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Abstract
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Chlamydia trachomatis is the most common cause of bacterial sexually transmitted
infection, responsible for millions of infections each year. Despite this high prevalence, the
elucidation of the molecular mechanisms of Chlamydia pathogenesis has been difficult due to
limitations in genetic tools and its intracellular developmental cycle. Within a host epithelial
cell, chlamydiae replicate within a vacuole called the inclusion. Many Chlamydia—host
interactions are thought to be mediated by the Inc family of type III secreted proteins that are
anchored in the inclusion membrane, but their array of host targets are largely unknown. To
investigate how the inclusion membrane proteome changes over the course of an infected cell,
we have adapted the APEX system of proximity-dependent biotinylation. APEX is capable of
specifically labeling proteins within a 20 nm radius in living cells. We transformed C.
trachomatis to express the enzyme APEX fused to known inclusion membrane proteins,
allowing biotinylation and purification of inclusion-associated proteins. Using quantitative mass
spectrometry against APEX labeled samples, we identified over 400 proteins associated with the

inclusion membrane at early, middle, and late stages of epithelial cell infection. This system was
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sensitive enough to detect inclusion interacting proteins early in the developmental cycle, at 8
hours post infection, a previously intractable time point. A spreadsheet of the proteins identified
by APEX at each time point is included as the supplemental file Table S2-1.

Mass spectrometry analysis revealed a novel, early association between C. trachomatis
inclusions and endoplasmic reticulum exit sites (ERES), functional regions of the ER where
COPII-coated vesicles originate. Pharmacological disruption of ERES function severely
restricted early chlamydial growth and the development of infectious progeny. Depletion of
certain ERES proteins with RNA interference also reduced formation of infectious progeny.
Most ERES proteins tested localized to small punctae that sometimes colocalized with the
inclusion membrane, but two ERES proteins that were identified by APEX, PDCD6 and TFG,
accumulated on the inclusion membrane in certain conditions. When intracellular calcium was
elevated, PDCD6 strongly associated with the inclusion membrane. A truncated form of TFG
accumulated on the inclusion membrane. Unlike other ERES proteins tested, depletion of
PDCD6 caused enhanced C. trachomatis infectious progeny formation.

The work in this dissertation shows that APEX is a powerful in situ approach for
identifying critical protein interactions on the membranes of pathogen-containing vacuoles.
Furthermore, the data derived from proteomic mapping of Chlamydia inclusions has
illuminated an important functional role for ERES in promoting chlamydial developmental

growth.
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Chapter 1 — Introduction

Chlamydia trachomatis disease burden and developmental growth

Chlamydia trachomattis is the most common bacterial sexually transmitted infection;
despite effective treatments, rates of infection continue to increase each year (1). Since
Chlamydia infections are often asymptomatic, individuals may maintain and transmit the
infection for extended periods of time (2). Chlamydia infections are especially impactful for
women; they can cause ectopic pregnancy, infertility, and pelvic inflammatory disease. In the
United States in 2016 there were 1.6 million cases of Chlamydia infection, of which 1.1 million
were detected in females (3). Chlamydia infections can be treated with antibiotics, and unlike
many bacteria, antibiotic resistance is not a major concern. The recommended antibiotics are a
single dose of azithromycin or twice daily doxycycline for one week (4). Alternatives include
erythromycin, levofloxacin, or ofloxacin (4). Since rates of Chlamydia infection continue to rise,
preventative measures such as a vaccine may be necessary to decrease the prevalence of
Chlamydia. There is currently no vaccine, and the lack of understanding of Chlamydia basic
biology makes it more difficult to develop new strategies to reduce infection. A more thorough
understanding of how Chlamydia survives and grows within the human host could provide
valuable hypotheses for how to prevent infection.

A major challenge in studying Chlamydia is the difficulty of cultivating the bacteria in
the laboratory. Chlamydia has a unique, biphasic developmental cycle that transitions between
two forms, the infectious elementary body (EB) and the metabolically active reticulate body
(RB) (3, Figure 1—1). This full cycle can only be completed inside of a host cell, so it is not
possible to grow Chlamydia in broth culture or on agar plates. To begin an infection, an EB
attaches and enters a host epithelial cell; in the host cell the EB is enclosed within a vacuole
called the inclusion, which provides a separate environment within the host cell cytoplasm (5). It

is unknown what environment the inclusion provides to allow growth, but inside the inclusion



Chlamydia can transition into the RB form and begin replicating. Starting at around 20 hours
post infection (hpi) the RBs start to asynchronously transition back into the EB form (5). After
48-72 hpi Chlamydia are released from the host cell and can initiate new infections. Although
Chlamydia is confined to the inclusion for the duration of the developmental cycle, there are

many exchanges across this membrane bilayer to allow Chlamydia to secrete proteins into the

host cell cytosol, as well as import nutrients into the inclusion.

. elementary body (EB)

. reticulate body (RB)

3 hpi ‘@

Figure 1—1. Chlamydia trachomatis developmental cycle.

Chlamydia trachomatis developmental forms and representative diagrams of inclusion size at
specific hours post infection (hpi). The inclusion grows until around 48 hours when Chlamydia
are released and can infect new cells.

Inclusion development and nutrient acquisition
The inclusion membrane originates from the host cell membrane that surrounds the

individual bacteria as they are taken up into the cell (6). This small, membrane-bound vacuole



surrounding Chlamydia expands to allow bacterial replication, and it is thought that the
inclusion membrane is largely host-derived (6). The inclusion rapidly dissociates from the
endocytic pathway, and does not acquire markers of endosomes or lysosomes such as EEA1,
Lamp1 or Lamp2 (6). Inhibitor of vacuolar acidification Bafilomycin A1 has no effect on
Chlamydia growth, unlike other intracellular bacteria that occupy acidic vacuoles like Coxiella
burnetii (6). Within a few hours of infection, the inclusion traffics along microtubules to settle in
the perinuclear region near the microtubule organizing center (MTOC) (7). This process requires
Chlamydia transcription and translation, and also requires host dynein (7).

Chlamydia has a highly reduced genome making it dependent on the host cell for many
essential factors (8). Chlamydia must acquire amino acids, nucleotides, and likely other
macromolecules, but it is unknown how these are transported across the inclusion membrane
(6). Chlamydia is known to interact with the endoplasmic reticulum (ER), golgi, lipid droplets,
multivesicular bodies (MVBs) and high density lipoprotein (HDL) machinery to acquire lipids
from the cell. During infection, the ER and the inclusion are closely apposed in certain regions,
forming membrane contact sites. These contact sites are thought to facilitate acquisition of
ceramide through the ceramide transfer protein CERT (9). It was shown that CERT depletion
with RNA interference led to a reduction in Chlamydia infectious progeny. A CERT inhibitor
reduced NBD-ceramide (6-((N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-
ylDamino)hexanoyl)Sphingosine) uptake in a similar manner to brefeldin A (BFA) (10). It was
proposed that ceramide uptake via CERT is essential for Chlamydia replication, while ceramide
uptake via the golgi is dispensable (10). It is unclear why ceramide from these two sources would
have a different effect on Chlamydia growth. Ceramide is processed into sphingomyelin inside
the cell; SMS1 and SMS2 are proteins involved in sphingomyelin production at the golgi or
plasma membrane, respectively. It was shown that SMS2, but not SMS1, is recruited to the

inclusion membrane, yet knockdown of either SMS1 or SMS2 reduced chlamydial infectious
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progeny by similar amounts (10). It is unclear why both would affect IFU, yet only one is
recruited to the inclusion membrane.

The golgi becomes fragmented in infected cells, redistributing in mini-stacks around the
inclusion (11). There is some evidence that golgi fragmentation is important for Chlamydia
growth, but there is also evidence that it is dispensable. The interactions between the golgi and
the inclusion were first studied in the context of sphingomyelin uptake (12). It was found that in
an infected cell, fluorescently labeled ceramide is taken up into the golgi where it is processed
into sphingomyelin and taken up by the inclusion from the trans-golgi (13,14). Treatment of
infected cells with brefeldin A (BFA), which causes the golgi to collapse into the ER, causes
significantly reduced incorporation of NBD-ceramide into the inclusion, yet BFA had no effect
on Chlamydia replication (13). Similarly, it has been shown that cholesterol can be incorporated
into the inclusion membrane and bacterial outer membrane, from a BFA-sensitive pathway (15).
Just as with ceramide, BFA significantly reduced cholesterol uptake into the inclusion. Other
data that contradicts the importance of the golgi for infection is that knockdown of GBF1, a
target of BFA, enhanced the number of infectious progeny or inclusion forming units (IFU) (10).
Knockdown of Rab1 and p115, which are important for vesicle tethering to the golgi, enhanced
Chlamydia IFU (16). So while cholesterol and ceramide are trafficked to the inclusion from the
golgi, this trafficking may not be very important for Chlamydia growth.

