the membranes of the contacting organelles are brought and kept in 

close proximity by molecular tethers that meet the following criteria: 1) are enriched at 

the point of contact between the two organelles, 2) are part of a molecular complex 

that bridges the opposing membranes, 3) if not redundant, their deletion abolishes the 

contact between the two organelles and 4) regardless of redundancy, their 
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overexpression increases the extent of contact.157,163 Our work demonstrates that the C. 

trachomatis inclusion membrane protein, IncV, fulfills at least three of the four criteria 

of a MCS tether. 1) IncV localizes to ER-Inclusion MCS. 2) IncV is inserted into the inclu-

sion membrane and interacts with the ER-resident protein VAP. The IncV-VAP interac-

tion therefore offers a molecular bridge that connects the inclusion membrane to the 

ER. 3) An IncV insertion mutant and a ChxR null strain, which display diminished levels of 

IncV mRNA and protein, were recently described.67,205 It would therefore be interesting 

to assay if these strains are deficient in ER-Inclusion MCS. However, although depletion 

of the IncV interacting partners, VAPA and VAPB, leads to a reduction in C. trachomatis 

intracellular replication,110 IncV depletion did not affect Chlamydia replication in tissue 

culture.67,205 These results suggest that, in addition to IncV, additional bacterial factors 

may participate in maintaining the ER in close proximity to the inclusion membrane. 4) 

IncV over-expression in C. trachomatis leads to a massive association of VAP with the in-

clusion, which correlates with an increase in the extent of the contacts between the in-

clusion membrane and the ER. Importantly, this occurs with endogenous level of VAP. 

Moreover, IncV could also mediate the recruitment of the ER when targeted to the 

plasma membrane. The latter indicates that IncV can act independently of the lipid and 

protein environment, thus providing strong evidence that IncV is sufficient to mediate 

the formation of ER-Inclusion MCS.  

Although the incV mutant was partially impaired in VAP recruitment, incV dele-

tion did not abolish the formation of ER-inclusion MCS, suggesting that additional 
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factors may be involved in MCS formation. Interestingly, we have shown that at ER-in-

clusion MCS, VAP also interacts with the lipid transfer protein CERT, which is recruited 

to the inclusion via interaction with IncD.58 Thus, the IncD/CERT/VAP interaction could 

also provide some stability to the contacts, while being involved in lipid transfer (Figure 

2.17). This would be analogous to the STARD3/VAP interaction occurring at ER-endo-

some MCS, where the lipid transfer protein STARD3 mediates both the tethering of en-

dosomes to the ER and the transfer of cholesterol between these two organelles.189,190 

We note, however, that co-overexpression of all three components of the 

IncD/CERT/VAP complex was required for increased recruitment of VAP to the inclu-

sion.58 This is different from the present IncV–VAP interaction, which did not require 

VAP overexpression, suggesting a potent and direct role for IncV in VAP recruitment to 

the inclusion. Taking all of this together, we propose a model in which IncV is one of the 

primary tethers that contributes to the recruitment and association of the ER with the 

inclusion membrane. 
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Figure 2.17: Schematic representation and proposed role of IncV/VAP and 

IncD/CERT/VAP at ER-inclusion MCS. EB, elementary body; RB, reticulate body. 
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2.4 Conclusion 

Direct organelle contact, with no fusion occurring, is emerging as an important 

mechanism involved in inter-organelle communication, and also in host–pathogen inter-

actions. MCS are complex structures with a specific molecular signature that depends on 

the organelles involved, and deciphering the molecular components that control their 

formation and function is important to better understand their overall biology. The work 

presented herein illustrates how intracellular, vacuolar pathogens have evolved molecu-

lar mimicry of these components, thereby mediating the direct contact of the pathogen-

containing vacuole with cellular organelles. Specifically, our data demonstrate that C. 

trachomatis displays on the surface of its inclusion a bacterial factor, IncV, that contains 

eukaryotic FFAT motifs required for the recruitment of the ER-resident protein VAP to 

the inclusion. Interestingly, as this report was under revision, it was shown that no-

rovirus NS1-2 protein, a known VAP-interacting protein, also contains a FFAT motif.206 

Although the role of the NS1-2/VAP interaction remains to be determined, these obser-

vations suggest that viral and bacterial pathogens have coopted molecular mimicry of 

FFAT motifs to exploit the ER and establish their replication niche. Further characteriza-

tion of the Chlamydia IncV–VAP system may not only shed light on the role of ER-inclu-

sion MCS during Chlamydia pathogenesis, but also contribute to our understanding of 

the mechanism underlying organelle communication through formation of membrane 

contact sites. 
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2.5 Materials and Methods 

2.5.1 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 Institute of 

Health guidelines for research involving recombinant DNA molecules. 

2.5.2 Cell Lines and Bacterial Strains 

HeLa cells (ATCC CCL-2) or HEK293 cells (ATCC CRL-1573) were cultured at 37⁰C with 5% 

CO2 in DMEM high glucose (Gibco) supplemented with 10% heat inactivated FBS (Gibco). 

C. trachomatis Lymphogranuloma venereum, Type II (ATCC L2/434/Bu VR-902B) propa-

gation and infection were performed as previously described.207  

2.5.3 Plasmid Construction 

Restriction enzymes and T4 DNA ligase were obtained from New England Biolabs (Ips-

wich, MA). PCR was performed using Herculase DNA polymerase (Stratagene). PCR pri-

mers were obtained from Integrated DNA Technologies. The primers and cloning strate-

gies are listed in Appendix 1. 

2.5.4 Vectors for Expression in Mammalian Cells: 

PM-DsRed was obtained from Invitrogen. GFP-VAPAWT and GFP-VAPBWT plasmids were 

previously described.110 GFP-VAPAKFM/DFD and GFP-VAPBKFM/DFD were kind gifts from Dr. 

Alpy (IGBMC, France) and were previously described.189 YFP-VAP constructs were gener-

ated by cloning of the VAP ORFs into the AgeI and HindIII (VAPA) and EcoRI and AgeI  

(VAPB) restriction sites of pCMV-N1-YFP (Invitrogen). For IncV expression in eukaryotic 



84 

 

cells, DNA fragments corresponding to the IncV ORF either WT or containing the muta-

tions F263A, Y287A and FY-AA were amplified by PCR and cloned into the XhoI and 

BamHI restriction sites of pCMV-IE-N2-3xFLAG. The same approach was used to gener-

ate the IncV167-3733xFLAG WT and FY-AA constructs and the corresponding plasma mem-

brane targeted constructs. 

2.5.5 Vectors for Expression in E. coli: 

GST-VAPA fusion constructs WT or KFM/DFD were generated by cloning the MSP do-

main of VAPA into the BamHI and EcoRI restriction sites of pGEX-KG. 

2.5.6 Vectors for Expression in C. trachomatis: 

The p2TK2-SW2 mCh(Gro) Tet-IncV-3F plasmids are derivatives of p2TK2-SW2 mCh(Gro) 

plasmid and were constructed as described for p2TK2-SW2 mCh(Gro) TetIncD3F.58 

Briefly, each Tet-IncV-3F fragment was amplified by overlap PCR, using the primers and 

templates listed in Appendix 1, and cloned into the KpnI and NotI restriction sites of 

p2TK2-SW2 mCh(Gro). The resulting plasmids allow for constitutive expression of 

mCherry under the control of the groESL promoter and terminator and the inducible ex-

pression of the IncV-FLAG variants (WT, F263A, Y287A and FY-AA) under the control of 

the anhydrotetracyclin inducible promoter.  

2.5.7 DNA Transfection 

DNA transfection was performed using X-tremeGENE™ 9 DNA Transfection Reagent 

(Roche) according to the manufacturer’s recommendations. 

2.5.8 Co-immunoprecipitation 
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For co-transfection experiments, 8x105 HEK293 cells seeded in 6-well tissue culture 

plates and transfected for 48 h were washed once with 1xPBS and lysed in 250µL of lysis 

buffer (20mM Tris pH 7.5, 150mM NaCl, 2mM EDTA, 1% Triton X-100, protease inhibitor 

cocktail EDTA-free (Roche)) for 20 minutes at 4⁰C, rotating. All subsequent steps were 

performed at 4⁰C. The lysates were centrifuged at 13,000 rpm for 10 min and a 10µl ali-

quot of the pre-cleared lysates was collected (Lysate). The pre-cleared lysates were in-

cubated with 10µl of anti-FLAG M2 affinity beads (Sigma) for 2 h, rotating. The protein-

bound beads were washed three times with wash buffer (20mM Tris pH 7.5, 150mM 

NaCl, 2mM EDTA, 1% Triton X-100) and proteins were eluted in 20µl of elution buffer 

(20mM Tris pH 7.5, 150mM NaCl, 2mM EDTA, 100 µg/mL 3xFLAG peptide (Sigma)) and 

15µl of the elution fraction was collected (IP). For transfection/infection experiments, 

the cells were transfected for 24h prior to C. trachomatis infection (MOI of 5). Infected 

cells were incubated in the presence of 2ng/ml of aTc starting 8h post infection and the 

samples were processed as described above 24h post infection. 

2.5.9 Immunoblotting 

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

branes. The membranes were stained with a Ponceau S solution, to ensure for even 

transfer, and rinsed with dH20 before blocking in blocking buffer (5% nonfat milk in 

1xPBS, 0.05% Tween) for 1h at room temperature. Primary and HRP-conjugated second-

ary antibodies were diluted in blocking buffer and incubated with the membranes over-

night at 4⁰C and 1h at room temperature, respectively. HRP-conjugated secondary 
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antibodies were detected with the Amersham ECL Western blotting detection reagent 

according to the manufacturer’s recommendations and a BioRad ChemiDoc imaging sys-

tem. 

2.5.10 Antibodies  

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

munoblotting (WB): rabbit polyclonal anti-GFP (1:2,000 (WB), Invitrogen), mouse mono-

clonal anti-FLAG (1:1,000 (IF); 1:10,000 (WB), Sigma), rabbit anti-VAPA (1:200 (IF), kind 

gift of Dr. DeMatteis, TIGEM, Italy), HRP-conjugated goat anti-rabbit IgG (1:10,000 (WB), 

Jackson), HRP-conjugated goat anti-mouse IgG (1:10,000 (WB), Jackson), AlexaFluor 594, 

514 or Pacific Blue conjugated goat anti-mouse IgG (1:500 (IF), Molecular Probes). 

2.5.11 Protein Purification and GST Pull-down 

GST, GST-VAPAMSP-WT, GST-VAPAMSP-KFM/DFD constructs were expressed by IPTG induction 

of a 5ml culture of E. coli (BL21lDE3). Bacterial pellets resuspended in 800µl of soni-

cation buffer (20mM Tris pH 7.5, 300mM NaCl, 2mM EDTA, 1mM MgCl2, 1% Triton X-

100, 1mM DTT, 1mM PMSF) were sonicated using 5 pulses at 40% power. The samples 

were centrifuged for 10 min at 12,000 rpm, 4⁰C. All subsequent steps were performed 

at 4⁰C. The pre-cleared lysates were incubated with 40µl glutathione sepharose beads 

(GE healthcare), equilibrated with sonication buffer, for 2h, rotating. The protein-bound 

beads were washed three times in sonication buffer, then resuspended in GST pull down 

buffer (20mM Tris pH 7.5, 150mM NaCl, 1mM MgCl2, 1% Triton X-100, protease inhibi-

tor cocktail EDTA-free (Roche)). Equal amount of protein-bound glutathione beads were 



87 

 

incubated overnight, rotating, with 400µl of pre-cleared lysate corresponding to a third 

of a confluent 10cm2 dish of HEK293 cells expressing the indicated constructs and lysed 

in GST pull down buffer. 10µl aliquots of the respective lysates were also collected (Ly-

sate). The beads were washed 3 times with 500µl of GST pull down buffer and resus-

pended in SDS sample buffer. The samples were separated by SDS-PAGE and analyzed 

by Ponceau S staining and immunoblot. 

2.5.12 Immunofluorescence and Confocal Microscopy 

All steps were performed at room temperature. At the indicated times, HeLa cells 

seeded on glass coverslips were fixed with 4% paraformaldehyde in 1xPBS for 30 min. 

Coverslips were sequentially incubated with primary and secondary antibodies diluted 

in 0.1% Triton X-100 in 1xPBS for 1 h. Coverslips were washed with 1xPBS and mounted 

with DABCO antifade containing mounting media. For endogenous VAPA staining, the 

cells were fixed for 5 min in ice-cold methanol (resulting in the loss of the mCherry sig-

nal) and the antibodies were diluted in 1xPBS. Imaging was performed using a spinning 

disc confocal microscope equipped of an Andor CCD camera and running the IQ soft-

ware.  

2.5.13 C. trachomatis Transformation 

Our calcium-based transformation protocol was previously described.54 

2.5.14 Inclusion Association Quantification 

HeLa cells were transfected with the indicated YFP-VAP construct 24h prior to C. tracho-

matis infection. The expression of the respective IncV constructs was induced for 4h by 
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addition of 20ng/ml of aTc 20h post C. trachomatis infection. The samples were pro-

cessed for confocal microscopy and 3-dimensional reconstructions of the raw signal cor-

responding to each marker (IncV-3xFLAG, YFP-VAP and mCherry positive inclusion) were 

generated using the Imaris imaging software. For each marker, the volume correspond-

ing to the sum of the pixels, above the threshold corresponding to the signal in the cyto-

plasm, was determined. The IncV and VAP volumes were normalized to the correspond-

ing inclusion volume to determine the inclusion association of the respective markers in 

arbitrary unit. A graphic representation of the method is presented in Figure. 2.7. 10-30 

inclusions were analyzed per condition. The graphs were generated using GraphPad 

Prism. Average and SEM from one representative experiment are shown. Student’s t-

test was performed and statistical significance was set to P<0.0001. 

2.5.15 Transmission Electron Microscopy 

HeLa cells were infected with a strain of C. trachomatis expressing IncV-FLAG under the 

control of the aTc inducible promoter. 18h post infection cells were incubated or not in 

the presence of 20ng/ml of aTc. 24h post infection, the samples were fixed in 2% para-

formaldehyde + 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.4) for 60 min on 

ice. After several washes with cacodylate buffer, cells were scraped off and pelleted. 

The cells were resuspended in 2% ultra-low temperature gelling agarose (in 0.1M caco-

dylate, 37˚C) and then quickly pelleted and cooled on ice for the agarose to solidify. The 

pellet were cut out into small pieces and post-fixed in 1% reduced OsO4 on ice for 60 

min. After post-fixation, the pellet pieces were washed with H2O and en block stained 
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with 2% uranyl acetate (in H2O). The pellet pieces were then dehydrated through an 

ethanol series, infiltrated and embedded in Epon. 70nm-thick sections were cut from 

the embedded sample using a Leica EM UC7 ultramicrotome and contrast stained with 

uranyl acetate and lead. Finally, images were acquired with a JEOL 1230 TEM. 
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Chapter 3 

IncV, a tether of ER-Chlamydia Inclusion Membrane Contact Site, 

is phosphorylated by the host Protein Kinase CK2 to promote the 

IncV-VAP interactionb 

 

 

 

 

 

 

 

bStanhope, R., Ende, R. & Derré, I. IncV, a tether of ER-Chlamydia Inclusion Membrane 

Contact Site, is phosphorylated by the host Protein Kinase CK2 to promote the IncV-VAP 

interaction. Manuscript in preparation. 
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3.1 Introduction 

 Emerging evidence suggests that MCS are regulated through post-translational 

modifications.162 For example, CERT lipid transfer function and binding to VAP proteins 

are both modulated through two distinct phosphorylation events on CERT.208,209 In an-

other example, the formation of Yeast vacuole-Mitochondria MCS is regulated through 

the phosphorylation of the tether protein Vps39.167 Given the dynamic nature of many 

MCS, I hypothesize that phosphorylation or other post-translational modifications play a 

role in more MCS.  

The current model of ER-inclusion MCS includes both functional and structural 

components from the host and bacteria. The Inc protein IncD interacts with the Pleck-

strin homology (PH) domain of the host ceramide transfer protein CERT.58,110,210 In both 

Chlamydia-infected and naïve cells, CERT interacts with VAP proteins.110,149,165 The 

IncD/CERT/VAP complex has been proposed to function in bacterial acquisition of host 

lipids.110,149 The ER calcium sensor protein STIM1 was also identified as a component of 

ER-inclusion MCS and has an unknown interacting partner there.151 Most recently, we 

have described a tethering complex at ER-inclusion MCS that is composed of the Inc pro-

tein IncV which interacts directly with VAP (Chapter 2).109 The c-terminal, cytoplasmic 

tail of IncV contains two FFAT motifs that mediate the interaction with VAP. 

Though we have gained insight into the function and formation of ER-inclusion 

MCS, it is still unclear if or how their formation is regulated. Here, we describe the role 

of a host kinase, Protein Kinase CK2, in phosphorylating IncV to promote the IncV-VAP 
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interaction in vitro and during infection. We demonstrate that a specific region in the C-

terminus of IncV mediates the recruitment of CK2 to the inclusion membrane during in-

fection. We show that IncV is phosphorylated by CK2 and inhibition of CK2 prevents 

phosphorylation of IncV and that IncV-dependent VAP recruitment to the inclusion de-

pends on the function of CK2. We present evidence that CK2 is a new member of ER-In-

clusion MCS and discuss the implications for these findings in the broader context of in-

fection and VAP-mediated MCS biology. 

3.2 Results 

3.2.1 IncV is Phosphorylated by a Host Kinase.  

We had previously observed that IncV-3xFLAG protein expressed by Chlamydia 

trachomatis migrated as a protein band doublet in Western blot. This observation led us 

to hypothesize that IncV was post-translationally modified. To determine whether host 

factors played a role in modifying IncV, we assessed the apparent molecular weight of 

IncV-3xFLAG expressed in C. trachomatis-infected cells, HEK293 cells, or E. coli by anti-

FLAG Western blot analysis of whole cell lysates (Figure 3.1A). For inducible expression 

of IncV in C. trachomatis, we utilized a strain of wild type C. trachomatis serovar L2 

transformed with our p2TK2-SW2 mCh(gro) C. trachomatis/E. coli shuttle vector con-

taining IncV-3xFLAG under an anhydrotetracycline (aTc)-inducible promoter and 

mCherry under a constitutive promoter (hereafter referred to as C. trachomatis 

wildtype + pTet-IncV-3xFLAG). IncV-3xFLAG that was expressed in C. trachomatis ap-

peared as a protein band doublet, with bands at approximately 60kD and 50kD (Figure 
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3.1A, middle lane, 293 + Ct). For transient expression in eukaryotic cells, we generated a 

plasmid containing the incV open reading frame (ORF) with a c-terminal 3xFLAG tag in a 

eukaryotic vector. IncV-3xFLAG that was expressed in HEK293 cells had an apparent mo-

lecular weight that was more similar to the top band of the doublet (Figure 3.1A, left 

lane, 293). In contrast, IncV-3xFLAG expressed in E. coli had an apparent molecular 

weight equivalent to the lower band of the doublet (Figure 3.1A, right lane, Ec). The 

data presented in Figure 3.1A suggest a eukaryotic enzyme, and not an enzyme found in 

E. coli, plays a role in modifying IncV.  

A common post-translational modification is phosphorylation and the cytosolic 

tail of IncV is enriched in phosphorylatable residues (Serine, Threonine, and Tyrosine). 

Thus, we tested whether IncV was phosphorylated by performing a phosphatase assay. 

IncV-3xFLAG was immunoprecipitated, using anti-FLAG-conjugated Sepharose beads, 

from lysates of HEK293 cells infected with C. trachomatis that expressed 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 sub-

sequently subjected to anti-FLAG Western blot analysis (Figure 3.1B). In the absence of λ 

phosphatase, the apparent molecular weight of IncV-3xFLAG was approximately 60kD 

(Figure 3.1B, left lane). Upon phosphatase treatment, we observed a decrease in the ap-

parent molecular weight of IncV-3xFLAG to approximately 50kD similar to what is ob-

served in E. coli, indicating that phosphate groups had been removed and 
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demonstrating that IncV is phosphorylated (Figure 3.1B, right lane). Altogether, these 

results suggest that a eukaryotic kinase plays a role in the phosphorylation of IncV. 
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Figure 3.1. IncV is phosphorylated by a host factor. A) Western blot of IncV-3xFLAG in 

lysates of HEK293 cells expressing IncV-3xFLAG (293), in HEK293 cells infected with C. 

trachomatis expressing IncV-3xFLAG (293 + Ct), or E. coli (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 

(-). 
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3.2.2 CK2 is Recruited to the Inclusion in an IncV-Dependent Manner.  

We next focused on identifying the host kinase responsible of phosphorylating 

IncV at the inclusion. Interestingly, all three subunits of Protein Kinase CK2, formerly 

known as casein kinase 2, were identified as potential interactors of IncV in an Inc-Hu-

man interactome that originally predicted the IncV-VAP interaction.60 The Inc-Human in-

teractome is a web of predicted interactions between Inc proteins and host proteins 

generated by transfecting cells with DNA encoding tagged Inc proteins then performing 

affinity purification coupled with mass spectrometry.60 The C-terminal, cytosolic tail of 

IncV contains 38 predicted CK2 recognition motifs identified using the canonical CK2 

recognition motifs (S/T)1x2x3(D/E/pS/pY)4 and (S/T)1x2(D/E/pS/pY)3, where x is any amino 

acid.211 To confirm that CK2 is associated with IncV on the inclusion membrane, we used 

confocal immunofluorescence microscopy to visualize HeLa cells expressing YFP-CK2α or 

YFP-CK2β and infected with C. trachomatis wildtype + pTet-IncV-3xFLAG (Figure 3.2). In 

the absence of IncV induction, YFP-CK2α and YFP-CK2β were not detected at the inclu-

sion membrane (Figure 3.2A and 3.2B, -aTc). However, upon induction of IncV-3xFLAG, 

YFP-CK2α and YFP-CK2β were recruited to the inclusion membrane where they colocal-

ized with IncV (Figure 3.2A and 3.2B, +aTc). To confirm that this phenotype was not the 

result of overexpression of CK2 subunits, we detected CK2 with an antibody that recog-

nized endogenous CK2β. As was the case for CK2 overexpression, endogenous CK2β was 

not detected on the inclusion in the absence of IncV-3xFLAG induction (Figure 3.2C, -

aTc). When IncV-3xFLAG expression was induced, endogenous CK2β was recruited to 
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the inclusion (Figure 3.2C, +aTc). Together, these results demonstrate that CK2 is re-

cruited to the inclusion in an IncV-dependent manner and that overexpression of CK2 is 

not required to observe this phenotype.  
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Figure 3.2. CK2 is recruited to the inclusion in an IncV-dependent manner. (A-B) 3-di-

mensional reconstruction of confocal images of HeLa cells overexpressing YFP-CK2α (A, 
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yellow) 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. (C) Same as B 

except that endogenous CK2β (Yellow) is detected instead of YFP-CK2β. The merge is 

shown on the right. Scale bar is 5μm.  
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3.2.3 CK2 is a Novel Member of ER-Inclusion MCS 

CK2 was recruited by the known ER-Inclusion MCS tether IncV (Figure 3.2A). 

Thus, we determined whether CK2 was also a component of ER-Inclusion MCS using 

confocal immunofluorescence microscopy to visualize the co-localization of CK2 and 

VAP upon IncV-3xFLAG overexpression (Figure 3.3A). HeLa cells were co-transfected 

with CFP-VAPA and YFP-CK2α or YFP-CK2β then infected with C. trachomatis wildtype + 

pTet-IncV-3xFLAG. In the absence of IncV-3xFLAG induction, YFP-CK2α and YFP-CK2β 

were not detected at the inclusion membrane and CFP-VAPA was enriched in small 

patches (Figure 3.3A and 3.3B, -aTc). However, upon IncV-3xFLAG expression, YFP-CK2α 

and YFP-CK2β colocalized with CFP-VAPA on the inclusion membrane (Figure 3.3A and 

3.3B, +aTc). These results demonstrate that CK2 is a new factor in ER-Inclusion MCS. 
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Figure 3.3. CK2 is a novel member of ER-Inclusion MCS. (A-B) 3-dimensional reconstruc-

tion of confocal images of HeLa cells overexpressing YFP-CK2α (A, yellow) or YFP-CK2β 

(B, yellow) and CFP-VAPA (blue) and infected with C. trachomatis expressing mCherry 

constitutively (red) and IncV-3xFLAG (not shown) under the control of an aTc-inducible 

A 

B 
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promoter in the absence (-aTc) or presence (+aTc) of aTc. The merge is shown on the 

right. Scale bar is 5μm.  
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3.2.4 A C-terminal Domain of IncV is Required for CK2 Recruitment to the Inclusion.  

Since IncV mediated the recruitment of CK2 to the inclusion membrane, we next 

determined which regions of IncV were important for this recruitment by generating 

truncated IncV constructs (Figure 3.4A). To determine the contribution of specific re-

gions of IncV without the endogenous IncV protein present, we utilized a previously 

characterized incV mutant strain of C. trachomatis, (referred to as incV::bla).67,109 We 

complemented the incV::bla strain with the pTet-IncV-3xFLAG containing either the full 

length (FL) or the truncated versions of IncV (1-305, 1-341, and 1-356). HeLa cells ex-

pressing YFP-CK2β were infected with C. trachomatis incV::bla complemented with Tet-

IncV-3xFLAG (FL, 1-356, 1-341, or 1-305) and IncV-3xFLAG  expression was induced. Con-

focal micrographs were acquired and inclusion association of IncV-3xFLAG and YFP-CK2β 

was quantified using the Imaris imaging software. All IncV constructs were displayed on 

the inclusion at similar levels, with IncV1-356-3xFLAG inclusion localization modestly in-

creased compared to wild type IncV-3xFLAG (Figure 3.4D). Compared to when IncVFL-

3xFLAG was expressed, YFP-CK2β recruitment to the inclusion was significantly reduced 

when IncV1-305-3xFLAG or IncV1-341-3xFLAG were expressed by C. trachomatis (Figure 

3.4B C, FL, 1-341, 1-305). We observed a partial rescue of YFP-CK2β recruitment upon 

expression of IncV1-356-3xFLAG (Figure 3.4B C, FL, 1-356). These results suggest that a c-

terminal domain between amino acids 342 and 356 is required for IncV-dependent CK2 

recruitment to the inclusion. 
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Figure 3.4. A C-terminal domain of IncV is required for CK2 recruitment to the inclu-

sion. A) Schematic depicting truncated IncV constructs. The numbers represent a spe-

cific amino acid site in the protein sequence. B) 3-dimensional reconstruction of confo-

cal micrographs of HeLa cells overexpressing YFP-CK2β (yellow) and infected with C. tra-

chomatis incV mutant expressing mCherry constitutively (red) and IncV-3xFLAG (full 

length (FL) or truncated (1-305, 1-341, or 1-356)) (blue) under the control of an aTc-in-

ducible promoter in the presence of aTc. The merge is shown on the right. Scale bar is 

5μm. C) 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. Student’s t-test was performed comparing 

truncations to full length. Error bars are SEM. ** p<0.01, **** p<0.0001. n=90 inclusion 

D) Quantification of the volume of an object generated from the IncV-3xFLAG signal as-

sociated with the inclusion normalized to the volume of an object generated from the 

mCherry signal of the bacteria. Each dot represents one inclusion. Student’s t-test was 

performed comparing truncations to full length. Error bars are SEM. *** p<0.001. n=90 

inclusions. 
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3.2.5 CK2 Phosphorylates IncV.  

We next tested if CK2 phosphorylates IncV. We performed an in vitro kinase as-

say using recombinant CK2, ATPγS, and the cytosolic tail of IncV fused to GST (GST-

IncV167-363) or GST alone purified from E. coli. ATPγS can be utilized by kinases to thio-

phosphorylate a substrate and an alkylation reaction of the thiol group generates an 

epitope that is detected using an antibody that recognizes thiophosphate esters.212 

When the GST protein alone was provided as a substrate, there was no detectable phos-

phorylation, regardless of the presence of CK2 and ATPγS (Figure 3.5A, lanes 1 and 2). 

When GST-IncV167-363 was provided as a substrate, phosphorylation was not detected in 

the absence of CK2 and/or ATPγS (Figure 3.5A, lanes 3 - 5). Conversely, when both 

ATPγS and CK2 were present, GST-IncV167-363 was phosphorylated (Figure 3.5A, lane 6). 