Lipid droplets are lipid storage organelles that contain neutral lipids, contained within a
phospholipid monolayer (17). Several chlamydial secreted effectors localize to lipid droplets, and
lipid droplets translocate into the inclusion lumen (17,18). It has been proposed that these lipid
droplets serve as a source of energy in the form of fatty acids (17). Similarly it is thought that
MVBs provide lipids for chlamydial growth (19). MVBs are formed from remodeling of the early
endosome, forming an acidic endocytic organelle containing luminal vesicles (20). MVB protein
markers CD63 and MLN64 are visible within the inclusion at 36 hpi when labeled by indirect

immunofluorescence (19). Similarly, immunoelectron microscopy showed CD63 was associated
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with the inclusion at 48 hpi (19). Growing C. trachomatis in the presence of exogenous CD63
antibody led to a large reduction in infectious progeny, and inhibitors of PI3K, which impair
MVB function, also disrupted chlamydial growth (19). Disruption of MVBs also reduced
sphingomyelin uptake into the inclusion (19).

HDL proteins ABCA1, CLA1, and ApoA1 are accumulated inside the inclusions of infected
cells (21). ApoA1 localized to foci within the inclusion that colocalized with phosphatidylcholine,
so it was hypothesized that this pathway is a mechanism to acquire phospholipids from the host
cell (21). A small molecule that inhibits the transporter ABCA1 reduced uptake of
phosphatidylcholine into the inclusion, and also decreased Chlamydia growth (21). Knockdown

of ABCA1 also dramatically reduced Chlamydia growth (21).

Chlamydia genetic manipulation

Recent advances in C. trachomatis genetic manipulation have provided new avenues for
investigating Chlamydia basic biology. In 2011, the first stable transformation of Chlamydia
was reported, providing a method for introducing genes into the bacteria on a modified version
of the endogenous Chlamydia plasmid (22). Since then, a tetracycline-inducible plasmid system
has been developed, for adjusting the timing and level of expression of introduced genes (23).
These systems have allowed study of fluorescent Chlamydia, epitope-tagging of putative
secreted Chlamydia inclusion membrane proteins (Incs) to test localization, as well as further
testing of host protein-Inc interactions (24). There is currently no method to integrate genes
into the chromosome, so if several different genes are introduced they have to go on a single
plasmid, creating large vectors that are unstable or difficult to grow.

Although introducing genes is a valuable tool for studying Chlamydia, the inability to
knockout genes has made confirming any predicted functions difficult. Several strategies have

been developed in the past few years to make knockouts possible, though they remain
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challenging, time consuming, and unlikely to work on essential genes. Nonetheless, the ability to
knockout genes, determine a phenotype, then complement the gene to confirm the effect
provides a fundamental, robust framework that is very new to the Chlamydia field. Already with
the few knockouts made, many functions of one highly studied chlamydial protease, CPAF, have
been shown to be an artifact of cellular lysis conditions used previously (25,26). A knockout of
CPAF, as well as a complemented strain, have shown that CPAF is likely not as critical to
chlamydial virulence as previously thought (26). Likely as the Chlamydia genetic field expands,
previously identified functions may be called into question.

Two techniques have been developed to randomly disrupt genes in the chlamydial
genome. One strategy that has been used to create functional knockouts of Chlamydia genes is
chemical mutagenesis. Chlamydia can be treated with the DNA mutagen ethyl-
methanesulfonate (EMS), causing single base mutations by switching cytosine to thymine (27).
The level of mutagenesis can be adjusted so the genome of each individual bacterium has only a
few base changes. This creates synonymous, non-synonymous, and nonsense mutations
randomly throughout the genome. These mutants can be screened for interesting phenotypes, or
sequenced to isolate mutations in genes of interest. Since the mutations are caused by single
base changes, it is possible for these mutations to revert, especially if the mutation is highly
deleterious to growth. Similarly, any genomes with stop codons disrupting essential genes will
not be able to grow, so this technique will not work for all genes. Additionally, unless there is a
stop codon at the beginning of a gene, it is difficult to assess how impaired the gene function is.

Two systems have been developed to specifically disrupt genes of interest. One technique
that has been used is insertion of group II introns into the genome. These introns can be
targeted to a gene of interest, where an antibiotic cassette integrates into the genome. This is a
more thorough disruption than chemical mutagenesis, however it could have polar effects on
genes that are in the same operon, causing disruption of multiple genes. This technique is also

costly, it can be difficult to accurately target a certain gene, and it will not work on essential
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genes. A technique called fluorescence-reported allelic exchange mutagenesis (FRAEM) has
been used to exchange a fluorescent reporter and antibiotic cassette for a gene in the Chlamydia
genome through homologous recombination (28,29). This requires creation of a plasmid with 3
kb flanking regions to the gene of interest, and with an already large plasmid used to transform
Chlamydia, the resulting FRAEM plasmid is about 17 kb, making it very difficult to create and
use. A new iteration of this plasmid has been created, containing cre recombinase to excise the
antibiotic cassette following integration (30). This minimizes risks of polar effects, and would
allow knockout of multiple genes following multiple rounds of transformation.

As chlamydial genetics advance, there are many more opportunities to use modern
techniques to study pathogenesis. There has been some success with adaptation of dCasg for
gene knockdown, though thus far it is not stable enough to reliably deplete Chlamydia gene
expression (31). With screening of Casg from different species, or alternative nucleases such as
Cpf1, it may be possible to have a consistent way to knockdown protein levels. This would be

useful even for essential genes that play critical roles during infection.

Chlamydia-host interactions

Chlamydia uses the type III secretion apparatus to secrete effectors across the inclusion
membrane. Of these effectors, 59 are predicted to localize to the inclusion membrane and are
members of the Inc protein family (32). Given that the C. trachomatis genome encodes 894
proteins, the Incs represented a large portion of the genome and are thought to be critical for
mediating many host-pathogen interactions. Despite the importance, determining any functions
or binding partners for these Incs has been difficult.

Traditional biochemical techniques such as co-immunoprecipitation, yeast two-hybrid,
and bacterial two-hybrid have identified binding partners of a few of the Incs. Yeast two-hybrid
identified 14-3-3p as the first host protein that was found to bind a Chlamydia inclusion

membrane protein, IncG (33). Rab4 was found to bind Chlamydia Inc CT229 (34). Co-
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immunoprecipitation was used to show that IncA and CT813 interact with host SNARE proteins
(35). CT223 binds the centrosomal protein CEP170 to alter microtubule organization (36).
Limited antibodies and the lack of genetic tools for introducing tagged genes into Chlamydia
made large scale identification of Inc binding partners difficult until recently.

There have been a handful of protein-protein interactions identified between Chlamydia
effectors and proteins within the host, but it is likely that there are many more for the numerous
type III secreted effectors that have no known binding partners. In addition to the type III
secreted effectors, at least one type II secreted effector is transported into the host cytoplasm
during infection (37). There are also many host proteins that associate with the inclusion
membrane that have no known Inc binding partner. In addition to Rab4, Rab1, Rab6, and Rab11
are also recruited to the C. trachomatis inclusion membrane (37). The inclusion interacts with
several components of the cytoskeleton; detyrosinated and acetylated microtubules, as well as
actin and intermediate filaments redistribute around the inclusion membrane (38,39). In most
cases these interactions are studied in isolation, but as we discover more host proteins
associated with the inclusion membrane it may reveal connections between the proteins

recruited by different Incs.

Proteomics of inclusion-interacting proteins

Two proteomics studies facilitated the discovery of new host proteins that interact with
the inclusion membrane during infection. Mirrashidi et al. expressed 58 tagged Incs in
HEK293T cells and used tandem affinity purification to pull down interacting proteins (40).
This was done in the absence of infection so some interactions may not be maintained in a
natural infection. This paper highlighted a new association between IncE and the retromer
complex. They confirmed that IncE binds SNX5 and SNX6 during infection and SNX1, SNX2,
SNXs5, and SNX6 localize to the inclusion. Interestingly, knockdown of retromer components led

to an increase in infectious progeny, suggesting that the retromer restricts Chlamydia growth.
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Since this paper came out, at least one study has confirmed two other interactions from this data
set between IncV (CToo05) and ER resident proteins VAPA and VAPB (41).

In the other proteomics study, Aeberhard et al. developed a method to purify whole
inclusions at 24 hpi (42). Following purification, they performed mass spectrometry on lysates
of these whole inclusions. They expressed 26 of the proteins identified with fluorescent protein
fusions or epitope tags and verified that at least 19 of these hits were associated with the
inclusion membrane, showing fairly high accuracy of this method for identifying inclusion-
associated proteins. Similar to the affinity purification study, they confirmed that retromer
proteins SNX1, SNX2, SNX5 and SNX6 were recruited to inclusion membranes and knockdown
of these proteins enhanced formation of infectious progeny.