These results demonstrated that CK2 directly and specifically phosphorylates IncV in 

vitro  

We next determined whether CK2 played a role in the post-translational modifi-

cation of IncV during infection using RNA interference. Lysates of HeLa cells treated with 

siRNA targeting CSNK2B to deplete CK2β and infected with C. trachomatis incV::bla + 

pTet-IncV-3xFLAG were subjected to Western blot. We confirmed CSNK2B knockdown 

efficiency at the protein level and observed a range of expression from 9.3% to 53.3% of 

the control expression levels of CK2β (Figure 3.5B, middle blot). In control cells, as previ-

ously observed in Figure 1A, IncVFL-3xFLAG appeared as a doublet with bands on either 

side of the 56kD marker (Figure 3.5B, top blot, left lane). A line scan analysis was 
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performed on each lane of the FLAG Western blot. The graph in Figure 3.5C is a graph-

ical representation of the line scan analysis and depicts two major peaks that are repre-

sentative of the upper band, which is the hyperphosphorylated species of IncV (left 

peak, black square) and the lower band which is the unphosphorylated species of IncV 

(right peak, black circle) (Figure 3.5C). Hypophosphorylated species of IncV are denoted 

by the open triangle above the line scan graph (Figure 3.5C) Consistent with the in vitro 

phosphorylation of IncV by CK2, depletion of CK2 using individual siRNA duplexes (A, B, 

C, or D) or a pool of all four siRNA duplexes (pool) led to a shift of the top band of the 

IncV-3xFLAG doublet down in apparent molecular weight, indicating CK2 plays a role in 

post-translational modification of IncV during infection (Figure 3.5B, top blot, pool, A, B, 

C, D lanes). The line scan plot illustrates the different species of hypophosphorylated 

IncV with peaks between the left (closed square) and right peaks (open circle) (Figure 

3.5C). Moreover, knockdown efficiency mostly correlated with a larger shift in apparent 

molecular weight when CK2 expression was decreased (Figure 3.5B). Together, these 

data indicate that CK2 is involved in the post-translational modification of IncV in vitro 

and during infection. 
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Figure 3.5. IncV is phosphorylated by CK2. A) 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 

unphosphorylated 

hypophosphorylated 

hyperphosphorylated 
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proteins detected with anti-Thiophosphate antibodies and the bottom panel is the same 

membrane stained with Ponceau S to detect total protein. B) Western blot of lysates of 

HeLa cells infected with C. trachomatis expressing IncV-3xFLAG and treated with siRNA 

buffer alone (-) or with siRNA duplexes targeting CSNK2B (pool of 4 duplexes or individ-

ual duplexes A, B, C, or D). 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 per-

centage of no siRNA control expression. C) Line scan analysis of FLAG signal detected in 

(B). The black square points out the top band in the Western blot in B and corresponds 

to the hyperphosphorylated species of IncV, and the black circle denotes the bottom 

band in the same lane and corresponds to the hypophosphorylated species of IncV. In-

termediately phosphorylated species are denoted by the open triangle and correspond 

to any band between the top and bottom bands. Each line represents a different condi-

tion: Control, black; siRNA pool of duplexes A-D, red; siRNA duplex A, yellow; siRNA du-

plex B, green; siRNA duplex C, blue; siRNA duplex D, purple. 
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3.2.6 Phosphorylation of IncV is Necessary and Sufficient to Promote the IncV-VAP 

Interaction.  

We have previously shown that the IncV-VAP interaction in vitro required factors 

present in eukaryotic cells,109 which led us to question whether the phosphorylation sta-

tus of IncV could be important. We assessed the role of phosphorylation of IncV in the 

IncV-VAP interaction by performing lambda phosphatase dephosphorylation of IncV 

coupled with a GST pull-down assay (Figure 3.6A). IncV-3xFLAG was immunoprecipitated 

from lysates of HEK293 cells expressing IncV-3xFLAG using anti-FLAG-conjugated Se-

pharose beads. IncV-3xFLAG was released from the beads using FLAG peptide competi-

tion and treated with lambda phosphatase or buffer alone. Treated and untreated IncV-

3xFLAG samples were then incubated with the cytosolic Major Sperm Protein (MSP) do-

main of VAPA tagged with GST (GST-VAPMSP) or GST alone bound to glutathione Se-

pharose beads. The protein-bound beads were subjected to Western blot and the mem-

branes were probed with anti-MBP to determine if IncV-3xFLAG was pulled down by 

treated or untreated GST or GST-VAPAMSP (Figure 3.6B). Untreated IncV-3xFLAG was 

pulled down by GST-VAPAMSP, and not by GST alone, demonstrating a specific interac-

tion between IncV and VAP (Figure 3.6B, lanes 1 - 3). When the eluate containing IncV-

3xFLAG was treated with lambda phosphatase prior to incubation with GST-VAPAMSP, it 

was no longer pulled down (Figure 3.6B, lane 4), indicating phosphorylation of IncV is 

necessary for the IncV-VAP interaction in vitro.  

We next determined if IncV phosphorylation by CK2 was sufficient to promote 
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the IncV-VAP interaction in an in vitro binding assay (Figure 3.6C). MBP-tagged VAPA 

MSP (MBP-VAPMSP) and GST-IncV167-363 were expressed separately in E. coli and 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 combining with purified MBP-VAPAMSP. GST-

IncV167-363 and any associated proteins were pulled down and the samples were sub-

jected to Western blot. The MBP blot was evaluated to determine if MBP-VAPMSP was 

pulled down by glutathione beads alone, GST alone, or GST-IncV167-363 (Figure 3.6C). Re-

gardless of the presence of CK2 and ATP, beads alone, or GST attached to beads did not 

pull down MBP-VAPAMSP (Figure 3.6D, lanes 1 - 4). In the absence of CK2 and ATP, we 

observed minimal binding of MBP-VAPAMSP to GST-IncV167-363 (Figure 3.5B, lane 5). When 

GST-IncV167-363 was treated with CK2 and ATP prior to GST-pull down, there was a strong 

signal of MBP-VAPAMSP bound to GST-IncV167-363, indicating phosphorylation of IncV by 

CK2 is sufficient to promote the IncV-VAP interaction in vitro. Altogether, these results 

demonstrate that IncV phosphorylation is necessary and sufficient for the IncV-VAP in-

teraction in vitro. 
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Figure 3.6. Phosphorylation of IncV by CK2 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 puri-

fied from E. coli. The top panel was probed with anti-MBP and the bottom panel was the 

same membrane stained with Ponceau to detect the GST construct. 
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3.2.7 CK2 Plays a Role in the IncV-VAP Interaction During Infection.  

To assess if CK2 played a role in the IncV-VAP interaction during infection, we uti-

lized both siRNA and inhibitor approaches and monitored VAP recruitment to the inclu-

sion membrane. First, we used a pool of four siRNA duplexes to deplete cells of CK2β 

and quantified YFP-VAP association with the inclusion as previously described.109 There 

was no significant difference in YFP-VAP recruitment between the control and the CK2-

depleted conditions (Figure 3.7E) which could be explained by incomplete knockdown of 

CK2 (Figure 3.5B) and the fact that we could still observe significant association of CK2 

with the inclusion membrane even in CK2 siRNA treated cells (data not shown). We next 

used the CK2-specific inhibitor CX-4945 to assess the requirement for CK2 activity in 

IncV phosphorylation and IncV-dependent VAP recruitment to the inclusion (Figure 

3.7B-D).213,214 Cells expressing CFP-VAPA were infected with C. trachomatis incV::bla + 

pTet-IncV-3xFLAG and treated with a DMSO control or CX-4945 prior to IncV-3xFLAG ex-

pression and subsequent Western blot or confocal microscopy analysis (Figure 3.7B). Ly-

sates from cells infected with C. trachomatis incV::bla + pTet-IncV-3xFLAG and treated 

with increasing concentrations of CX-4945 (0, 0.1, 0.5, 1, 5, 10 µM) were subjected to 

Western blot to determine the effect of CK2 inhibition on the apparent molecular 

weight of IncV (Figure 3.7C). In the control lane 1, IncV-3xFLAG migrated as a protein 

band doublet as observed previously (Figure 3.7C, left lane). As the dose of CX-4945 in-

creased, the apparent molecular weight of IncV decreased and at the 10 µM concentra-

tion of CX-4945, all IncV-3xFLAG molecules exhibit an apparent molecular weight 
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corresponding to the bottom band, which is the hypophosphorylated species of IncV 

(Figure 3.7C, lanes 2-6). We next determined whether inhibition of CK2 affected VAP re-

cruitment to the inclusion using the same experimental setup as for the Western blot, 

except only the no-drug control and 10 µM CX-4945 conditions were used. Confocal mi-

crographs of infected cells were analyzed by the quantification of VAP associated with 

the IncV signal on the inclusion membrane. Compared to the DMSO control, CFP-VAPA 

recruitment to the inclusion was significantly decreased when cells were treated with 10 

µM CX-4945, indicating that active CK2 plays a role in IncV-dependent VAP recruitment 

during infection. Altogether, these data demonstrate that phosphorylation of IncV in a 

CK2-dependent manner is required for IncV-dependent VAP recruitment to the inclu-

sion. 
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Figure 3.7. CK2 plays a role in the IncV-VAP interaction during infection. 

A) Quantification of the mean intensity of the YFP-VAP signal within an object generated 

from the YFP-VAPA signal at the inclusion and normalized to the mean intensity of YFP-

VAP signal in the cytosol. Quantification was performed on 3-dimensional reconstruc-

tions on confocal micrographs of HeLa cells depleted of CK2B using siRNA targeting 

CSNK2B, transfected with YFP-VAP, and infected with a strain of C. trachomatis express-

ing mCherry constitutively. Error bars are SEM. Student’s t-test was performed compar-

ing CSNK2B siRNA to no siRNA control. ns = not significant. B) Schematic of the experi-

mental setup for the experiments in C and D. C) Western Blot of lysates of HeLa cells 

D 

10μM CX-4945 
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infected with C. trachomatis expressing IncV-3xFLAG and treated with increasing con-

centrations of CX-4945 (0, 0.1, 0.5, 1, 5, 10 µM). The membrane was probed with anti-

FLAG antibodies to detect IncV-3xFLAG. D) Quantification of the mean intensity of the 

CFP-VAPA signal within an object generated from the IncV-3xFLAG signal and normal-

ized to the mean intensity of CFP-VAPA signal in the cytosol. Quantification was per-

formed on 3-dimensional reconstructions of confocal micrographs of HeLa cells treated 

with 10μM CX-4945 or DMSO control, transfected with CFP-VAP, and infected with a 

strain of C. trachomatis expressing IncV-3xFLAG. The CFP-VAPA association number was 

then normalized to the mean intensity of IncV-3xFLAG within the IncV-3xFLAG object. 

Student’s t-test comparing 10 µM CX-4945 to DMSO control. Error bars are SEM. **** 

p<0.0001.  
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3.3 Discussion 

Here, we describe Protein Kinase CK2 as a novel component of ER-Inclusion MCS. 

We demonstrated that CK2 is recruited to the inclusion membrane by the Inc protein 

IncV, a known tether of ER-Inclusion MCS.109 We provide evidence that CK2 phosphory-

lates IncV and plays a role in the regulation of the IncV-VAP interaction. 

3.3.1 Transient nature of the IncV-CK2 Interaction. 

As with many enzyme-substrate interactions, CK2 transiently associates with its 

target proteins.215,216 The transient nature of the interaction could mean that rare 

events are easily missed with a single snapshot in time. Consistent with this line of 

thought, IncV must be overexpressed to detect CK2 associated with the inclusion mem-

brane (Figure 3.3B). Additionally, co-immunoprecipitation assays failed to detect a sta-

ble IncV-CK2 interaction, which is in contrast with the results from the Inc-Human In-

teractome.60 However, in that situation, the Inc protein bait was overexpressed ectopi-

cally in eukaryotic cells, as opposed to overexpressed and localized to the inclusion 

membrane in our experiments. This could increase the occurrence of IncV-CK2 interac-

tions and increase the probability of detecting a transient interaction and the sensitivity 

of mass spectrometry allows for the detection of rare events.60 

3.3.2 Phosphoregulation of VAP-Interacting Proteins 

Most protein interactions with VAP are mediated by FFAT motifs. These are de-

fined by a core motif of 7 amino acids with the consensus sequence E-F-F-D-A-x-E, 

where x is any amino acid, and an enrichment of acidic residues flanking the 
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core.178,180,199 IncV contains two FFAT motifs and mutating two essential amino acids 

within the IncV FFAT motifs is sufficient to disrupt the IncV-dependent VAP recruitment 

to the inclusion.109 Interestingly, we observed a similar defect in VAP recruitment when 

the C-terminus of IncV was truncated (not shown), which suggests that the IncV-VAP in-

teraction relies on more than simply the FFAT motifs. There are several examples of 

VAP-interacting proteins being regulated via phosphorylation. For example, the 

ceramide transfer protein CERT has a serine-repeat motif (SRM) that is ~200 amino acids 

upstream of the FFAT motif. The phospho-SRM form of CERT is conformationally closed 

such that the lipid transfer activity of CERT is severely inhibited.208 Since CK2 recruit-

ment to the inclusion depends on a region in the C-terminus of IncV, it is possible that 

residues in that region are phosphorylated by CK2 to modulate the IncV-VAP interaction 

by changing conformation of IncV. Alternatively, it is also feasible that the C-terminal 

domain in IncV recruits CK2 so that CK2 can phosphorylate distal regions that enhance 

VAP binding, rather than phosphorylating the region itself. In addition to the SRM in 

CERT, a serine residue six amino acids upstream of the CERT FFAT motif (S315) enhances 

the CERT-VAP interaction when it is phosphorylated.209 Perhaps not surprising is that 

dephosphorylation of the CERT SRM, and the resulting open conformation of CERT, pro-

motes the phosphorylation of CERT S315.209 It would be interesting to determine if 

there is any interplay between IncV phosphorylation sites that enhance or inhibit IncV-

VAP binding in different situations. For example, one scenario could be that CK2 
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phosphorylates the C-terminal tail of IncV to unveil additional kinase-regulated residues 

in IncV to modulate the IncV-VAP interaction. 

3.3.3 Functional Outcomes of Phosphorylation of Inc Proteins by the Host 

The functional consequences of Inc phosphorylation by host kinases is not 

known for any Incs, so far. To date, two Inc proteins (IncA and IncG) are known to be ty-

rosine phosphorylated by unknown host kinases.112,217 IncA from C. psittaci was shown 

to be phosphorylated, but whether the C. trachomatis IncA homolog is phosphorylated 

remains to be confirmed.146 A recent study characterized the Chlamydia infection phos-

phoproteome of both host and Chlamydia proteins using post-translational modification 

analysis of mass spectrometry to identify host and Chlamydia proteins, including IncV, 

that are phosphorylated differentially during infection.218 The study identified an addi-

tional 12 phosphorylated Inc proteins and proposed that they could be phosphorylated 

by host kinases based on phosphorylation recognition site prediction algorithms, but 

further characterization remains to be done and is discussed in Chapter 4.218  

Several host kinases including Active Src family kinases (SFKs), Myosin light-chain 

kinase (MLCK), and Protein Kinase C (PKC) are recruited to inclusion microdomains, 

which are structures on the inclusion membrane enriched in specific Chlamydia and 

host proteins. There, they are proposed to form localized phosphorylation centers on 

the inclusion membrane.125,128,219,220 At microdomains, active SFKs, MLCK, and PKC re-

cruit and phosphorylate their respective host substrate proteins (Lutter et al. 2013; 

Shaw 2018). Microdomains also include Inc proteins (IncB, IncC, MrcA, CT222, CT223, 



122 

 

CT224, CT228, CT288, and CT850) which play roles in extrusion (CT228 and MrcA), inclu-

sion positioning through interactions with microtubules (CT850 and CT223), and associa-

tions with centrosomes (CT223).61,62,118,120,125,134 The Zadora et al phosphoproteome 

study identified several phosphorylated inclusion microdomain Incs and predicted that 

they were phosphorylated by host kinases.218 However, whether or not microdomain 

Incs are phosphorylated by the microdomain-associated kinases has not been described. 

Additionally, the role of phosphorylation of inclusion microdomain Incs is unknown. 

Conversely, our data demonstrates that IncV is phosphorylated to promote the IncV-

VAP interaction. Given the currently known examples of phosphorylated Incs (IncA, 

IncG, and IncV) and the enrichment of many host kinases on the inclusion membrane, it 

would not be surprising if there are additional examples of host kinase phosphorylation 

of Incs.  

3.3.4 The Role of CK2 in Intracellular Pathogen Lifecycles.  

In addition to playing a role in Chlamydia infection, CK2 associates with other in-

tracellular pathogens and play a variety of roles during infection. CK2 was shown to 

phosphorylate the Listeria monocytogenes protein ActA which then recruits the actin-

related proteins-2/3 (ARP2/3) complex through the molecular mimicry of the actin nu-

cleating host proteins WASP/WAVE to promote actin tail formation and cell-to-cell 

spread.221 This parallels our findings in the present study in which CK2 phosphorylates 

IncV which then recruits VAP, suggesting that mimicry of host protein motifs that are 

phosphorylated by CK2 might be a common mechanism found in many pathogens. 
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Interestingly, L. monocytogenes was still able to replicate in CK2-depleted cells, despite 

displaying a cell-to-cell spreading defect. At this point, however, it is unclear if CK2 is re-

quired for infectious progeny production because the inclusion size at 24 hours post in-

fection did not seem to be affected when CK2 was inhibited. There are several examples 

of CK2 involvement in either promoting or inhibiting viral replication. Like L. monocyto-

genes, Vaccinia virus requires CK2 for both actin tail formation and cell-to-cell spread.222 

CK2 is packaged into the Human Cytomegalovirus virion and immediately after infection, 

CK2 enhances the NFkB signaling that positively regulates viral immediate early gene ex-

pression.223 The structural NS2 protein of Bluetongue virus is phosphorylated by CK2 to 

promote the formation of cytoplasmic viral inclusion bodies, which are the site of viral 

replication.224 Conversely, CK2 positively regulates the stability of the E1 protein and 

negatively affects viral replication of certain Human Papillomavirus subtypes.225 CK2 also 

plays a role in Hepatitis C virus (HCV) infection by phosphorylating the HCV NS2 protein 

and targeting it for proteasome degradation.226,227 Though it is not clear whether CK2 

activity promotes C. trachomatis infection, it does not seem to be inhibitory because in-

hibition of CK2 did not result in an increase in inclusion size as one might expect if a sup-

pressive factor in infection was removed. CK2 plays a role in phosphorylating several dif-

ferent proteins expressed by pathogens and each example to date describes a unique 

downstream effect of that phosphorylation. Our studies presented here add Chlamydia 

to the growing list of intracellular pathogens that co-opt CK2. CK2 has been 
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demonstrated to regulate many cellular functions and it is remarkable that pathogens 

have evolved to take advantage of the pleiotropic and ubiquitous nature of CK2. 

3.4 Conclusion 

In this study, we demonstrated that CK2 is recruited to the inclusion in an IncV-

dependent manner that depends on a C-terminal domain of IncV. We showed that CK2 

phosphorylates IncV and plays a role in the IncV-VAP interaction in vitro. We demon-

strated that CK2 is involved in regulating the IncV-VAP tethering interaction during in-

fection. Together, the data presented here begin to uncover a means by which the for-

mation of ER-inclusion MCS is regulated. Further characterization of mechanisms of ER-

Inclusion MCS formation and maintenance is important to understand how C. tracho-

matis manipulates its host to establish an intracellular niche.  

3.5 Materials and Methods. 

3.5.1 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 37degC and 5% CO2. Chlamydia trachomatis Lymphogranuloma venereum, type II 

(ATCC L2/434/Bu VR-902B) was propagated in HeLa cells as previously described 207. The 

incV::bla (also known as CT005::bla) strain of C. trachomatis was obtained from Ted 

Hackstadt (NIH, Rocky Mountain Laboratories).67 

3.5.2 Plasmid Construction. 
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Plasmids were constructed using the primers (IDT) and templates listed in Ap-

pendix 2, restriction enzymes (NEB), and T4 DNA ligase (NEB), Herculase DNA polymer-

ase (Stratagene).  

3.5.3 Vectors for Expression in Mammalian Cells. 

The IncV-3xFLAG construct cloned in the pCMV-IE-N2-3xFLAG vector was previ-

ously described.109 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.228 The CFP-VAPA plasmid was 

constructed by cloning the VAP open reading frame (ORF) into pCMV-N1-CFP using AgeI 

and HindIII restriction sites.  

3.5.4 Vectors for Expression in E. coli. 

The GST-VAPAMSP plasmid was previously described.109 MBP-VAPMSP was con-

structed by cloning the MSP domain of VAPA using NotI and BamHI into pMAL. The GST-

IncV167-363 plasmid was constructed by cloning the base pairs corresponding to amino ac-

ids 167-363 of IncV using BamHI and XhoI. 

3.5.5 Vectors for Expression in C. trachomatis. 

Full length and truncated versions of IncV were cloned into the p2TK2Spec-SW2 

mCh(Gro) vector as previously described.229 Briefly, TetRTetAP promoter and 3xFLAG 

incD terminator fragments were appended onto either end of the Full Length IncV frag-

ment using overlap PCR to generate TetRTetAP-IncV-3xFLAG-IncDterm (Tet-IncV-3xFLAG 

for short) fragments. Truncated IncV constructs (DNA corresponding to amino acids 1-
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305, 1-341, and 1-356) were generated using overlap PCR to truncate the IncV ORF. All 

versions of Tet-IncV-3xFLAG were cloned into p2TK2Spec-SW2 mCh(gro) using KpnI and 

NotI. mCherry is expressed constitutively from the groESL promoter and IncV-3xFLAG 

(Full length, 1-356, 1-341, or 1-305) is expressed under the aTc-inducible promoter. 

3.5.6 C. trachomatis Transformation and incV::bla Complementation. 

Either wild type C. trachomatis or an incV mutant (incV::bla) was transformed 

with pTet-IncV-3xFLAG using our previously described calcium-based Chlamydia trans-

formation procedure.229 The resulting strains are called C. trachomatis L2 wild type + 

pTet-IncV-3xFLAG and C. trachomatis L2 incV::bla + pTet-IncV-3xFLAG. 

3.5.7 DNA Transfection. 

Cells were transfected with mammalian construct DNA according to manufac-

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

3.5.8 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 sam-

ples were separated using PAGE on SDS/polyacrylamide gels. 

3.5.9 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 then incubated for 1 hour with shaking at 
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room temperature in blocking buffer (5% skim milk in 1xPBS with 0.05% Tween). Mem-

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

diluted in blocking buffer overnight at 4degC and 1 hour at room temperature, respec-

tively, with shaking. ECL Standard Western blotting detection reagents (Amersham) 

were used to detect HRP-conjugated secondary antibodies on a BioRad ChemiDoc imag-

ing system. CK2β was detected using secondary antibodies conjugated to Alexafluor 800 

on Li-Cor Odyssey imaging system. 

3.5.10 Antibodies. 

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

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

(Western blot); Sigma], HRP-conjugated goat anti-rabbit IgG [1:10,000 (Western blot); 

Jackson], HRP-conjugated goat anti-mouse IgG [1:10,000 (Western blot); Jackson], 

AlexaFluor 514, 800, or Pacific Blue-conjugated goat anti-mouse IgG [1:500 (IF); 1:10,000 

(Western blot); Molecular Probes]; rabbit polyclonal anti-CK2β [1:200 (IF); 1:1,000 

(Western blot); Bethyl Antibodies]; rabbit polyclonal anti-GAPDH [1:10,000 (Western 

blot); ], rabbit polyclonal anti-Thiophosphate ester antibody [1:2000 (Western blot); 

Abcam]. 

3.5.11 Immunoprecipitation of IncV-3xFLAG From HEK293 Cells Infected With C. tra-

chomatis. 

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. 8 
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hours post-infection, media containing 2ng/mL anhydrotetracycline (aTc) was added to 

the infected cells for 16 hours. 24 hours post-infection, 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 4degC with rotation. Lysates were centrifuged at 

16,000xg for 10 minutes at 4degC to pellet nuclei and unlysed cells. Cleared lysates were 

incubated with 10 μL of anti-FLAG M2 affinity beads (Sigma) for 2 hours at 4degC with 

rotation. The beads were washed with lysis buffer three times. Proteins were eluted 

with 50μL of 100ug/mL 3xFLAG peptide (Sigma) in 1x Tris-buffered saline. For cells trans-

fected 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. 

3.5.12 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 pro-

teins were eluted with 55μL of 100ug/mL 3xFLAG peptide (Sigma) in 1x TBS. 20μL of elu-

ate was 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 4degC. The assay was halted by 

adding 5μL of 6x Laemmli buffer with 10mM DTT. Samples were boiled and 10μL of sam-

ples were then used in SDS-PAGE. 

3.5.13 DNA Transfections and Infections for Microscopy. 
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HeLa cells were seeded onto glass coverslips and transfected with YFP-CK2 (α or 

β) and/or CFP-VAPA the following day. 24 hours post-transfection, cells were infected 

with the indicated strain of C. trachomatis at a MOI of 1. 20 hours post-infection, media 

containing 2ng/mL aTc (final concentration) was added for 4 hours to induce expression 

of IncV-3xFLAG.  

3.5.14 Immunofluorescence and Confocal Microscopy. 

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

24 hours post-infection with 4% paraformaldehyde in 1x PBS for 20 minutes at room 

temperature then washed with 1x PBS three times. The coverslips were sequentially in-

cubated 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 di-

luted 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 im-

ages 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. 

3.5.15 Quantification of YFP-CK2β and CFP-VAPA Inclusion Association. 

Quantification of YFP-CK2β or CFP-VAPA association with IncV-3xFLAG on the in-

clusion membrane was performed using the Imaris imaging software. First, three-di-

mensional (3D) objects were generated from the raw signal of IncV-3xFLAG on the inclu-

sion membrane. Objects were edited such that IncV-3xFLAG colocalizing with the 
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mCherry bacteria was removed. Within the resulting IncV object, the mean intensity of 

YFP-CK2β or CFP-VAPA was calculated by the Imaris software and normalized to the 

mean intensity of YFP-CK2β or CFP-VAPA within the cytosol surrounding the inclusion.  

Quantification of the IncV-3xFLAG volume was performed to ensure there was no defect 

in inclusion localization. Using the Imaris imaging software, the sum of the voxels corre-

sponding to the IncV-3xFLAG signal above the threshold set by the signal within the cy-

tosol was calculated for IncV-3xFLAG and mCherry. The IncV-3xFLAG volume was nor-

malized to its corresponding inclusion volume.  

Each experiment was performed in triplicate with at least 30 inclusions analyzed 

per condition per replicate. Data from 3 independent replicates are combined into a sin-

gle graph. Each point on the graph represents a single inclusion with the average value 

and SEM shown. Student’s t tests were performed. 

3.5.16 CK2 Depletion. 

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 37degC 

with 5% CO2 for 3 days. The total volume in 96 wells (used for western blot) was 120μL. 

The total volume in a 24 well (used for immunofluorescence) was 400μL. On day 1, the 
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cells in a 24 well were split evenly onto 3 coverslips. On Day 2, the cells in a 24 well was 

transfected with YFP-VAPA or CFP-VAPA. The CSNK2B target sequence for each individ-

ual siRNA duplex was: A, CAACCAGAGUGACCUGAUU; B, GACAAGCUCUAGACAUGAU; C, 

CAGCCGAGAUGCUUUAUGG; D, GCUCUACGGUUUCAAGAUC. 

3.5.17 Protein Purification. 

Expression of GST, GST-VAPMSP, GST-IncV167-363, or MBP-VAPMSP was induced for 2 

hours by isopropyl-β-ᴅ-thiogalactopyranoside addition (0.1mM, final concentration) to a 

10 mL culture of E. coli BL21-DE3 at OD 0.8. Bacterial pellets were frozen at -80degC 

overnight. 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 13,000 x g for 10 minutes at 4degC. 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 4degC with rotation. The beads were washed three times in 

TBS. 

3.5.18 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 incu-

bated at 30degC for 45 minutes. P-Nitrobenzyl mesylate (PNBM) was added to the ki-

nase reaction at a final concentration of 2.4mM for 2 hours at room temperature, in the 



132 

 

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 

probed with anti-Thiophosphate ester antibodies to detect phosphorylated proteins 

which were detected with HRP-conjugated secondary antibodies.  

3.5.19 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 

4degC 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: 1.5ug of GST or GST-VAPMSP attached to beads (determined 

empirically by comparison of Coomassie stained gel to BSA standard curve) were sus-

pended in 500μL lysis buffer then added to tubes containing the IncV-3xFLAG-containing 

eluate (+/- phosphatase treatment). Binding was allowed to occur overnight at 4degC 

with rotation. 
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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 experi-

mental 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 con-

struct then probed with anti-FLAG to detect IncV-3xFLAG. 

3.5.20 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 supple-

mented with 10mM Maltose Monohydrate. 1.5ug 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 30degC for 45 minutes. Beads 

were washed three times in sonication buffer. 1.25ug MBP-VAPMSP suspended in 500μL 

sonication buffer was added to each tube with beads and binding was allowed to occur 

overnight at 4degC with rotation. 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-
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PAGE, proteins transferred to a nitrocellulose membrane which was stained with Pon-

ceau S to detect the GST construct then probed with anti-MBP to detect MBP-VAPMSP. 

3.5.21 CK2 Inhibition. 

CK2 was inactivated in HeLa cells using 4,5,6,7-tetrabromobenzotriazole 

(TBB)(Sigma). HeLa cells were seeded and transfected with CFP-VAPA DNA the following 

day. 24 hours post-transfection, cells were infected with C. trachomatis L2 incV::bla + 

pTet-IncV-3xFLAG. 18 hours post-infection, media containing 8μM TBB (final concentra-

tion) was added. 2 hours after TBB addition (and 20 hours post-infection), media con-

taining 2ng/mL aTc (final concentration) was added to induce IncV-3xFLAG expression. 

Cells were fixed with 4% paraformaldehyde in 1x PBS at 24 hours post-infection for 20 

minutes at room temperature then imaged and quantified as described in immunofluo-

rescence and confocal microscopy and quantification of YFP-CK2 and CFP-VAP inclusion 

association.  
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Chapter 4 

Discussion, Conclusions, and Future Directions 
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Summary of Major Findings 

IncV is a Chlamydia inclusion membrane protein that interacts with the host ER-

resident protein VAP. IncV contains two eukaryotic FFAT motif mimics that mediate the 

interaction with the electropositive face of VAP. IncV recruits VAP and tethers the ER to 

the inclusion membrane.109 The IncV-VAP interaction is regulated via the phosphoryla-

tion of IncV by Protein Kinase CK2. 