These two proteomics studies have both identified many novel host proteins that may be
associated with the Chlamydia inclusion membrane. Each strategy identified about 350
proteins, and combined there are 626 unique proteins with potential roles during infection. It is
not clear why there was little overlap between the studies, but infection may alter the abundance
of some of the proteins detected and the tandem affinity purification was not done in infected
cells. There may have also been different conditions for pulldown of proteins vs inclusions. High
abundance proteins associating with purified inclusions may have been more easily detected
even if they don’t directly bind an Inc. Additionally, Incs are known to bind each other so
overexpression of a single Inc may not capture interactions that require the presence of multiple
Inc binding partners. Overall these studies provide numerous opportunities for investigating
host proteins that may associate with the inclusion membrane, but these data are hardly
comprehensive. Since these two studies required pulldown of either tagged Incs or purified
inclusion following cell lysis, it is likely that more transient or sensitive interactions would not
be maintained. Also these were performed either in the absence of infection or at a single time
point, but it is likely that the host factors associated with the inclusion change over time. Thus,

while we have learned much about the inclusion membrane proteome, there is still a need for
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investigation of how the inclusion membrane changes over time, as well as a way to identify

interactions that are not as stable.

Dissertation Summary

Determining the host proteins that associate with the inclusion during infection could
provide novel insight into the host pathways that are required for optimal Chlamydia growth.
Identifying proteins that are associated with the inclusion early during infection would be
particularly valuable, as this time point has been difficult to study by traditional molecular
biology techniques. The goal of this dissertation was to identify novel host proteins associated
with the inclusion membrane during different stages of infection. Chapter 2 discusses the
approach used to identify inclusion-associated proteins with proximity-dependent biotinylation
and mass spectrometry. Chapter 3 reveals one set of proteins identified by mass spectrometry
were ER exit sites, and shows that these sites are functionally important for Chlamydia growth.
Chapter 4 investigates a protein complex within ER exit sites that is strongly recruited to the
inclusion membrane. Chapter 5 discusses a summary of the findings in this dissertation, final
conclusions, and future directions for studying inclusion-associated proteins and ER exit sites in

the context of Chlamydia infection.
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Chapter 2 — Identifying novel proteins associated with the

inclusion membrane using proximity-dependent biotinylation

Text and figures in this chapter adapted from the article:

Mary Dickinson, Lindsey Anderson, Bobbie-Jo Webb-Robertson, Joshua Hansen, Richard
Smith, Aaron Wright, Kevin Hybiske (2018) Proximity-dependent proteomics of the Chlamydia
trachomatis inclusion membrane reveals functional interactions with endoplasmic reticulum

exit sites. In review, PLOS Pathogens.

Introduction

Chlamydia trachomatis is an obligate intracellular bacterium that infects mucosal
epithelial cells of the endocervix and conjunctiva. It infects millions of people every year and is
the etiological agent of ocular trachoma (1,43). Although C. trachomatis infections are
effectively treated with antibiotics, the majority of infections are asymptomatic and go untreated
(2). The consequences of long term infection can be severe, especially in chronically infected
women that are at risk for developing pelvic inflammatory disease, ectopic pregnancy, or
infertility as a consequence of infection (44). Chlamydiae undergo a biphasic developmental
cycle, characterized by transitions between infectious elementary bodies (EB) and metabolically
active reticulate bodies (RB) (5,45). During infection of a host cell, an EB attaches to and
internalizes into a vacuole called the inclusion. Within the inclusion, EB—RB conversion and
replication proceed, ultimately followed by asynchronous conversion to EB and exit from the
host cell. Chlamydial growth within host cells is critically dependent on protein rearrangements
on the inclusion membrane early during infection, and on extracting nutrients from the host

cell. The mechanisms responsible for these processes are not well understood. The streamlined
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genome of Chlamydia necessitates a dependency on the host cell for many nutrients, yet some of
these molecules cannot freely permeate the inclusion membrane and import systems have not
been identified (8). In addition, while much is known about chlamydial manipulation of host
signaling, very little is known about the molecular processes necessary for Chlamydia to obtain
nutrients from the host (45,46).

The inclusion membrane represents the major interface through which chlamydiae
manipulate host cell function. In accordance with this, different chlamydial species encode 50-
70 type III secreted inclusion membrane (Inc) proteins that are predicted to localize to the
inclusion membrane throughout the chlamydial developmental cycle (47—52). The Inc family is
a signature genetic feature of chlamydiae; however, their lack of sequence similarity with
proteins from other bacteria has largely precluded bioinformatic prediction of molecular
functions and potential host interaction targets. Two major proteomic studies in recent years
have greatly advanced our knowledge of candidate host proteins associated with the inclusion
membrane and with specific Inc proteins (40,42). These studies also highlighted molecular
interactions that occur between the inclusion membrane and the retromer complex (40,42).

A comprehensive understanding of inclusion membrane modifications, and the host
proteins recruited to the inclusion, has not been realized. Even less is known regarding the
temporal dynamics of these interactions over the 48-72 hour C. trachomatis developmental
cycle, and the factors that are critical for inclusion biogenesis. Molecular analysis of early
inclusions has been particularly elusive due to their small size. Previous proteomic efforts
provided major new insight into the inclusion membrane proteome; however they were unable
to characterize protein compositions of early inclusions or identify temporal protein
associations. The development of techniques to investigate the inclusion membrane proteome
under native conditions, at multiple stages of infection, would accelerate the discovery of
Chlamydia—host interactions. To this end, we used the APEX system of proximity-dependent

biotinylation in C. trachomatis, as a flexible tool for exploring host-pathogen interactions. APEX
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has been tested in Chlamydia by microscopy and western blot, and shown to be able to
biotinylate proteins on the inclusion membrane when fused to inclusion membrane proteins
IncF, IncA, or a truncated IncA (53). APEX is an ascorbate peroxidase that catalyzes a reaction
between biotin-phenol and hydrogen peroxide, forming a phenoxyl radical that rapidly forms a
covalent bond with a nearby amino acid (54,55). The labeling radius of APEX is less than 20 nm,
and the reaction is carried out in living cells for only one minute; this allows highly spatially and
temporally resolved biotinylation of proteins in situ. In combination with mass spectrometry,
APEX has been used to map the mitochondrial matrix, outer membrane, and inner membrane
space, as well as the endoplasmic reticulum (ER) membrane and several other subcellular
locations of mammalian cells (55—58). Recently, APEX was used to study how protein
interactions with G-protein-coupled receptors change after activation, highlighting its
experimental utility for studying protein interaction dynamics (59). We engineered a C.
trachomatis strain that contained an Inc protein fused to APEX, and under the control of an
inducible promoter. Using this strain, we expressed Inc-tagged APEX on the inclusion
membranes of cells infected with C. trachomatis at three stages of growth. Subsequent
quantitative mass spectrometry defined the proteomes of inclusion membrane interacting

proteins at early, middle, and late stages of chlamydial development.

Results

Development of the APEX in situ proximity labeling system for C. trachomatis

We sought to develop the APEX system for identifying inclusion interacting proteins,
with the primary goal of determining how these interactions evolve during Chlamydia infection
of host cells. Previous mass spectrometry studies of the inclusion membrane were either done in

the absence of infection, or only at a later stage of infection after mechanical manipulations
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(40,42). These studies also used techniques that required lysing open the host cells and pulling
down Incs or whole inclusions in an in vitro environment, which may have disrupted weaker,
more transient protein-protein interactions. With the recent development of a transformation
system for Chlamydia, a wide range of techniques are now possible (22,24). Leveraging this
advance, we infected cells with a C. trachomatis 1.2/ 434 strain engineered to express Inc-APEX
fusion proteins, to enable the capture of inclusion membrane interacting proteins in live cells, at
multiple times during infection. The Inc-APEX fusion protein localized to inclusion membranes,
with APEX exposed in the host cell cytosol. The APEX system is highly sensitive, has defined the
proteomes of cellular compartments refractory to other techniques, and APEX enzymatic
function was shown to remain intact when tagged to a chlamydial Inc protein (53,54,57).