4.1 Tethering the ER to the Inclusion Membrane 

4.1.1 Tether definition 

 By definition, MCS must be held together at a certain distance, typically 10-30  

nanometers, for functional proteins to perform their duties. Several groups have pro-

posed that proteins must fulfill certain requirements to be considered a tether, and I will 

use the following definition from Eisenberg-Bord et al. for this discussion.157,162,163 First, 

the tether must be present exclusively in or enriched at the MCS. Second, the tether or 

tethering complex must simultaneously bind the opposing membranes. Third, a tether 

must apply a tethering force. In other words, a tether should increase the area of the 

MCS if the tether is overexpressed and decrease the area of the MCS if the tether is not 

redundant and is deleted.  

4.1.2 IncV as a Tether 

 My studies have demonstrated that IncV fulfills the above listed requirements of 

being a tether. To show that IncV fulfills the first criterion, I have demonstrated that 

3xFLAG-tagged IncV recruits and co-localizes with VAP (Figure 2.7). VAP was already 
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known to be a part of ER-Inclusion MCS via the IncD-CERT-VAP complex and is thus a 

marker for ER-Inclusion MCS.58,109,110 Results from Chapters 2 and 3 satisfy the second 

criterion. We demonstrated that IncV and VAP interacted directly in an in vitro binding 

assay (Figure 2.1 and 3.6).109 An interaction was also demonstrated during infection 

when we observed that VAP co-immunoprecipitated with IncV (Figure 2.5). Moreover, 

mutating the FFAT motifs in IncV or the FFAT-binding domain in VAP abolished the IncV-

VAP interaction and IncV-dependent VAP recruitment to the inclusion membrane (Fig-

ure 2.6). Since IncV localizes to the inclusion membrane and VAP localizes to the ER, 

their interaction bridges the ER and the inclusion membrane. The third criterion was 

demonstrated upon the overexpression of IncV, where both VAP and the ER membrane 

recruitment were increased dramatically (Figure 2.10). Despite the drastic phenotype 

observed upon IncV overexpression, an incV mutant was still competent in ER-Inclusion 

MCS formation, indicating IncV is not required for their formation (Figure 2.16). Interest-

ingly, though the volume of ER-Inclusion MCS was unchanged with the incV mutant, the 

amount of VAP on the inclusion was modestly, but significantly, decreased, suggesting 

IncV is at least partially responsible for VAP recruitment to the inclusion (Figure 2.16). 

This also suggests that there are redundant mechanisms both for the recruitment of 

VAP to the inclusion membrane and for the formation of ER-Inclusion MCS. ER-Inclusion 

MCS tethering redundancy is discussed in detail in Section 4.2.5. 

4.1.3 Types of MCS Tethers 
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 Tethers come in many flavors, despite all having to fulfill the defining criteria de-

scribed above. Tethers that are required for the formation of MCS and are sufficient to 

independently form MCS are referred to as principal tethers.163 Conversely, an auxiliary 

tether is one that is not required to maintain an MCS but can support principal tethers 

and can increase the extent of a contact if overexpressed163 Tethers can be static, in that 

they continuously tether membranes together, or they can be dynamic. Dynamic tethers 

are proteins that only act as a tether in certain conditions.163 Tethers could be dedi-

cated, such that the only function they perform is tethering.163 Except for a few tethers 

in yeast, the majority of tethers identified to date are known to be multi-functional, 

meaning they act as a tether in addition to another function, such as lipid transfer.163  

4.1.4 What Type of Tether is IncV? 

 Because the incV mutant was not deficient in ER-Inclusion MCS formation, IncV is 

not a principal tether (Figure 2.11). IncV fits within the criteria to be an auxiliary tether 

because it is not required for ER-Inclusion MCS formation but is capable of increasing 

the amount of ER contacting the inclusion membrane (Figure 2.10). It is important to 

point out that being an auxiliary tether does not necessarily mean that the tethering 

function IncV is not important for the formation and/or maintenance of ER-Inclusion 

MCS. An interesting example that highlights the value of auxiliary tethers is the yeast 

protein Lam6 which resides in sites of contact between the ER and mitochondria.230 The 

principal tethering complex between the ER and mitochondria in yeast is called the en-

doplasmic reticulum mitochondria encounter structure (ERMES).231 Similarly to 
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overexpressing IncV, overexpressing Lam6 in yeast generates more MCS between the 

mitochondria and the ER.230 Interestingly, in an ERMES mutant, Lam6 overexpression 

generated ER-mitochondria MCS equally as efficiently as the wild type yeast, despite the 

principal tether being absent.230 The authors of this study proposed that Lam6 is an aux-

iliary tether that is not required for MCS formation, but could be a modulator of MCS 

size or the activity at already formed ER-mitochondria MCS.163 Considering this example, 

it is possible that IncV acts as an auxiliary tether in a similar manner. At this time, it is 

not possible to conclude whether IncV is static vs dynamic, or dedicated vs multifunc-

tional and future experiments to address these questions are discussed in Section 4.4. 

4.1.5 Tethering redundancy 

4.1.5.1 IncV is a Redundant Tether 

 Redundancy in tethering proteins and protein complexes at given MCS has been 

established for several different pairs of organelles. One of the best characterized exam-

ples of redundant tethering mechanisms was discovered in yeast where there are at 

least six tethers between the ER and the plasma membrane (PM).177 All six tethers had 

to be deleted to observe a reduction in ER-PM MCS, but even then, it was not a com-

plete abolition, and about 10% of the contacts remained.177 Because inclusions contain-

ing an incV mutant still formed ER-inclusion MCS of the same size as wild type bacteria, 

there must be other tethers and/or tethering pairs.  

4.1.5.2 The IncD-CERT-VAP Complex as a Tether 
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 One obvious candidate for ER-Inclusion membrane tethering is the IncD-CERT-

VAP complex. Based on data from our laboratory, this complex fits the criteria of a 

tether. All three proteins are enriched in ER-Inclusion MCS, the complex bridges the ER 

and the inclusion, and overexpression of the IncD-CERT-VAP complex leads to the ex-

pansion of ER-Inclusion MCS area.58,110 An incD mutant could be useful in confirming its 

role as a tether and is discussed in Section 4.4.  

4.1.5.3 STIM1 as a Tether 

 Another candidate for tethering the ER and the inclusion is stromal interaction 

molecule 1 (STIM1), which our lab identified as a component of ER-Inclusion MCS.151 

Outside of the context of ER-Inclusion MCS, STIM1 in the ER membrane forms a dynamic 

tethering pair with Orai1 on the plasma membrane (PM) to make ER-PM MCS in re-

sponse to depleted Ca2+ levels in the ER.172 Interestingly, though STIM1 localizes to ER-

Inclusion MCS, Orai does not, which suggests that there may be other host or Chlamyd-

ial factors that bind to STIM1 that have not been previously recognized.151 STIM1 al-

ready associated with the inclusion membrane remains in place when ER Ca2+ stores 

are depleted instead of relocalizing to ER-PM MCS. Thus, it seems that STIM1 localized 

to ER-Inclusion MCS is not responsive to ER Ca2+ store depletion the same way as STIM1 

responds outside ER-Inclusion MCS.151 This suggests that STIM1 plays a different or addi-

tional role than its known function. More studies would be needed to confirm the hy-

pothesis that STIM1 and its interacting partner are tethers in ER-Inclusion MCS and are 

discussed in Section 4.4. 
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4.1.6 Regulation of the IncV-VAP Tethering Complex 

 There were several lines of evidence that led to the hypothesis that the IncV-VAP 

interaction and ER-Inclusion MCS formation are regulated. First, IncV expressed in C. tra-

chomatis or ectopically in eukaryotic cells consistently exhibited a higher apparent mo-

lecular weight than is predicted by amino acid sequence (Section 3.1). Moreover, IncV 

expressed in E. coli exhibited a molecular weight that was lower than that of IncV ex-

pressed in C. trachomatis, which suggested that IncV was differentially modified during 

infection (Section 3.1). Additionally, overexpressing IncV early in the developmental cy-

cle of C. trachomatis inhibits the growth of inclusions. Because overexpressing IncV gen-

erates more ER contact with the inclusion membrane, it is possible that having too much 

of the inclusion membrane covered with the ER is somehow inhibitory for the inclusion 

growth, which would be consistent with the smaller inclusions observed with early IncV 

overexpression.109 Together, these observations suggest that a balance striking the right 

amount of ER contacts with the inclusion is important for the developmental cycle. Ad-

ditionally, since Chlamydia interacts with many host factors, it is possible that the ER 

cannot fully encase the inclusion to allow other organelles, such as multivesicular bod-

ies, to contact the inclusion membrane. 

4.1.6.1 IncV as a Protein Kinase CK2 Substrate 

 Protein Kinase CK2, formerly known as Casein Kinase 2, is a constitutively active 

serine/threonine kinase expressed ubiquitously in eukaryotic cells.211 CK2 plays roles in 

many cell processes including, but not limited to, cell cycle regulation, apoptosis, 
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cytoskeleton dynamics, and so on.211,232 The tetrameric holoenzyme is comprised of a 

dimer of two regulatory subunits (β) and two catalytic subunits (α and/or α’). The β sub-

units recognize the consensus motifs S/T-x-x-D/E/pS/pY or S/T-x-D/E/pS/pY, where x is 

any amino acid (CK2 phosphorylated residue in bold). Perhaps unsurprisingly, most pro-

teins contain one or more of these motifs as determined using a phosphorylation pre-

dictor algorithm such as PhosphoSitePlus.233 However, many predicted CK2 recognition 

sites are not phosphorylated in vivo. As such, multiple experimental approaches are nec-

essary to prove a protein is a bona fide CK2 substrate. In Chapter 3, I demonstrated that, 

not only does CK2 directly phosphorylate IncV in vitro, but CK2 plays a role in the phos-

phorylation of IncV during infection. 

4.1.6.2 Potential IncV phosphorylation sites 

4.1.6.2.1 Potential phosphorylation in a C-Terminal Domain of IncV 

 To determine which residues in IncV are important for CK2-mediated regulation 

of the IncV-VAP interaction, we used several approaches. In Chapter 3, we showed that 

a small region downstream from the FFAT motifs in the cytosolic tail of IncV was re-

quired for IncV-dependent CK2 and VAP recruitment to the inclusion membrane. The re-

gion is highly enriched in serines (S342SESSDEESSSDSSQ356), seven of which could poten-

tially be recognized by CK2 (underlined)(Figure 4.2). Additionally, four of those serines 

(bolded) could require a prior priming phosphorylation event to produce CK2 recogni-

tion motifs. Interestingly, we performed post-translational modification analysis of mass 

spectrometry data generated with samples of IncV that had been phosphorylated by 
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CK2 in vitro and identified one residue in the serine-rich region (S345). S345 is one of 

three residues in the serine-rich region that could be recognized by CK2 without any 

priming phosphorylation events, based on the canonical CK2 recognition motif, but ex-

pressing a S345A point mutant of IncV had no effect on VAP recruitment. However, if ei-

ther of the two serines closest to the end of the serine-rich region (S354 and S355) were 

phosphorylated first by another kinase, it could initiate a CK2 phosphorylation cascade 

and potentially generate a hyperphosphorylated serine region, in which all nine serines 

in the serine-rich region are phosphorylated, in amino acids 342-356 (Figure 4.2).  

Phosphorylation has a known role in inducing conformational changes in pro-

teins, so it is possible that a hyperphosphorylated species of IncV could be conforma-

tionally different from a hypophosphorylated species.234 The conformation of IncV could 

modulate the IncV-VAP interaction such that hypophosphorylated IncV is closed with 

the FFAT motifs buried and hidden from VAP or hyperphosphorylated IncV is open and 

can bind to VAP, similar to the conformational change that occurs when CERT activity is 

regulated by phosphorylation of the CERT serine-repeat motif (SRM).165 CERT contains 

several domains that allow it to transfer ceramide at ER-Golgi MCS. The Pleckstrin Ho-

mology (PH) domain binds to phosphatidylinositol 4-phosphate (PI4P) in Golgi mem-

branes, the FFAT motif mediates the CERT-VAP interaction, and the StAR-related lipid-

transfer domain (START) transfers ceramide from the ER to the Golgi membranes.165 The 

CERT SRM is immediately downstream from the PH domain and phosphorylation of the 

CERT SRM by Casein Kinase 1γ2, a serine/threonine kinase unrelated to CK2, induces an 
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inhibitory interaction between the PH and START domains that down-regulates 

ceramide transfer by CERT.235 Interestingly, phosphorylation of the CERT SRM by CK1γ2 

requires a prior priming phosphorylation event.235 Thus, the potential phosphorylation 

cascade described for IncV above would be reminiscent of the CERT SRM phosphoryla-

tion steps. In contrast to phosphorylation events down-regulating CERT activity, phos-

phorylation of IncV by CK2 promoted the IncV-VAP interaction (Figure 3.6). Though 

there could be similarities between conformation change mechanisms between IncV 

and CERT, the outcome is different in that IncV phosphorylation plays a role in the IncV-

VAP interaction, whereas CERT SRM phosphorylation decreases the CERT-VAP interac-

tion.165,235 Another clear difference is that CERT is a cytosolic protein while IncV is em-

bedded in the inclusion membrane. The tail of IncV contains the FFAT motifs that medi-

ate the IncV-VAP interaction, and instead of the PH domain of CERT, IncV is connected 

to the ER-opposing membrane through transmembrane domains. However, if the IncV 

serine-rich region were phosphorylated in a way that promoted binding of the C-termi-

nus to a region of IncV close to the transmembrane domain, it could mimic the closed 

conformation of CERT. 

A recent study of the phosphoproteome of Chlamydia and host proteins during 

infection identified three phosphorylated serines in the IncV cytosolic tail well upstream 

from the IncV FFAT motifs.218 One of the residues (S184) identified in the Zadora et al 

study is a potential CK2 recognition site and was also identified in the post translational 

modification analysis of IncV phosphorylated by CK2 in vitro described above (Figure 
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4.2).218 One possibility could be that phosphorylation of S184 works in cooperation with 

phosphorylation of the serine-rich region described in the previous paragraph and con-

tributes to conformation changes. In addition to the phosphorylation of the CERT SRM, a 

residue seven amino acids upstream of the CERT FFAT motif (S315) can be phosphory-

lated to enhance binding to VAP.209 Thus, it is possible that IncV S184 is phosphorylated 

to enhance IncV binding to VAP, similar to how phosphorylation of S315 enhances the 

CERT-VAP interaction. Another possibility is that S184 could act as an initial docking site 

for CK2 which could then place CK2 in close proximity to other residues, such as the 342-

356 serine-rich region in the C-terminal tail of IncV, to phosphorylate. It would be inter-

esting to determine if phospho-S184 is a genuine CK2 phosphorylated residue during in-

fection or if another kinase phosphorylates it. It would also be interesting to determine 

if phospho-S184 plays a role in the IncV-VAP interaction. Studies to assess the role(s) of 

potential phosphorylation sites in IncV are discussed in Section 4.4. 
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Figure 4.2. Schematic of IncV domains. IncV has a transmembrane domain (dark grey) 

and cytosolic tails (light grey). IncV contains two FFAT motifs (black) with flanking serine 

tracts (pink). The C-terminal domain required for CK2 recruitment demonstrated in 

Chapter 3 (yellow) contains seven potential CK2 phosphorylation sites (orange text) and 

two serines that could be primed by a separate kinase (blue text) to initiate a CK2 phos-

phorylation cascade (underlined residues). IncV also contains a poly-lysine region at its 

C-terminus (blue). S184 was identified in a phosphoproteome of Chlamydia-infected 

cells.218 
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4.1.6.2.2 Potential phosphorylation in the IncV serine tracts flanking the FFAT 

motifs 

In eukaryotic FFAT motifs, an enrichment of acidic residues surrounding the core 

of the motif, referred to as acidic tracts, are thought to provide a non-specific, initial in-

teraction with the FFAT-binding region of VAP before the core then binds stably.179 In 

addition to the C-terminal serine-rich region described above, IncV is enriched in serines 

flanking the FFAT motifs, that, if phosphorylated, could mimic the eukaryotic acidic 

tracts (Figure 4.3). To determine the role of the serine tracts in the IncV-VAP interaction, 

I mutated all the serines (18 in total) to alanines. Expression of the serine tract mutant 

disrupted the IncV-VAP interaction and IncV-dependent VAP recruitment to the inclu-

sion membrane (not shown). Though long stretches of mutations could be detrimental 

to proper folding of IncV, the serine tract mutant was still inserted into the inclusion 

membrane, indicating that at least the translocation through the type III secretion sys-

tem was not disrupted and the transmembrane domain remained intact. Further experi-

ments to explore the acidic tract hypothesis are discussed in Section 4.4.  
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Figure 4.3. The IncV amino acid sequence flanking the FFAT motif core is enriched in 

phosphorylatable residues. An alignment of experimentally validated FFAT motifs, in-

cluding the two FFAT motifs in IncV. The 7-amino acid core is highlighted with a grey 

box. Acidic tracts flank the core of the motif. Acidic residues, red text. Serine/Threonine, 

orange text. Essential position 2 amino acid, blue text. 
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4.1.6.2.3 Additional Kinases Playing a Role in IncV Phosphorylation 

 Given the large number of serines, it would not be surprising if multiple kinases 

acted on IncV. Additionally, the notion of phosphorylation priming described above 

makes it likely that kinases in addition to CK2 modify IncV. Accordingly, in addition to 

the IncV-CK2 interaction, the Inc-human interactome predicts IncV interactions with 

nine more kinases (Casein Kinase Iα, Casein Kinase Iε, Phosphatidylinositol-5-Phosphate 

4-Kinase Type 2α, Phosphatidylinositol-5-Phosphate 4-Kinase Type 2β, Phosphatidylino-

sitol-5-Phosphate 4-Kinase Type 2γ, Serine/threonine-protein kinase VRK2, Serine/thre-

onine-protein kinase TAO2, Mitogen-activated protein kinase kinase kinase kinase 4, 

and Focal adhesion kinase 1).60 In support of multiple kinases phosphorylating IncV, the 

shift in apparent molecular weight when IncV was phosphorylated by CK2 in vitro was 

not as large as the shift in apparent molecular weight observed when IncV expressed in 

C. trachomatis was dephosphorylated using lambda phosphatase (Figure 3.1A and 3.6D). 

This suggests that CK2 could require other host factors or that multiple kinases play a 

role in phosphorylating IncV. However, inhibition of CK2 during infection leads to a 

seemingly complete decrease in the apparent molecular weight of IncV to the hypo-

phosphorylated species (Figure 3.7C), mimicking the result observed upon lambda phos-

phatase treatment of IncV in vitro (Figure 3.1B). It is possible, however, that CK2 per-

forms a large portion of phosphorylation of IncV, and other kinases perform minimal 

phosphorylation to prime some sites for CK2 to phosphorylate IncV. If this were the 

case, only some residues of IncV would be phosphorylated in vitro by CK2, with other 
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CK2 phosphorylation sites requiring additional host kinases to prime recognition motifs 

first. Then, during infection, inhibiting CK2 activity would prevent phosphorylation of 

residues that do and do not require priming. In addition to the Inc-human interactome 

kinases identified, the kinases that localize to the inclusion membrane microdomains, 

which are enriched in many Incs, host molecules (including active Src-Family kinases and 

Protein Kinase C), and cholesterol (Section 3.3.3)61,62,120,125 could potentially play a role 

in modifying IncV. Moreover, the phosphoproteome analysis performed by Zadora et al. 

identified three phosphorylated serines that fit the recognition for several host kinases 

including Protein Kinase A, Protein Kinase C, Glycogen synthase kinase-3, Cluster of Dif-

ferentiation 5, Mitogen-activated protein kinase 3, Mitogen-activated protein kinase 1, 

Cyclin-dependent kinase 1).218 Of the phosphoproteome kinases, only Protein Kinase C is 

known to localize to the inclusion in inclusion microdomains.219 Future studies to exam-

ine the possibility of additional kinases phosphorylating IncV are discussed in Section 

4.3. 

4.2 Membrane Contact Sites in Host-Pathogen Interactions 

MCS have been well studied in eukaryotic cells outside of the context of infec-

tion and we now know that, in addition to ER-Inclusion MCS in Chlamydia, several intra-

cellular pathogens take advantage of this cellular process to benefit their replicative cy-

cle. Obligate and facultative intracellular pathogens complete their replication cycles ei-

ther in the host cytosol or within membrane bound vacuoles that resemble host orga-

nelles.236 The vacuolar membranes are derived from host membranes and/or contain 
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host membrane lipids which are modified to suit the needs of the pathogen.36,236 Inter-

estingly, several pathogen-containing vacuoles have been shown to directly contact the 

ER and form pathogen-induced MCS.237–241 Since FFAT motif-containing proteins are of-

ten found at MCS with the ER, it is, perhaps, not surprising that pathogens have evolved 

mechanisms to exploit or mimic FFAT motif-containing proteins in their manipulation of 

the ER. In addition to IncV, there are other examples of proteins expressed by patho-

gens that contain FFAT motifs. Moreover, several examples demonstrate pathogen-en-

coded proteins that interact with FFAT-motif containing proteins and pathogen-medi-

ated MCS formation that is FFAT-motif independent or unknown if FFAT motifs play a 

role. Figure 4.4 provides a schematic summary of the examples discussed in the follow-

ing sections. 
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Figure 4.4. Summary of MCS during infection with intracellular pathogens. A) Models 

of pathogen-encoded proteins that directly mimic FFAT motifs. The Chlamydia tracho-

matis Inc protein IncV (blue) is inserted into the inclusion membrane and interacts with 

the host ER-resident VAP proteins (yellow) via two FFAT motifs (black). The norovirus 

nonstructural protein NS1/2 (orange) interact with VAP and the NS1/2-VAP interaction 

is proposed to play a role in the formation of MCS between the ER and the norovirus 

replication organelle. B) Model of pathogen-encoded proteins that interacts with VAP 

using a mechanism other than FFAT motifs. Hepatitis C virus nonstructural proteins 

NS5A and NS5B (brown) interact with VAP outside of its FFAT binding region. C) Models 

of pathogen-encoded proteins that interact with FFAT motif-containing host proteins. 

The C. trachomatis Inc protein IncD (red) is inserted into the inclusion membrane inter-

acts with the host protein CERT (light green) which interacts with VAP on the ER. The 

Coxiella burnetii-containing vacuole membrane contacts the ER and an unknown Coxi-

ella protein (purple) recruits the host protein ORP1L (teal) which interacts with VAP on 

the ER. The Aichi virus replication organelle contacts the ER via several Viral Proteins 

(VP, maroon) that interact with the host OSBP (cyan) and VAP. D) Models of MCS 

formed between the pathogen-containing compartment and the ER through unknown 

mechanisms. The Simkania negevensis-containing, Waddlia chondrophila-containing, 

and Toxoplasma gondii-containing vacuoles contact the ER through unknown protein in-

teractions (pink, dark grey, dark purple, respectively). The Tombusvirus p33 (white) pro-

tein interacts with host OSH (lime green) and VAP through unknown mechanisms and 
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contacts between peroxisomes (*) and the ER are induced by the virus. The Salmonella-

containing vacuole contacts the ER and the host VAP has been proposed to play a role 

through an interaction with an unknown Salmonella protein (black). Question marks (?) 

denote proposed components that have not been validated.  
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4.2.1 FFAT Motif-Containing Proteins Encoded by a Pathogen 

In addition to the FFAT motifs in IncV, mimicry of FFAT motifs was also demon-

strated in the plus strand RNA virus norovirus Figure 4.4A). The nonstructural norovirus 

protein NS1/2 contains a FFAT motif that mediates an interaction with VAP.206 Knocking 

down VAP led to decreased viral replication, indicating that VAP is important for the vi-

rus lifecycle.206 Moreover, an intact FFAT motif in NS1/2 was required for both the 

NS1/2-VAP interaction and viral recovery.206 Though C. trachomatis inclusion size and 

infectious progeny production was negatively impacted by VAP knockdown,110 the IncV-

VAP interaction was not required for infectious progeny production, suggesting the re-

dundancy in VAP recruitment during C. trachomatis infection does not occur during No-

rovirus infection (Figure 2.15).109 However, studies have fallen short of demonstrating 

the mechanistic role of VAP in norovirus replication. Several Norovirus proteins (NS1/2, 

NS3, and NS4) induce the formation of membrane-bound replication organelles that are 

derived from and reside near the ER.242 Though electron micrographs have revealed the 

close proximity of replication organelles to the ER, it has not yet been demonstrated 

that ER-replication organelle MCS exist. McCune et al. hypothesized that the VAP-NS1/2 

interaction could play a role in the formation of the replication organelle or could medi-

ate MCS between the replication organelle and the ER.  

4.2.2 Pathogen-Encoded Proteins That Interact With Eukaryotic FFAT Motif-Contain-

ing Proteins 
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In addition to directly mimicking FFAT motifs (IncV, described above), C. tracho-

matis expresses the Inc protein IncD which interacts with the FFAT motif-containing 

CERT (Figure 4.4C).58,110 In both infected and uninfected cells, CERT interacts with VAP, 

bridging the Golgi with the ER.165 In infected cells, CERT also interacts with IncD and VAP 

to bridge the inclusion with the ER. 

Like C. trachomatis, Coxiella burnetii, the causative agent of Q fever, is an obli-

gate intracellular bacterium contained in pathogen-specified vacuole, referred to as the 

Coxiella-containing vacuole (CCV).243 The cholesterol transfer protein oxysterol binding 

protein related protein 1 longform (OPR1L) is recruited to the CCV and interacts with 

VAP via a FFAT motif in both infected and naïve cells (Figure 4.4C).244 It is possible that a 

Coxiella-encoded effector protein mediates the recruitment of ORP1L to the CCV (analo-

gous to IncD recruiting CERT) because a type IV secretion system mutant of Coxiella that 

is unable to secrete effectors into the host cytosol does not recruit ORP1L to the CCV.244 

Interestingly, ORP1L depletion leads to a decrease in CCV size which suggested that 

ORP1L could play a role in CCV membrane dynamics.244 It was proposed that ORP1L 

could play a role in transferring cholesterol and other sterols to the cholesterol-rich CCV 

membrane.244 

The mechanism of pathogen-encoded proteins interacting with FFAT motif-con-

taining proteins is also found in some viruses. The plus strand RNA virus aichi virus repli-

cates its genome within a replication organelle, similar to noroviruses, which have been 

proposed to form MCS with the ER.245 OSBP is recruited to aichi virus replication sites 
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and interacts with several aichi virus proteins (Figure 4.4C).245,246 This host-viral protein 

complex facilitates the transfer of cholesterol to the aichi virus replication organelle and 

promotes the generation of the phospholipid phosphatidylinositol-4-phosphate at the 

replication organelle-ER MCS.245,246 The recruitment of VAP and OSBP are important for 

the aichi virus replication cycle as knocking down either VAP or OSBP inhibits viral repli-

cation.245  

4.2.3 FFAT-Independent Pathogen-Mediated Membrane Contact Site Formation 

To date, there is one example of a pathogen hijacking VAP independently of 

FFAT motif binding. VAP is required for hepatitis C virus replication.247 The hepatitis C 

virus replication organelle is enriched in nonstructural viral proteins NS5A and NS5B 

which interact with VAP by binding to the coiled-coil domain and the N-terminus of VAP, 

respectively (Figure 4.4B).247,248 The NS5A-VAP interaction, viral genome replication, and 

the localization of viral replication organelles are dependent on phosphorylation of 

NS5A serine 225.249,250  

4.2.4 Unknown mechanism of interaction between ER and Pathogen-Containing 

Compartment MCS  

Simkania negevensis, a Chlamydia-like bacterium in the Chlamydiales order, rep-

licates within a vacuole (Simkania negevensis-containing Vacuole (SnCV)) which contacts 

the ER (Figure 4.4D).251 The composition of the SnCV membrane is unclear, but the ex-

tensive contacts formed between the ER and the SnCV suggest that host lipids could be 

incorporated into the SnCV membrane.251 It is currently not known what mediates 
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SnCV-ER MCS formation. However, it was proposed that unidentified, Chlamydia Inc 

protein-like proteins play a role.251  

Another bacterium in the Chlamydiales order, Waddlia chondrophila, reside in a 

vacuole (Waddlia-containing vacuole (WCV)) that contacts mitochondria.252 The ER sur-

rounds the mitochondria and sometimes directly contacts the WCV membrane (Figure 

4.4D).252 How these WCV-ER contacts are formed and whether bacterial factors are in-

volved is not known.  

The eukaryotic parasite Toxoplasma gondii parasitophorous vacuole (TgPV) 

membrane contacts the host ER and these contacts are hypothesized to function in lipid 

transfer (Figure 4.4D).253 To date, however, the function of TgPV-ER MCS and how they 

are formed is unknown. 