We transformed C. trachomatis to express different Inc proteins (IncB, IncA, IncC, InaC,
and CT223) tagged to APEX and tested protein biotinylation levels by western blot, and their
localization by immunofluorescence microscopy. Although IncB, IncC, and CT223 are known to
localize to microdomains in the inclusion membrane, when overexpressed and fused to APEX
they often localized around the entire inclusion membrane (Figure S2—1A). IncC-APEX was seen
in microdomains in some inclusions, and distributed around the inclusion membrane in others
(Figure S2—1B). IncB-APEX and CT223-APEX did not appear to be in microdomains; CT223-
APEX was observed both on the inclusion membrane as well as inside bacteria, while IncB-
APEX was exclusively observed on the inclusion membrane (Figure S2—1A). These results are
slightly different than localization seen by overexpression of flag-tagged Incs, where IncB-flag,
CT223-flag, and IncC-flag localized to microdomains. It is possible that APEX interfered with
endogenous binding partners of these Incs, or expression levels were different than in a previous
study (52). IncA-APEX was not secreted very efficiently, but this appears to be an issue with our
construct, as IncA-APEX has been previously tested (53). To determine whether overexpression
had a negative effect on Chlamydia growth we infected HeLa cells with Chlamydia strains

expressing Inc-APEX fusions and induced expression with 1 ng/mL anhydrotetracycline (ATc)
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at the start of infection, then measured inclusion diameter at 24 hours post infection (hpi).
Strains expressing IncA-APEX and IncB-APEX resulted in the largest inclusions as measured by
diameter; IncA-APEX was not secreted efficiently so we did not go forward with this strain, but
IncB-APEX had a clear localization around the inclusion membrane (Figure S2—1C). We also
tested if IncB-APEX overexpression affected endogenous Inc localization using
immunofluorescence microscopy. By comparing uninduced or IncB-APEX expressing C.
trachomatis we did not observe any differences in IncA localization, and microdomains marked
with CT223 appeared normal (Figure S2—2A,B). There was a slight decrease in inclusion
diameter with the IncB-APEX Chlamydia when grown in the presence of ATc, indicating
overexpression had some detrimental effects on inclusion growth (Figure S2—2C). Since IncB-
APEX distributed evenly around the inclusion membrane and did not cause expansion of
endogenous microdomains, we deemed it the most suitable whole inclusion membrane probe,
rather than identifying microdomain-specific proteins (52,60).

To further ensure that the results of IncB-APEX were generalizable, we performed
preliminary mass spectrometry analysis with the two Incs that gave the highest amount of
biotinylation by western blot (IncB and CT223). We determined that IncB-APEX identified
more host proteins when overexpressed, in concordance with the western blot data, and IncB-
APEX detected all the proteins that were found by the CT223-APEX fusion with the exception of
two proteins. This fits with previous uses of APEX, where the proteomic results were
localization-specific, rather than representing binding partners of the protein fused to APEX.
We therefore chose to focus on IncB-APEX for the rest of our experiments. In subsequent mass
spectrometry experiments IncB-APEX identified the two proteins that were identified by CT223-
APEX in the first trial, confirming that these proteins were not unique to CT223. Furthermore,
IncB is constitutively expressed during infection, ensuring that any chaperones necessary for

proper secretion will be present at any time points tested (60—62).
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For mass spectrometry experiments we used C. trachomatis L.2/434 transformed with a
tetracycline inducible plasmid encoding IncB-APEX (Figure 2—1A). At specific time points,
biotin-phenol and hydrogen peroxide were added to catalyze protein biotinylation, and resulting
labeled proteins were pulled down using streptavidin and identified by mass spectrometry
(Figure 2—1B). We confirmed that protein biotinylation required IncB-APEX expression, biotin
phenol, and hydrogen peroxide (Figure 2—1C). Furthermore, the profile and depth of labeled
proteins in cells infected with the IncB-APEX expressing C. trachomatis strain were distinct
from cells infected with a strain expressing an untagged APEX that was not secreted (Figure 2—
1C). Staining of infected, labeled cells with a fluorescent streptavidin probe demonstrated that
biotinylated proteins were enriched on inclusion membranes at 8, 16 and 24 hpi (Figure 2—1D).
Biotinylated proteins at 8 hpi manifested as distinct foci which were always outside of the

bacterial outer membrane, indicating that IncB-APEX is being secreted.
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Figure 2—1. In situ proteomic labeling of the C. trachomatis inclusion membrane.

(A) Plasmid used to transform C. trachomatis L2 and localize APEX to the inclusion membrane.
IncB-APEX2 fusion expression was under the control of a tetracycline inducible promoter. (B)
Schematic for APEX localization and biotinylation reaction. Cells were infected with C.
trachomatis expressing IncB-APEX for 8, 16, or 24 hours, expression was induced by
anhydrotetracycline, and incubation with biotin-phenol and hydrogen peroxide for 1 minute
catalyzed biotinylation of proteins within ~20 nm of APEX. Biotinylated proteins were enriched
using streptavidin coated agarose resin and relative abundance estimated using mass
spectrometry-based proteomics. (C) Western blot analysis of cells infected for 16 hours with
Chlamydia expressing IncB-APEX (first four columns) or untagged APEX (last column). Blots
were probed with streptavidin-HRP to detect biotinylated proteins. Anti beta-actin and anti
MOMP antibodies were used as human and Chlamydia loading controls, respectively. BP,
biotin-phenol; ATc, anhydrotetracycline. (D) Immunofluorescence microscopy of cells infected
with C. trachomatis IncB-APEX and after 1 min inclusion membrane protein labeling at 8, 16,
and 24 hpi. Representative images are shown. Biotin labeled proteins were identified by
streptavidin-Alexa 488, Chlamydia were labeled with an anti-MOMP antibody, DNA labeled
with DAPI. Single channel images are displayed in inverted grayscale. Merged panels display all
three color channels. Scale bars = 16 um.
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Identification of inclusion interacting proteins by quantitative mass spectrometry

HelLa cells were infected with IncB-APEX C. trachomatis, with 1 ng/ml
anhydrotetracycline added at the start of infection to induce expression (23). At 8, 16, or 24 hpi,
infected cells were incubated with biotin-phenol for 30 min, and protein biotinylation was
catalyzed by the addition of hydrogen peroxide for 1 minute. Following reaction quenching, cells
were immediately pelleted and frozen for further processing. Control cells were treated
identically to experimental cells, minus the addition of hydrogen peroxide. For each infection
time point, biotinylated proteins were prepared from six biological replicates and six controls for
enrichment and analysis by mass spectrometry.

Mass spectrometry of IncB-APEX-labeled samples identified 452 unique host proteins
and 15 chlamydial proteins across the three time points analyzed. The presence of these proteins
exhibited notable dynamics over the times tested, for example some only present at a single time
point, and others maintained throughout infection (Figure 2—2A). Among host proteins
recruited to C. trachomatis inclusions, 89 were significantly enriched at 8 hpi, 178 proteins at 16
hpi, and 396 proteins at 24 hpi. There were 37 proteins that maintained enrichment at all three
time points (Figure 2—2A). Of the 15 chlamydial proteins labeled by IncB-APEX, 11 were
annotated as Incs (Figure 2—2B, Incs highlighted in green). Another, CT610 (CADD), does not
have a canonical Inc structure but has been shown to be secreted with an inclusion membrane
localization (63). Of the remaining three Chlamydia proteins, two are found in high abundance
in the bacteria and thus may be due to labeling by pre-secreted IncB-APEX. A complete list of
proteomic data is contained in Table S2—1.

To develop an understanding of the general roles of proteins identified by IncB-APEX
labeling, and to confirm that our approach labeled pathways and cellular components that

Chlamydia is known to interact with, we analyzed proteomic data against annotation databases.
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Pathway overrepresentation analysis was performed using InnateDB with KEGG pathways, and
the representation of subcellular locations in the data set was determined using the Human
Protein Atlas database (64—66). KEGG pathway analysis showed that many of the identified
proteins were associated with cellular pathways known to play roles during Chlamydia
infection, including ‘bacterial invasion of epithelial cells’ and endocytosis (Figure 2—2C).
Proteins associated with ER processing were significantly enriched at all three time points.
Proteins involved in glycolysis and the pentose phosphate pathway were significantly enriched
at 8 hpi. Analysis of subcellular localization annotations for IncB-APEX labeled proteins
revealed a general spatial context consistent with the known perinuclear residence of the
inclusion (Figure 2—2D,E) (46). Ontology analysis indicated that early in C. trachomatis
infection, at 8 hpi, inclusions acquired proteins normally localized to the cytosol, nucleus,
plasma membrane, ER, and vesicles. Growth and maturation of the inclusion, at 16 and 24 hpi,
was accompanied by a sustained enrichment of proteins associated with early inclusions, as well
as an emergence of interactions with cytoskeleton associated proteins: actin, microtubules,
centrosomes, the MTOC, and intermediate filaments. Although there are limitations to the
accuracy of annotations in KEGG or localization databases, the pathway overrepresentation
analysis highlights expected enrichments in the IncB-APEX dataset, as well as potential new

associations that could be relevant to Chlamydia growth.
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Figure 2—2. Global analysis of the inclusion membrane interaction proteome
throughout the C. trachomatis developmental cycle.

(A) Heatmap of inclusion membrane interacting proteome identified by APEX at 8, 16, and 24
hpi. Data from 6 replicate experiments per time point were averaged and compared against 6
replicate controls at similar times. Colors represent p-values, proteins not detected have no
color. Enlarged section of heatmap shows proteins significantly enriched at all time points.
Significance determined by t-test or g-test, p < 0.05. (B) C. trachomatis ORFs identified on the
inclusion membrane, with p values displayed for their presence in 6 replicate samples for each
time point. Locus tags highlighted in green represent annotated Inc proteins. Values highlighted
in blue represent p values < 0.05. (C) KEGG pathway overrepresentation analysis of inclusion
membrane proteome (65). Overrepresentation determined by hypergeometric algorithm with
Benjamini Hochberg method for multiple test correction. Values highlighted in blue represent p
values < 0.05. (D) Subcellular location enrichments of APEX identified proteins. Color intensity
reflects the number of proteins for each location annotation pulled from the Human Protein
Atlas database (66). Numbers in parentheses indicate the total number of reference proteins
contained under that annotation in the Human Protein Atlas database. (E) Spatial distribution
of inclusion interacting proteins from 8-24 hpi using Human Protein Atlas annotations and
manual entry of Inc proteins. Color intensity indicates the number of proteins assigned to
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location annotations. A, actin filaments; Cy, cytosol; E, endosomes; ER, endoplasmic reticulum,;
Ex, extracellular/secreted; G, Golgi apparatus; IM, inclusion membrane; L, lysosomes; LD, lipid
droplets; M, mitochondria; MT, microtubules; MTOC, microtubule organizing center; N,
nucleus; P, peroxisomes; PM, plasma membrane; V, vesicles.

We used the STRING database to identify known molecular interactions between
identified proteins, plotted all proteins with at least one interacting partner (Figure 2—3A). This
allowed analysis of the potential recruitment of multiprotein interaction complexes to the C.
trachomatis inclusion. Highly interconnected protein communities were identified using the
Louvain method of community detection. From this analysis, major protein networks emerged,
encompassing innate immune signaling, the nuclear membrane, vesicular traffic, the
cytoskeleton, nucleoside metabolism, and ER chaperones. Since the inclusion is anchored in the
perinuclear region, the nuclear membrane was likely labeled along the edge of the inclusion that
borders the nucleus. Temporal analysis of these interactions revealed a dramatic recruitment of
glycolytic proteins to early inclusions, for example aldolases, transketolase, pyruvate kinase,
glucose-6-phosphate isomerase, and peroxiredoxin (Figure 2—3B). Inclusion maturation was
marked by a significant expansion of protein networks related to the MTOC and centrosome,
innate immune signaling, proteasome regulation, and clathrin assembly (Figure 2—3B). Network
analysis also allowed identification of host factors that may potentially interact with known
host—Inc interactions, for example VAPA association with IncV (41) and the potential expanded

interaction with S10AG and S10AE.
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Figure 2—3. Network analysis of C. trachomatis inclusion membrane interacting
proteins.

(A) Interactions between host proteins identified by APEX proteomic labeling were obtained
from StringDB (67), and visualization map was generated using R with the tidygraph package
(68). Colors represent more interconnected protein communities within the network. The
interaction map in A represents the global extent of inclusion membrane interactions identified
over the chlamydial developmental cycle. Edges between protein nodes represent interactions
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that were curated in StringDB either from published experiments or other databases. Proteins
which do not have characterized interaction partners (i.e. single nodes) and translation related
proteins were omitted for clarity. (B) Temporal dynamics of inclusion membrane protein
interaction networks over the developmental cycle. Protein networks present in 8, 16, and 24 hpi
proteomic data sets are represented by colored nodes. Gray nodes depict proteins present in the
global interaction map (A) but absent from a specific stage of infection.

Functional validation of targets recruited to early inclusions

Because C. trachomatis inclusions at 8 hpi are so small, validation of host protein
recruitments by fluorescence microscopy is difficult. We reasoned that proteins associated with
early inclusion membranes might play important roles in mediating the biogenesis of the
inclusion. To validate the functional participation of inclusion-associated proteins towards
Chlamydia developmental growth, we performed RNA interference (RNAi) on 64 of the 89
proteins present in the 8 hpi interaction dataset. HeLa cells were grown in a 96 well plate
format, transfected with siRNA oligonucleotides for 48 h, and infected with C. trachomatis L2 to
determine the impact of protein depletion on bacteria growth. At 48 hpi, EB were harvested
from siRNA treated cells and analyzed for inclusion forming units (IFU) on fresh cells.
Knockdown of 16 proteins (25%) resulted in a >1.5 fold change in infectious progeny formation,
as compared to the mean IFU of the plate and a nontargeting siRNA control (Figure 2—4A). A
change of 1.5 fold was highlighted due to use in a previous siRNA screen (69). As a positive
control, depletion of MAP1LC3B resulted in decreased C. trachomatis IFU, consistent with
reported findings (69). Overall, 10 protein knockdowns resulted in a >1.5 fold decrease in IFU
(Figure 2—4A top), and 6 protein knockdowns led to a >1.5 fold increase in IFU (Figure 2—4A
bottom). We verified knockdown by qRT-PCR for the targets with at least 1.5 fold difference in
IFU (Figure S2—3). Proteins whose depletion resulted in decreased IFU were frequently targets
identified by IncB-APEX at multiple stages of Chlamydia development (Figure 2—4A). In
contrast, many of the proteins whose knockdown led to increased IFU production were more

transiently recruited to inclusions, with enrichments primarily detected at early inclusions
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(Figure 2—4A). Collectively, the RNAi data show IncB-APEX identified proteins at the inclusion
membrane that functionally impacted chlamydial growth.

Our mass spectrometry data provided an opportunity for comparison with those
generated by previous studies, to develop a more comprehensive understanding of the protein
networks recruited to the inclusion membrane. First, we compared our IncB-APEX data set to
two previous mass spectrometry experiments that conducted analysis on purified inclusions
(Iabeled as ‘inclusion-MS’ in Figure 2—4B) (42), and affinity purified Incs expressed in 293 cells
(Iabeled as ‘AP-MS’ in Figure 2—4B) (40). Furthermore, proteins were manually cross-
referenced against the literature to identify evidence-based reports of proteins recruited to
inclusions or inclusion membrane proteins (labeled with PMID in Figure 2—4C). Overall, 16
proteins were identified by all three MS approaches to interact with inclusions, and the present
study now provides temporal data for when these interactions occur during host cell infection
(Figure 2—4B, upper half). Ten of the 16 proteins were previously reported to be recruited to
inclusion membranes by immunofluorescence microscopy (Figure 2—4C). The remaining 6
proteins identified by all 3 MS approaches—ASPH, LRRF1, LRC59, TMOD3, CLINT1, and
BAP31-represent priority targets for further study in the context of Chlamydia infection. IncB-
APEX labeling contained 60 additional proteins that were identified on 24 hpi inclusions by
inclusion-MS (Table S2-1) (42). Thirteen proteins from IncB-APEX data correlated with Inc
specific data obtained from AP-MS, thus adding in situ context to previously described
molecular interactions (Figure 2—4B, lower half) (40). Finally, IncB-APEX identified 31 proteins
previously shown by microscopy to be in close proximity to inclusions during infection (Figure
2—4C). This substantiates the efficacy of the APEX approach and additionally provides
important new temporal information for how these host targets are dynamically recruited to the