To replicate its genome in yeast, Tombusviruses, a genus of ssRNA(+) viruses 

whose natural hosts are plants, require the yeast oxysterol-binding homology (OSH) pro-

teins.254 The tombusvirus replication protein p33 interacts with both VAP and OSH pro-

teins (Figure 4.4D).254 Sterols are enriched near the tombusvirus replication organelle 

and overexpression of Scs2p, the yeast VAP homolog, increases viral replication.254 

Though OSH proteins are known to interact with VAP via FFAT motifs, it is unclear how 

tombusvirus replication protein p33 interacts with VAP and OSH proteins. 

Contact between a pathogen-containing vacuole and the ER is not limited to obli-

gate intracellular pathogens. The facultative intracellular bacterium Salmonella resides 

in the Salmonella-containing vacuole (SCV) after it invades host cells and the SCV has 
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been shown to contact the ER (Figure 4.4D).255 Though the role has not been investi-

gated, VAP was enriched in an SCV-Host proteome suggesting FFAT motif(s) may facili-

tate SCV-ER MCS formation.255 

 Many intracellular pathogens clearly co-opt eukaryotic proteins and generate 

MCS with the ER. The precise functions of most MCS discussed here have not been de-

scribed. However, the field of MCS, in general, is constantly advancing and I hypothesize 

that the study of MCS in host-pathogen interactions will contribute to our general un-

derstanding of MCS. 

4.3 Future Directions 

Since ER-Inclusion MCS are an important component of the Chlamydia intracellu-

lar lifestyle, it will be important to further characterize their formation, maintenance, 

and function during the multiple stages of the developmental cycle. 

4.3.1 Dynamics of IncV Phosphorylation 

My data presented in Chapter 3 demonstrate that the IncV-VAP is regulated via 

the phosphorylation of IncV by CK2. Since the data in Chapter 3 were all assessed at 24 

hours post-infection, we do not have a sense of the temporal dynamics of both IncV 

phosphorylation and the IncV-VAP interaction. IncV was previously shown to be ex-

pressed throughout the entire developmental cycle.87 Additionally, VAP was shown to 

associate with the inclusion as early as 2 hours post-infection.149,151 It is possible that the 

IncV-VAP interaction remains constant once established to form a stable tethering com-

plex. It is also conceivable that differential phosphorylation of IncV modulates the IncV-
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VAP interaction such that other complexes could displace IncV-VAP and perform differ-

ent functions depending on the needs of the bacteria at the time. To determine the 

phosphorylation state of IncV throughout the developmental cycle, a simple experiment 

would be to infect cells with the incV mutant strain complemented with the tet-induci-

ble IncV plasmid and induce IncV expression at different times during infection. Then 

protein samples could be analyzed via western blot to determine if the apparent molec-

ular weight changes throughout the developmental cycle. Since CK2 phosphorylation ex-

periments done in Chapter 3 were performed at 24 hours post-infection, it would be im-

portant to determine whether IncV phosphorylation is dependent on CK2 at other times 

during Chlamydia replication. For example, if IncV is phosphorylated early in the devel-

opmental cycle in a CK2-independent manner, a protein band doublet corresponding to 

hypo and hyperphosphorylated species of IncV would still be observed in Western blot.  

4.3.2 IncV Serine Tracts, More Mimicry of Eukaryotic FFAT Motifs? 

An unresolved aspect of the FFAT motif-mediated interaction between IncV and 

VAP is whether the serine tracts immediately upstream of each FFAT motif core in IncV 

are involved in binding to VAP. Eukaryotic FFAT motifs are enriched in acidic residues 

that are thought to non-specifically bind to the electronegative face of VAP before the 

core of the FFAT motif binds stably.199 Since IncV contains serine tracts instead of acidic 

tracts, we hypothesized that these serine tracts would be phosphorylated to mimic the 

eukaryotic acidic tracts. Individually mutating each of the 18 serines in the serine tracts 

is not a practically feasible approach because of the possibility that certain combinations 
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of multiple mutations would be necessary. Ideally, post-translational modification analy-

sis of mass spectrometry of IncV isolated from infected cells would provide candidate 

residues to mutate. It could also reveal additional phosphorylated residues that could 

generate new hypotheses. Additionally, to determine if CK2 plays a role in the potential 

phosphorylation of the IncV serine tracts, data from mass spectrometry analysis of sam-

ples from infected cells that had been treated with the CK2 inhibitor CX-4945 could be 

compared to data from untreated, infected cells. This could provide insight into CK2-

phosphorylated residues in IncV that are not appreciated using an in vitro approach. 

4.3.3 Role of Other Potential Phosphorylated Residues in the IncV-VAP interaction 

Since there are many potential phosphorylation sites that could play a role in the 

IncV-VAP interaction, there are numerous hypotheses to test. The first hypothesis to 

test would be the notion of priming. As discussed in Section 4.2.6.2.1, there are two ser-

ines within the domain of IncV required for CK2 recruitment (amino acids 342-356) that, 

if phosphorylated, generate additional CK2 recognition sites. A simple experiment to 

test this hypothesis would be to mutate each of the two potential priming serines and 

perform an in vitro kinase assay as performed in Section 3.5. A complementary ap-

proach would be to assess whether phosphomimetic mutations further increased the 

apparent molecular weight after CK2 phosphorylation, it would indicate that CK2 re-

quires a priming phosphorylation. To test the hypothesis that the serine-rich region of 

IncV from amino acids 342-456 plays a role in the IncV-VAP interaction, IncV with single 

alanine point mutations or a combination of alanine mutations of the serines in that 



163 

 

region could be utilized in the in vitro kinase assay coupled with the in vitro IncV-VAP 

binding assay as performed in Section 3.6. Similarly, the importance of IncV S184 identi-

fied as a phosphorylated residue in the phosphoproteome study could be assessed by 

making either an alanine or phosphomimetic mutation and determining if either muta-

tion affects IncV-VAP binding in vitro.218 

4.3.4 Other Kinases Potentially Phosphorylating IncV 

In addition to CK2, there are several other candidate kinases that could phos-

phorylate IncV, as discussed in Section 4.2.6.2.3. One way to test a potential association 

between these candidate kinases and IncV would be to infect HeLa cells with wild-type 

C. trachomatis and stain for each kinase individually to determine if there is any enrich-

ment of a given kinase around the inclusion. Since there are some kinases that are al-

ready known to be enriched in patches on the inclusion membrane, i.e. inclusion micro-

domain kinases, it would be straightforward to test whether they are associated with 

IncV. The kinases identified in the Inc-Human interactome could also be tested to con-

firm their association with IncV.60 Cells expressing fluorescent versions of each kinase 

could be infected with the strain of C. trachomatis that can overexpress IncV and deter-

mine if there is an increase in kinase recruitment upon IncV overexpression. Then, com-

binations of identified kinases and CK2 could be utilized in an in vitro assay to determine 

if multiple kinases work in cooperation to fully phosphorylate IncV in vitro. 

4.3.5 Other Possible Roles for IncV 
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Many tethering pairs at eukaryotic MCS include proteins that perform functions 

in addition to acting as a tether. For example, many lipid transfer proteins have a dual 

role in tethering and transferring specific lipids between membrane. The CERT-VAP 

complex acts as a tether at ER-Golgi MCS but its major function is to transfer ceramide 

from the ER to the Golgi. Though IncV has no known sequence homology with eukary-

otic domains other than the FFAT motifs, it is possible that there are domains that struc-

turally mimic functional domains. There is also a unique enrichment of lysines at the C-

terminus of IncV that is reminiscent of the polybasic tail of STIM1 that targets it to the 

plasma membrane. Though a mutant version of IncV missing the c-terminal lysines still 

recruits VAP to the inclusion membrane as efficiently as wild type IncV (not shown), it is 

still possible that the lysines could play a role in interactions with the plasma mem-

brane. During the later stages of the developmental cycle, the inclusion takes up a large 

volume of the host cell cytosol and its membrane is close to the plasma membrane. It is 

possible that the poly-lysine domain of IncV plays a structural role in contacting the 

plasma membrane to prepare for host cell exit via extrusion. It was recently shown that 

STIM1 is required for extrusion,61 so it would be interesting if the poly-lysine regions of 

STIM1 and IncV play any role in extrusion. One way to test this hypothesis would be to 

measure extrusion from cells infected with the incV mutant complemented with the 

version of IncV lacking the poly-lysine tail or wild type IncV. Extrusion is measured by 

enumerating intact inclusions that are not next to host cell nuclei from infected cell su-

pernatant using a hemocytometer.32,33,40,61 To test the role of the polylysine region of 
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STIM1 in extrusion, cells depleted of STIM1 and expressing an siRNA-resistant STIM1 

lacking its poly-lysine region or wild type STIM1 could be infected with wild type C. tra-

chomatis to measure differences in extrusion.  

4.3.6 Interplay between IncV and other ER-Inclusion MCS components 

It is well established at this point that VAP is part of two different complexes at 

ER-Inclusion MCS. The IncD-CERT-VAP complex was proposed to facilitate acquisition of 

host lipids by the bacteria and the IncV-VAP complex as a tether of ER-Inclusion 

MCS.58,109,110 It is reasonable to hypothesize that because they are both in complex with 

VAP, IncV and IncD interact. Inc-Inc interactions have been demonstrated before using 

several different systems including overexpression in eukaryotic cells, yeast two-hybrid, 

bacteria two-hybrid, a simple, single cell culture infection model, and a C. trachomatis 

co-infection cell culture model in which two strains expressing two different tagged Inc 

proteins were used.59,68,113,117,125 A bacterial two-hybrid setup predicted that both IncD 

and IncV self-interact but did not interact with each other. However, it is important to 

note that many components were missing from this system including the inclusion 

membrane and host factors. The IncD-IncD interaction was confirmed using our labs co-

infection model system and this experimental setup could also be used to determine an 

IncD-IncV interaction. However, even if IncD and IncV do not directly interact, they 

could still be part of a larger complex including CERT, VAP, and other possible unidenti-

fied factors. One possible scenario is that the IncD-CERT-VAP complex brings the inclu-

sion membrane and the ER together and the IncV-VAP auxiliary tethering pair could 
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subsequently form to stabilize the contact site. This could possibly be tested by as-

sessing VAP and IncV co-localization in CERT-knockout cells to determine if CERT is nec-

essary for the IncV-VAP interaction to occur. Another approach might be to generate an 

IncD mutant. IncD is the first gene in a four-gene operon and mutating it could cause po-

lar effects.142 However, there is at least one promising approach, FLAEM, described in 

Section 1.2.2, which combines allelic replacement and subsequent removal of the fluo-

rescence and selection markers that could mitigate polar effects.75 In support of the hy-

pothesis that IncV and IncD are part of a larger complex, the Inc-Human interactome 

predicts that the uncharacterized Inc protein CT556 also interacts with VAPA and that 

IncV is predicted to interact with multiple host proteins that have more than one pre-

dicted interacting Inc partner.60 To identify potential novel components of such a com-

plex, IncV and/or IncD could be overexpressed by C. trachomatis and inserted into the 

inclusion membrane, then immunoprecipitated so that protein samples could be ana-

lyzed via mass spectrometry. Comparing the list of interacting proteins from each condi-

tion would reveal any commonalities and provide candidate proteins to test using co-

immunoprecipitation and immunofluorescence microscopy approaches. 

4.3.7 ER-Inclusion MCS and Inclusion Microdomains: One and the Same? 

Inclusion microdomains provide an interesting source of new potential members 

of ER-Inclusion MCS component because STIM1 also localizes to inclusion microdo-

mains.61 Inclusion microdomains are defined by small sections of the inclusion mem-

brane enriched in 9 Inc proteins (MrcA, CT222, IPAM, CT224, CT228, IncB, IncC, CT288, 
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and CT850), and a large group of host molecules including active Src-family kinases 

(SFKs), Protein Kinase C, myosin light-chain kinase (MLCK), myosin phosphatase target 

subunit 1 (MYPT1), inositol 1,4,5-trisphosphate receptor, type 3 (ITPR3), STIM1, and 

cholesterol.61,62,120,125 The Inc proteins MrcA and CT228 and the host proteins ITPR3 and 

STIM1 were shown to play roles in the extrusion mechanism of Chlamydia exit from the 

host cell.61,120 Inc proteins CT223 and CT850 have been implicated in associations be-

tween the inclusion and the host cytoskeleton.120,134 It was also shown that CERT co-lo-

calizes with SFKs on the inclusion membrane.61 Because both CERT and STIM1 localize to 

inclusion microdomains, it was proposed that ER-Inclusion MCS and microdomains are 

the same structure.61 If ER-Inclusion MCS and inclusion microdomains are indeed the 

same structure, there are many more candidate proteins that could be involved in regu-

lating MCS formation given the enrichment of host kinases. It would also be interesting 

to determine if CK2 plays a role in the association of the inclusion with cytoskeletal ele-

ments or the extrusion process. Since the cytoskeleton is highly involved in the Chla-

mydia developmental cycle, there are many possibilities to test for CK2 involvement. 

Similar to assessing VAP recruitment in the context of CK2 inhibition in Section 3.7, actin 

and microtubule cage formation could be assessed in conditions where CK2 was inhib-

ited. 

4.3.8 Subclasses of ER-Inclusion MCS 

There is a growing appreciation that there can be specialized subclasses of MCS 

between a given pair of organelles. For example, in yeast, there are at least two ER-



168 

 

plasma membrane MCS that are functionally and compositionally distinct.256 It is possi-

ble that there are multiple classes of ER-inclusion MCS that perform different functions 

throughout the developmental cycle. If ER-Inclusion MCS and inclusion microdomains 

are not the same structure, it could indicate that, despite some compositional overlap 

(STIM1 and CERT), they perform distinct functions. To test these possibilities, cells de-

pleted of one or more of the host factors known to localize to the inclusion membrane 

(STIM1, CERT, VAP, Src-Family Kinases, Protein Kinase C) could be infected and analyzed 

to determine the effect on outcomes such as localization of the other factors involved, 

inclusion size, infectious progeny production, and extrusion rate. If depletion of ER-In-

clusion MCS components had no effect on the localization of inclusion microdomain 

components, it would support the hypothesis that there are multiple subclasses of ER-

Inclusion MCS. 

4.3.9 Dynamics of ER-Inclusion MCS formation 

Our lab has previously provided evidence that ER-Inclusion MCS are formed 

throughout the developmental cycle and could remain stable in certain conditions.151 

The addition of Thapsigargin induced the formation of STIM1 puncta at ER-plasma mem-

brane MCS, but the STIM1 already associated with the inclusion membrane remained 

associated.151 Though these findings suggested that ER-Inclusion MCS already formed 

could be resistant to stimuli outside of the contact site, it is not currently known 

whether ER-Inclusion MCS that are formed early during infection remain stably tethered 

throughout the remainder of the developmental cycle. Further understanding this could 
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potentially provide insight into the metabolic needs of the bacteria at different stages of 

the developmental cycle. For example, if MCS are a source of lipids for inclusion mem-

brane expansion, their formation and expansion might be required during RB replica-

tion. To test this hypothesis, it would be necessary to create conditions in which ER-In-

clusion MCS are disrupted and measure the effect on inclusion size and infectious prog-

eny production. It is also possible that MCS play a role in keeping the inclusion localized 

to a perinuclear region by concentrating certain structural molecules and facilitating in-

teractions with host cytoskeletal factors. As described in Chapter 1, several host and 

bacterial factors are involved in remodeling the host cell cytoskeleton. Live imaging of 

ER-Inclusion MCS formation and tracking their location on the inclusion could provide 

insight into whether their formation and maintenance is a dynamic process. Coupled 

with fluorescent cytoskeleton subunits, live imaging could reveal a relationship between 

the dynamics of ER-Inclusion MCS formation and the localization of the inclusion within 

the host cell. 