inclusion membrane by Chlamydia.
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Uniprot _ Protein Name
P07237  PDIA1  Protein disulfide-isomerase
Q12797  ASPH  Aspartyl/: inyl beta-hydroxyl.
014974 MYPT1 Protein phosphatase 1 regulatory subunit 12A
Q32MZ4 LRRF1  Leucine-rich repeat flightl i ing protein 1
P31946 1433B  14-3-3 protein beta/alpha
Q96AG4 LRC59  Leucine-rich repeat-containing protein 59
095292 VAPB  Vesicl iated b proteil d protein B/C
Q9POLO  VAPA  Vesicl iated b proteil d protein A
QINYL9 TMOD3 Tropomodulin-3
Q14677  CLINT1  Clathrin interactor 1
Q13596  SNX1 Sorting nexin-1
015400 STX7  Syntaxin-7
P51572  BAP31  B-cell receptor-associated protein 31
P00533 EGFR  Epidermal growth factor receptor
QINQC3 RTN4 Reticulon-4
Q04917 1433F 14-3-3 protein eta
Q07065 CKAP4 Cytoskeleton-associated protein 4
Q13561 DCTN2 Dynactin subunit 2
P54105 ICLN Methylosome subunit pICin
Q9YB08 LRRF2 Leuci ich repeat fli interacting protein 2
Q86UP2  KTN1 Kinectin
015355 PPM1G Protein phosphatase 1G
Q9P2E9 RRBP1 Ribosome-binding protein 1
Q15691 MARE1 Microtubule-associated protein RP/EB family member 1
P54727 RD23B UV excision repair protein RAD23 homolog B
P55010 IFS Eukaryotic translation initiation factor 5
Q5SW79 CE170 Centrosomal protein of 170 kDa
P19022 CADH2 Cadherin-2
000410  IPOS Importin-5
Uniprot _ Protein Name
P31946 14338 14-3-3 protein betafalpha
Q04917  1433F 14-3-3 protein eta
P27348 1433T 14-3-3 protein theta
P27797 CALR Calreticulin
P27824  CALX Calnexin
Q03135  CAV1 Caveolin-1
P35579 MYH9 Myosin 9
014974 MYPT1  Protein phosphatase 1 regulatory subunit 12A
P07237 PDIA1 Protein disulfide-isomerase
P63104 1433Z 14-3-3 protein zeta/delta
Q08379  GOGA2  Golgin subfamily A member 2
P04792 HSPB1 Heat shock protein beta-1
P05787 K2cs Keratin, type |l cytoskeletal 8
P60468 SC61B  Protein transport protein Sec61 subunit beta
Q13596 SNX1 Sorting nexin-1
Q13586  STIM1 Stromal interaction molecule 1
015400  STX7 Syntaxin-7
P02786  TFR1 Transferrin receptor protein 1
Q9POLO  VAPA Vesicl i protei protein A
095292  VAPB Vesicl i proteit protein B/IC
P08962 CD63 CD63 antigen
Q5SW79 CE170 Centrosomal protein of 170 kDa
P00533 EGFR Epidermal growth factor receptor
P09382 LEG1 Galectin 1
Q9NQC3 RTN4 Reticulon-4
P08670 VIME Vimentin
Q9Y5A9  YTHD2  YTH domain-containing family protein 2
P30101 PDIA3 Protein disulfide-isomerase A3
P55072 TERA Transitional endoplasmic reticulum ATPase
P11021 GRP78 78 kDa glucose-regulated protein
P11142 HSP7C  Heat shock cognate 71 kDa protein
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(A) IFU determination following RNAi depletion of 64 proteins identified from early (8 hpi)
inclusions. Cells were transfected with siRNA corresponding to targets shown on the y-axis,
infected with C. trachomatis L2, and harvested for IFU determination at 48 hpi. Bars,

mean(SD); n = 3; IFU shown relative to mean IFU of plate. Black squares next to RNAI targets
(y-axis) indicate which time points the protein was enriched in APEX mass spectrometry data.

Teal bars correspond to at least 1.5 fold increase/decrease compared to the mean, blue bars are

over 2 fold increase/decrease compared to the mean. Significance was determined by one-way

ANOVA with Dunnett’s multiple comparisons test, comparing to mean infectivity of plate; *, p <
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0.05; **, p < 0.01; **** p < 0.0001. (B) Summary of all proteins shared between APEX data and
two previous inclusion mass spectrometry data sets (40,42). Lower table describes all proteins
that overlap between APEX and AP-MS Inc-specific interactions (40). Shaded boxes represent
significant enrichment found by APEX. (C) Summary of APEX identified proteins with reported
microscopy-based associations with Chlamydia inclusions. PMID entries refer to the
publications used to provide this evidence.

Discussion

Establishment and maintenance of the inclusion is critical to Chlamydia’s ability to
infect and grow within host cells. Bioinformatic analysis of the C. trachomatis genome predicts
over 50 type III secreted Inc transmembrane proteins (8,47,49); however, little is known about
the broad spectrum of host proteins that are recruited to the inclusion membrane. Recent
proteomic studies have provided a major, initial snapshot of proteins that comprise mature
inclusions (42) and that associate with exogenously expressed Inc proteins (40). However, we
still lack an understanding of host factors recruited to inclusions in their endogenous host cell
setting, how the inclusion membrane interactome changes throughout the developmental cycle,
and in particular what signaling pathways are critical for inclusion biogenesis. To advance
knowledge in these important unexplored areas, we developed the APEX proximity-dependent
biotinylation platform for Chlamydia, to allow type III mediated expression of Inc proteins,
fused to APEX, on the inclusion membrane. Using this approach, we obtained proteomic data
for the dynamic recruitment of 452 host proteins to C. trachomatis inclusion membranes; this
work strengthens existing proteomic datasets and additionally provides new insight into the
Chlamydia—host interactions that shape the chlamydial intracellular inclusion niche. APEX
proximity dependent proteomics represents a powerful tool for investigating host—pathogen
interactions. Previous work has demonstrated the efficacy of tagging IncA and IncF with APEX
(53), and we urge the field to exploit this system to accelerate our understanding of the

molecular functions of chlamydial type III secreted proteins.
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A major finding of this study was the population of proteins assembled on early
inclusions, as this subset is predicted to contain proteins important for regulating processes that
shape inclusion biogenesis. Our data show that early inclusions, containing only a few bacteria,
were enriched in proteins associated with the early secretory pathway and distinct cellular
processes. In accordance with the need of chlamydiae to scavenge nutrients and energy from the
host cell, proteins important for glycolysis were identified, including aldolases, transaldolase,
transketolase, peroxiredoxins, and pyruvate kinase. Although these proteins were largely not
identified at later time points, it is unclear if they are no longer in close proximity to the
inclusion, or they represent a much smaller percentage of the inclusion membrane proteome at
later times and were simply not detected. In addition, a large number of ER proteins were
proximity labeled by the inclusion membrane, for example protein disulfide isomerase,
calreticulin, calnexin, endoplasmin, apolipoprotein B-100, STIP1, and EMC1o0. Finally, members
of the 14-3-3 protein family, serpins, and several cytoskeletal proteins—alpha-actinin-4, emerin,
myosins, MYPT1, tropomyosins—were found to interact with inclusion membranes. Depletion of
many of these early association factors led to alterations in chlamydial growth, as measured by
the production of IFU. We elected to perform a high throughput RNAi screen in order to test
candidate proteins from the 8 hpi proteomic data. This approach contained single siRNA
oligonucleotides for each target, so follow-up studies would have to use independent sequences
to ensure off-target effects did not affect IFU. Similarly, we did not assess the effect of
knockdown on chlamydial entry into the cell so that could be another factor that impacted IFU.
Among proteins recruited to early inclusions, RNAi knockdown of tropomyosins yielded
unexpectedly large and disparate effects on bacteria growth. Knockdown of TPM2 enhanced IFU
by over 2 fold, while knockdown of TPM4 resulted in close to 2 fold reduced IFU. Although
tropomyosins affect actin filament stability, the different forms are thought to be functionally

distinct.
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Our study provides a third proteomic mapping of the inclusion membrane interactome,
with each effort exploiting unique approaches and technological systems. We now have the
opportunity to synthesize these proteomic datasets to derive a list of ‘high confidence’
interactions, and develop an understanding of multiprotein interactions that may occur with
specific C. trachomatis Incs. Six proteins represented high confidence proteins recruited to early
inclusions, three of which were previously shown to be recruited to inclusions: PDIA1 (PDI)
(70), ASPH, MYPT1 (71), LRRF1, 14-3-3p (33), and LRC59. By 16 hpi, seven additional high
confidence proteins were found to interact with inclusion membranes across all three proteomic
studies: VAPA (10), VAPB (72), TMOD3, SNX1 (42,46), STX7 (42), BAP31, and CLINT1. Finally,
24 hpi C. trachomatis inclusions were consistently enriched with three additional host proteins:
EGFR (73), 14-3-3¢ (27), and RTN4 (74). Interestingly, BAP31, ASPH, and LRC59 are normally
associated with the ER; LRC59 additionally interacts with FGF, and C. trachomatis EB have
been shown to interact with FGFR on the cell surface (775). The inclusion proteome data can be
used to predict protein networks that associate with particular Incs. For example, our data
revealed the recruitment of DYHC1, PCM1, MARE1, MAP1B, and PLK1 on the inclusion
membrane, and these interactions may be mediated through CT192, an Inc protein shown by
AP-MS to also directly interact with DCTN2 (40). Finally, our study indicated that chlamydial
proteins constitute a small portion of the overall inclusion membrane proteome, as compared to
host proteins. Only 11 Inc proteins were identified across all time points, suggesting that
additional Incs are likely expressed at lower levels; Incs may also be difficult to detect compared
to many more abundant host proteins. The chlamydial protease CPAF has been shown to
degrade certain host proteins post-cell lysis (25,26). It is possible CPAF degraded some proteins
post-lysis and these would be missed by mass spectrometry. IncB has no known binding
partners, but many Incs have been shown to dimerize or bind other Incs (76). This suggests
another possibility that most Incs are sequestered into heteromeric complexes, such that even

with induced overexpression, IncB based proximity labeling was unable to access the full
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repertoire of Incs present on the inclusion membrane. This outcome may also represent a
limitation of the APEX approach for capturing all proximal proteins on inclusion membranes.
Some growth attenuation was observed for the IncB-APEX expressing strain, and IncB-APEX
overexpression may perturb the distribution of endogenous Incs. Future efforts by the field
should therefore focus on determining what extent of the inclusion membrane interactome is

Inc-specific, and which Incs control the recruitments of host targets.

Materials and Methods

Antibodies and reagents

All reagents were purchased from Thermo Fisher Scientific (Rockford, IL) unless
otherwise noted. Primary antibodies used in this study and their catalog numbers: IncA (gift
from Daniel Rockey), CT223 (gift from Daniel Rockey), MOMP (Virostat, Westbrook, ME; 1621),
Flag (Millipore Sigma; F1804). Secondary antibodies used: Donkey anti-Rabbit HRP, Donkey
anti-Goat Alexa 594, Goat anti-Mouse DyLight 504, Goat anti-Rabbit Alexa 488, Streptavidin

Alexa 488.

Cell culture and Chlamydia infections

HeLa 229 cells (ATCC) or McCoy cells (obtained from Walt Stamm) were grown in
Roswell Park Memorial Institute 1640 (RPMI; Gibco) medium supplemented with 10% fetal
bovine serum (HyClone) and 2 mM L-glutamine (HyClone) at 37°C, 5% CO.. Chlamydia
trachomatis LGV L2 434/Bu was grown in HeLa 229 cells for 48 hours, then infected cells
scraped into sucrose phosphate buffer (5 mM glutamine, 0.2 M sucrose. 0.2 M phosphate), lysed
using bead bashing, and cell debris cleared by centrifugation at 300 x g for 10 minutes.

Supernatant containing Chlamydia aliquoted and stored at -80°C. HeLa cells were infected with
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Chlamydia diluted in Hank’s buffered salt solution (HBSS; Gibco) at an MOI ~1 for 2 hours at

room temperature. Cells were washed with HBSS, then incubated at 37°C in RPMI.

Plasmid constructs and generation of transformed Chlamydia strains

Plasmids were isolated using the Qiaprep Spin Miniprep kit or the HiSpeed Plasmid Midi
kit (Qiagen, Germantown, MD).

Chlamydia plasmid expressing IncB-APEX2 (referred to as IncB-APEX in text) fusion
was made in a modified version of the pASK-GFP parent vector provided by Scott Hefty (23),
where GFP was replaced with IncB-APEX2 (55) and the mKate2 sequence was removed.
Plasmid grown in dam- E. coli (C2925; NEB, Ipswich, MA) prior to Chlamydia transformation.
Plasmid transformed strains of C. trachomatis L2 were generated using established procedures
(22). Three different dilutions (undiluted, 1:2, 1:10) of C. trachomatis L2 stocks were made in 50
uL calcium chloride buffer (20 mM Tris pH 7.4, 100 mM CaCl2). In the same buffer, 3 ug
plasmid was diluted to 50 pL and added to diluted Chlamydia. The 100 puL Chlamydia—plasmid
mixture was incubated for 30 minutes at room temperature. McCoy cells were trypsinized and
diluted to a final concentration of 4 x 107 cells/ml in calcium chloride buffer. After 30 minute
incubation, 100 pL diluted McCoy cells were added to Chlamydia and DNA mixture, and
incubated for 20 minutes. In a 6 well plate, 100 uL. McCoy cells, plasmid, and Chlamydia
mixture were added to 2 mL medium. At 12-15 hours post infection, cells were washed and
medium added containing 2.5 U/mL Penicillin G (Millipore Sigma) and 1 ug/mL cycloheximide.
Cells were incubated for 48 hours, then Chlamydia passaged onto fresh McCoy cells. After first
passage, cells were grown in medium containing 10 U/mL Penicillin G and 1 ug/mL
cycloheximide. Transformants were passaged at least 2 more times, every 48 hours, until
inclusions were apparent. Stocks of transformed Chlamydia were frozen at -80°C as described

above.
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Biotin-phenol labeling in live cells

Biotin-phenol labeling of Chlamydia infected cells was adapted from described a
protocol (77). HeLa cells were grown in 8 well chamber slides (for immunofluorescence
detection of biotinylation; Nunc Lab-Tek), or a T75 flask (for western blot and mass
spectrometry), then infected with C. trachomatis L2 expressing IncB-APEX at an MOI of
approximately 1. Cells were incubated in RPMI containing 1 ng/mL anhydrotetracycline (ATc;
Acros Organics, New Jersey) and 1 ug/mL cycloheximide (Gold Biotechnology, St. Louis, MO).
At 30 minutes prior to time point, 2.5 mM biotin-phenol (Iris Biotech, Marktredwitz, Germany)
in RPMI was added to cells. At each time point, 30% hydrogen peroxide diluted to 100 mM
working stock in Dulbecco’s phosphate-buffered saline (DPBS; Gibco) was added to cells at a
final concentration of 1 mM, and allowed to incubate with gentle rocking for 1 minute at room
temperature. Labelling solution was aspirated and cells were rinsed 3 times in quenching
solution (10 mM sodium ascorbate, 5 mM Trolox, 10 mM sodium azide in DPBS). For
immunofluorescence, normal fixation and staining protocols were followed. For western blot
and mass spectrometry, cells were scraped into quenching solution and centrifuged for 5
minutes at 3,000 x g, 4°C. Cells were lysed by resuspending in ice cold RIPA buffer (50 mM Tris,
150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% triton X-100, pH 7.5) with Halt
protease inhibitor cocktail (Pierce) and quenchers (10 mM sodium ascorbate, 5 mM Trolox, 10
mM sodium azide). Lysate was incubated for 2 minutes on ice, then sonicated 3 x 1 second at
20% amplitude, and clarified by centrifugation for 10 minutes at 15,000 x g, 4°C. Part of the
lysate was reserved for western blot, and remaining lysate for each sample was snap frozen until

mass spectrometry processing.

Protein purification for mass spectrometry
Protein concentrations for individual samples were measured by BCA. The samples were

normalized to 2 mg/mL for enrichment. Labeled protein lysates were enriched with streptavidin

38



agarose resin (Thermo Fisher Scientific, Rockford, IL). The resin was prepped for enrichment by
placing the resin in a Bio-Rad chromatography column (Bio-Rad, Hercules, CA) on a vacuum
manifold. The resin was washed with 0.5% SDS in PBS (1 mL, repeat 2x), 6 M urea in 25 mM
ammonium bicarbonate (NH,HCOs) (1 mL, repeat 2x), and PBS (1 mL, repeat 4x). The resin
was transferred to 4 mL cryovials using two 1 mL aliquots of PBS. An additional 0.5 mL of PBS
was added to each tube followed by 1000 ug of protein (in 1.2% SDS in PBS). The total volume of
each tube was set to 3.0 mL, giving a final SDS concentration of 0.2%. Tubes were rotated end
over end for 4 hr at room temperature. Following streptavidin capture of biotinylated proteins,
the solution was transferred into the Bio-Rad columns, and the solution was removed. The resin
was washed with 0.5% SDS in PBS (1 mL, repeat 2x), 6 M urea in 25 mM NH,HCO; (1 mL,
repeat 2x), Milli-Q water (1 mL, repeat 2x), PBS (1 mL, repeat 8x), and 25 mM NH,HCO; (1
mL, repeat 4x). The enriched resin was transferred to sealed 1.5 mL tubes using two 0.5 mL
aliquots of 25 mM NH,HCO,. Samples were centrifuged at 10,500 x g, and the supernatant was
discarded. 6M Urea was added to the resin for each sample followed by 100 mM TCEP (20uL)
and place on a thermomixer for 30 min (1200 rpm at 37°C). After the samples were reduced,
200 mM iodoacetamide (20uL) was added to alkylate the proteins. The resin was placed back on
the thermomixer for 45 min (1200 rpm at 50°C) and covered in foil. Following alkylation, the
samples were returned to the Bio-Rad column and rinsed with PBS (1mL, repeat 8x) and 25 mM
NH,HCO; (1 mL, repeat 4x). The enriched resin was transferred to sealed 1.5 mL tubes using
two 0.5 mL aliquots of 25 NH,HCO;. Samples were centrifuged at 10,500 x g, and the
supernatant was discarded. Enriched biotinylated proteins were prepared for LC-MS/MS
analysis. 2smM NH,HCO; (200 pL) was added to the resin for each sample, along with trypsin
solution. Resin solutions were placed on the thermomixer at 37 °C set at 1200 rpm set for
overnight. Following trypsin digestion, the tryptic peptides were collected, and the resin washed
once with 25 mM NH,HCO; (150 pL). Volatiles were then removed from the combined tryptic

peptide supernatant using a speed vacuum. The dried peptides were reconstituted in 25 mM
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NH,HCO; (40 pL) and heated for 10 min at 37 °C with mild agitation. To remove any solid
particulates, samples were centrifuged at 53,000 x g for 20 min at 4 °C. From each
ultracentrifuge vial was removed 25 pL for MS analysis. Samples were stored at —20 °C until

analysis.