4.4 Final Conclusions 

Overall, my thesis presents data demonstrating the role of IncV as a tether of ER-

Inclusion MCS. C. trachomatis displays IncV on the surface of the inclusion where it in-

teracts with VAP via the molecular mimicry of two eukaryotic FFAT motifs which tethers 

the ER to the inclusion membrane. The IncV-VAP interaction is regulated by CK2. My 

studies add two new molecules (IncV and CK2) to the ER-Inclusion MCS model and fur-

ther characterized the function of a known ER-Inclusion MCS molecule (VAP) (Figure 
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4.5). Though there is still much to learn about ER-Inclusion MCS, my studies have pro-

vided insight into the tethering of the ER to the inclusion membrane. The fact that there 

must be redundant mechanisms for ER-Inclusion MCS formation suggests that these 

contacts are essential for Chlamydia replication. It will be important to further charac-

terize ER-Inclusion MCS to fully elucidate their function. Not only will this knowledge be 

useful for understanding the Chlamydia intracellular niche, but it will provide insight 

into MCS biology, in general. Because there are few examples of regulation of the for-

mation and maintenance of MCS by kinases, my studies could shed light on the regula-

tion of other MCS, which are being increasingly recognized as essential components of 

cells and important in human disease.208,209,257 Because MCS are important in cell home-

ostasis and in host-pathogen interactions, a deeper understanding of their formation, 

maintenance, and function could lead to the development of new therapeutic targets 

for Chlamydia infection and beyond.  
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Figure 4.5. Current model of ER-Inclusion MCS. The IncD (red)-CERT (green)-VAP (yellow) 

complex had been proposed to facilitate lipid acquisition by the bacteria. STIM1 (blue) 

localizes to ER-Inclusion MCS but has an unknown function or interacting partner (pro-

tein X (light blue) that we hypothesize to be an Inc) there. To this model, we now add 

the ER-Inclusion MCS tether IncV (pink) that interacts with VAP. We also add Protein Ki-

nase CK2 (orange), which regulates the IncV-VAP interaction via the phosphorylation of 

IncV.  
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Appendix 1 - Primers and templates used for generating constructs in chapter 2  

(dataset 1 from Stanhope et al. 2017) 

Primer pairs (name and sequence) and corresponding templates used in this study 

Cloning of pYFP-VAP WT or KFM/DFD 

- VAPA 

Primers:  VAPAN1H3  AAGAAGCTTATGGCGTCCGCCTCAGGGGCCATGGCG 

  VAPAN1Age  ACCACCGGTGGCAAGATGAATTTCCCTAGAAAG 

Templates: 

VAPAWT : pGFP-VAPAWT 

VAPAKFM/DFD: pGFP-VAPAKFM/DFD 

 

- VAPB 

Primers:  VAPBN1Eco  GAAGAATTCATGGCGAAGGTGGAGCAGGTCC 

  VAPBN1Age  ACCACCGGTGGCAAGGCAATCTTCCCAATAATTAC 

Templates: 

VAPBWT : pGFP-VAPBWT 

VAPBKFM/DFD: pGFP-VAPBKFM/DFD 

 

Cloning of pCMV- IE-N2-IncV-3xFLAG WT, F263A, Y287A and FY-AA 

Primers:  0260ATG Xho 5  CTCCTCGAGATGACTCCAGTAACACCAGTC 

  0260NoTAA Bam 3 GGAGGATCCCTTTACGAGAGGGTTTCTTCTTTTG  

Templates:  

IncVWT:  p2TK2SW2 mCh(Gro) TetR TetAP IncVWT3xFLAG IncDTerm 

IncVF263A: p2TK2SW2 mCh(Gro) TetR TetAP IncVF263A3xFLAG IncDTerm 

IncVY287A: p2TK2SW2 mCh(Gro) TetR TetAP IncVY287A3xFLAG IncDTerm 

IncVF263AY287A: p2TK2SW2 mCh(Gro) TetR TetAP IncVF263AY2873xFLAG IncDTerm 

 

Cloning of pCMV- IE-N2-IncV167-363-3xFLAG WT and FY-AA 

Primers:  0260 ATG167 Xho 5 CTCCTCGAGATGCAAGTTGAGTTAGCTGCCTG 

  0260NoTAA Bam 3 GGAGGATCCCTTTACGAGAGGGTTTCTTCTTTTG  

Templates: 

IncVWT:  p2TK2SW2 mCh(Gro) TetR TetAP IncVWT3xFLAG IncDTerm 

IncVF263AY287A: p2TK2SW2 mCh(Gro) TetR TetAP IncVF263AY2873xFLAG IncDTerm 

Cloning of pCMV- IE-N2-PM-IncV167-363-3xFLAG WT and FY-AA 
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Constructed by overlapping PCR 

PCR A: 

Primers:  PM Xho 5  CTCCTCGAGatgctgtgctgtatgagaag 

  PM0260ATG167 3  GCAGCTAACTCAACTTGCATgatcttttggtcctcatc 

Template:  pDsRed-Monomer-Mem 

PCR B: 

Primers:  PM0260ATG167 5  gatgaggaccaaaagatcATGCAAGTTGAGTTAGCTGC 

  0260NoTAA Bam 3 GGAGGATCCCTTTACGAGAGGGTTTCTTCTTTTG  

Templates:   

PM-IncVWT : p2TK2SW2 mCh(Gro) TetR TetAP IncVWT3xFLAG IncDTerm 

PM-IncVFY-AA: p2TK2SW2 mCh(Gro) TetR TetAP IncVFY-AA3xFLAG IncDTerm 

 

Cloning of pGST-VAPAMSP WT or KFM/DFD 

Primers:   VAPAATG Bam 5  GGAGGATCCATGGCGTCCGCCTCAGGGGC 

  VAPAMSP EcoRI 3 GAAGAATTCctaCATTTCAAATACGCATCTC 

Templates: 

VAPAWT : pYFP-VAPAWT 

VAPAKFM/DFD: pYFP-VAPAKFM/DFD 

 

Cloning of p2TK2-SW2 mCh(Gro) Tet-IncV-3xFLAG WT, F263A, Y287A and FY-AA 

Constructed by overlapping PCR 

- TetR-TetAP-IncVWT3xFLAG-IncDTerm 

PCR A: 

Primers:  TetR STOP 5 Kpn  GGTGGTACCTTAAGACCCACTTTCACATTTAAG 

  Tet0260 3  GGGACTGGTGTTACTGGAGTCATttcacttttctctatcactg 

Template:  p2TK2SW2 mCh(Gro) TetR TetAP IncD3xFLAG IncDTerm 

PCR B: 

Primers:  Tet0260 5             cagtgatagagaaaagtgaaATGACTCCAGTAACACCAGTCCC 

  0260FLAG 3  CATGGTCTTTGTAGTCcatTTTACGAGAGGGTTTCTTCTTTTG 

Template: CtL2 genomic DNA 

PCR C: 

Primers:  0260FLAG 5  CAAAAGAAGAAACCCTCTCGTAAAatgGACTACAAAGACCATG 

  IncDTerm 3 Not  GCGGGCGGCCGCgtcttaggagctttttgcaatgc 

Template: p2TK2SW2 mCh(Gro) TetR TetAP IncD3xFLAG IncDTerm 

 

- TetR-TetAP-IncVF263A3xFLAG-IncDTerm 

PCR A: 
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Primers:  TetR STOP 5 Kpn  GGTGGTACCTTAAGACCCACTTTCACATTTAAG 

  0260F263A 3  CGCTATTTGGTGGAGTGTGGGCGCTAGAAGAAGAGGAGG 

Template:  p2TK2-SW2 mCh(Gro) TetR-TetAP-CTL02603xFLAG-IncDTerm 

PCR B: 

Primers:  0260F263A 5  CCTCCTCTTCTTCTAGCGCCCACACTCCACCAAATAGCG 

  IncDTerm 3 Not  GCGGGCGGCCGCgtcttaggagctttttgcaatgc 

Template:  p2TK2-SW2 mCh(Gro) TetR-TetAP-CTL02603xFLAG-IncDTerm 

 

- TetR-TetAP-IncVY287A3xFLAG-IncDTerm 

PCR A: 

Primers  TetR STOP 5 Kpn  GGTGGTACCTTAAGACCCACTTTCACATTTAAG 

  0260Y287A 3  CGGTTTCAAGAGCATCCATAGCTTCAGAAGAAGAGCTGC 

Template:  p2TK2-SW2 mCh(Gro) TetR-TetAP-CTL02603xFLAG-IncDTerm 

PCR B: 

Primers  0260Y287A 5  GCAGCTCTTCTTCTGAAGCTATGGATGCTCTTGAAACCG 

  IncDTerm 3 Not  GCGGGCGGCCGCgtcttaggagctttttgcaatgc 

Template:  p2TK2-SW2 mCh(Gro) TetR-TetAP-CTL02603xFLAG-IncDTerm 

 

- TetR-TetAP-IncVF263AY287A3xFLAG-IncDTerm 

PCR A: 

Primers:  TetR STOP 5 Kpn  GGTGGTACCTTAAGACCCACTTTCACATTTAAG 

  0260nt806-828 3  CGAGTCGGACAGTTCTTTATCGC 

Template:  p2TK2-SW2 mCh(Gro) TetR-TetAP-CTL0260F263A3xFLAG-IncDTerm and  

PCR B: 

Primers:  0260nt806-828 5  GCGATAAAGAACTGTCCGACTCG 

  IncDTerm 3 Not  GCGGGCGGCCGCgtcttaggagctttttgcaatgc 

Template:  p2TK2-SW2 mCh(Gro) TetR-TetAP-CTL0260Y287A3xFLAG-IncDTerm 
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Appendix 2 – Primers and templates used for generating constructs in chapter 3 

Cloning of pCFP-VAPA 

Primers: VAPAN1H3 AAGAAGCTTATGGCGTCCGCCTCAGGGGCCATGGCG 

 VAPAN1Age ACCACCGGTGGCAAGATGAATTTCCCTAGAAAG 

 

Template: pGFP-VAPAWT  

 

Cloning of MBP-VAPAMSP 

Primers: VAPAATG Not 5 GCGGGCGGCCGCATGGCGTCCGCCTCAGGGGC 

 VAPAMSP Bam 3 GGAGGATCCCTACATTTCAAATACGCATCTC  

 

Template: pGFP-VAPAWT  

 

Cloning of GST-IncV167-363 

Primers: 0260ATG167 Bam 5 GGAGGATCCATGCAAGTTGAGTTAGCTGCCTG 

 0260STOP Xho 3 
 

CTCCTCGAGTTATTTACGAGAGGGTTTCTTCTTTTG  

 

Template: pCMV-IE-N2-IncV-

3xFLAG WT 

 

 

Cloning of pTet-IncV-3xFLAG 1-305 

PCR A   

Primers: TetR STOP 5 Kpn 
 

GGTGGTACCTTAAGACCCACTTTCACATTTAAG 
 

 0260 1-305 3 
 

CATGGTCTTTGTAGTCcatGACATCTCCTGCAGCTACGG  

Template: p2TK2SW2 mCh(Gro) 

TetR TetAP CTL0260 

3xFLAG IncDTerm 

 

 

PCR B   

Primers: 0260 1-305 5 
 

CCGTAGCTGCAGGAGATGTCatgGACTACAAAGACCATG 
 

 IncDTerm 3 Not 
 

GCGGGCGGCCGCgtcttaggagctttttgcaatgc 
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Template: p2TK2SW2 mCh(Gro) 

TetR TetAP CTL0260 

3xFLAG IncDTerm 

 

 

PCR C   

Primers: TetR STOP 5 Kpn 
 

GGTGGTACCTTAAGACCCACTTTCACATTTAAG 
 

 IncDTerm 3 Not 
 

GCGGGCGGCCGCgtcttaggagctttttgcaatgc 
 

Template: PCR A + PCR B  

 

Cloning of pTet-IncV-3xFLAG 1-341 

PCR A   

Primers: TetR STOP 5 Kpn 
 

GGTGGTACCTTAAGACCCACTTTCACATTTAAG 
 

 0260 1-341 3 
 

CATGGTCTTTGTAGTCcatGTCTTGTCTTTGCTCTTGGTC 
  

Template: p2TK2SW2 mCh(Gro) 

TetR TetAP CTL0260 

3xFLAG IncDTerm 

 

 

PCR B   

Primers: 0260 1-341 5 
 

GACCAAGAGCAAAGACAAGACatgGACTACAAAGACCATG 
 

 IncDTerm 3 Not 
 

GCGGGCGGCCGCgtcttaggagctttttgcaatgc 
 

Template: p2TK2SW2 mCh(Gro) 

TetR TetAP CTL0260 

3xFLAG IncDTerm 

 

 

PCR C   

Primers: TetR STOP 5 Kpn 
 

GGTGGTACCTTAAGACCCACTTTCACATTTAAG 
 

 IncDTerm 3 Not 
 

GCGGGCGGCCGCgtcttaggagctttttgcaatgc 
 

Template: PCR A + PCR B  
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Cloning of pTet-IncV-3xFLAG 1-356 

PCR A   

Primers: TetR STOP 5 Kpn 
 

GGTGGTACCTTAAGACCCACTTTCACATTTAAG 
 

 0260 1-356 3 
 

CATGGTCTTTGTAGTCcatTTGAGATGAATCGGAAGAGG 
 

Template: p2TK2SW2 mCh(Gro) 

TetR TetAP CTL0260 

3xFLAG IncDTerm 

 

 

PCR B   

Primers: 0260 1-356 5 
 

CCTCTTCCGATTCATCTCAAatgGACTACAAAGACCATG 
 

 IncDTerm 3 Not 
 

GCGGGCGGCCGCgtcttaggagctttttgcaatgc 
 

Template: p2TK2SW2 mCh(Gro) 

TetR TetAP CTL0260 

3xFLAG IncDTerm 

 

 

PCR C   

Primers: TetR STOP 5 Kpn 
 

GGTGGTACCTTAAGACCCACTTTCACATTTAAG 
 

 IncDTerm 3 Not 
 

GCGGGCGGCCGCgtcttaggagctttttgcaatgc 
 

Template: PCR A + PCR B  

 

 