Mass spectrometry and bioinformatic analysis of proteomic data

Biotinylated tryptic peptides were enriched and separated using in-house reverse-phase
resin columns by LC and analyzed on a Thermo Fisher Velos Orbitrap MS as described
previously (78). Instrument data were acquired for 100 min, beginning 65 min after sample
injection into the LC. Spectra was then collected from 400-2,000 m/z at a 100k resolution,
following by data-dependent ion trap generation of MS/MS using the top six most abundant
ions, a collision energy of 35%, and a dynamic exclusion time of 30 s for discriminating against
previously analyzed ions. MS/MS spectra were searched using the MSGF+ algorithm and a tag-
free quantitative accurate mass and time (AMT) tag approach for subsequent unique peptide to
protein mapping using LC-MS peak feature detection, as described previously (79) with the
following modifications. Identified features from each MS dataset were filtered on an FDR of
less than or equal to 1%. Unique fragments, requiring a minimum of six amino acids in length,
were filtered using an MS-GF threshold of < 1 x109, corresponding to an estimated false-
discovery rate (FDR) <1% at a peptide level. Resulting relative peptide abundances, in replicate
across 48 biological samples including control samples, were log transformed and the data were
processed for quality control. Elimination of statistical outliers was confirmed using a standard
Pearson correlation at a sample level (80). Parameters for removing inadequate data for
qualitative statistics required a minimum of two observations for a peptide across all groups to
be compared quantitatively or identified in at least half the biological replicates for a given
condition group using previously described methods (81). Peptides were normalized using

median centering, adjusting for overall differences in abundances across samples. Statistical
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comparisons were made between control and biotinylated groups at each time point and
evaluated for quantitative differences using a standard 2-sample t-test and a qualitative
difference (presence/absence markers) g-test. Statistical test used for each protein is shown in
table S2. Additional evaluations were done in a similar manner for comparison of conditions
across time.

For KEGG pathway analysis, UniProt identifiers of proteins were uploaded into
InnateDB pathway analysis, then processed using the pathway overrepresentation analysis tool.
The recommended settings were used for the analysis: hypergeometric algorithm, Benjamini
Hochberg p value correction method. Only pathways with p < 0.05 after Benjamini Hochberg
correction were listed.

To assign subcellular localization ontologies to proteins, the Human Protein Atlas
database (version 18) was used (66). Subcellular localization data for all proteins were
downloaded, and data for proteins in the IncB-APEX data set were extracted. Only subcellular
locations with enhanced, supported, or approved reliability scores were used. Proteins with
more than one annotated location were counted for each location. Highly similar categories
were condensed, for example nuclear speckles, nucleoli, nucleoli fibrillar center, and
nucleoplasm were all counted as nuclear lumen.

Network analysis of APEX proteins was done using annotations from StringDB (version
10) (67). Only interactions with evidence from experiments or databases were considered, with a
confidence score of at least 0.700 (high confidence). Proteins with no interaction partners were
excluded. Annotated interactions were downloaded for the proteins each time point, and these
data were compiled into a list of all interactions at different time points using Microsoft Excel.
To make the graph more readable, proteins involved in translation were excluded. These data
were imported into RStudio software, and plotted using the tidygraph package (68). Graph
layout was arranged using the Fruchterman Reingold algorithm, and subsets of closely

interacting protein communities were detected using the Louvain method. General categories of
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some of the protein communities were assigned based on similarities between the UniProt
descriptions of proteins in that particular community. If there were only 2 proteins in a group,
or there was no consensus between the UniProt descriptions, no category was assigned.

To compare to the AP-MS (40) and inclusion-MS (42) protein lists, full data sets were
obtained from the supplemental data of each study. Proteins were matched based on UniProt
identifiers, and all three data sets were combined using RStudio and Microsoft Excel (Table
S2-1). For the AP-MS data, MIST scores are listed (closer to 1 is better). All Inc proteins that
were found to interact with the host protein were listed, with the MIST score from the first listed

Inc retained. For APEX and inclusion-MS, p values are listed.

siRNA transfections

For siRNA transfections, HeLa cells were plated in 24 well or 96 well plates to 60-80%
confluence. For 24 well plates, 50 pL Opti-MEM (Gibco) medium containing 5 pmol siRNA
oligonucleotides and 1.5 pL Lipofectamine RNAiIMAX was added to each well. Following
transfection, cells were incubated for 48 hours at 37°C prior to infection or protein analysis by
western blot. For 96 well plate experiments, knockdowns were done in duplicate, with 10 puL
Opti-MEM containing 1 pmol siRNA oligonucleotides and 0.3 pL Lipofectamine RNAIMAX
added per well. Oligonucleotides were purchased from Dharmacon. Dharmacon siGenome

individual oligonucleotides were used for all knockdowns.

Quantitative PCR analysis

For qRT-PCR confirming siRNA knockdown, HeLa cells were plated in 24 well plates,
and transfected with siRNA oligos as described above. Cells were incubated for 48 hours, then
cell pellets were frozen until RNA extraction.

RNA was extracted using the Qiagen RNeasy mini kit (Qiagen). cDNA was made using

the iScript cDNA synthesis kit (Bio-Rad). qRT-PCR reactions were set up with SsoAdvanced
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Universal SYBR Green Supermix (Bio-Rad) and run on the StepOnePlus Real-Time PCR system
(Applied Biosystems, Foster City, CA). GAPDH was used as the housekeeping gene, and the

AACT method was used to calculate relative expression.

Immunofluorescence microscopy

For immunofluorescence microscopy, cells were rinsed in HBSS, then fixed for 15
minutes in 3.7% paraformaldehyde in HBSS. Cells were rinsed 2 times in HBSS, then
permeabilized with 0.5% triton X-100 for 15 minutes, and blocked in 1% bovine serum albumin
(BSA) in PBS for 20 minutes. Samples were incubated with primary antibodies for 1 hour at
room temperature in blocking buffer, then rinsed 3 times in blocking buffer, then incubated 45
minutes at room temperature with secondary antibodies in blocking buffer. DAPI was used to
stain DNA, and added during the secondary antibody step. For biotin labeling, Streptavidin-
Alexa 488 was incubated for 30 minutes at room temperature. Cells were imaged on a Nikon Ti-
E inverted microscope and images were captured on a Hamamatsu camera controller C10600.

Images were processed using Volocity software (PerkinElmer, Waltham, MA).

Western blot analysis

For western blot analysis of biotinylated proteins (77), 6x protein loading buffer was
added to lysates, samples were boiled for 5 minutes, followed by cooling on ice. 15 pl lysate was
loaded and run on 10% SDS gel in Tris running buffer by SDS-PAGE. Proteins were transferred
from gels onto Immobilon PVDF membrane (Millipore Sigma) with a Pierce G2 fast blotter in
Pierce 1-Step transfer buffer, then blocked with 3% BSA in TBST overnight at 4°C. Blots were
incubated with streptavidin-HRP in 3% BSA in TBST for 30 minutes at room temperature,
washed 4 x 5 minutes in TBST, incubated with chemiluminescent substrate (Li-Cor 92695000,
Lincoln, NE) for 5 minutes, and imaged using a C-DiGit blot scanner (Li-Cor). For western blot

analysis of RNAi knockdowns, cell pellets were lysed in ice cold RIPA buffer (50 mM Tris, 150
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mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% triton X-100, pH 7.5) with Halt protease
inhibitors (Pierce) for 30 minutes on ice, with vortexing every few minutes. Lysates were
centrifuged for 20 minutes at 14,000 x g, and supernatant added to 4x laemmli buffer (Bio-Rad,
Hercules, CA). Lysates were run by SDS-PAGE on 5-15% or 5-20% mini-PROTEAN TGX stain
free gels (Bio-Rad), transferred to Immobilon PVDF membrane (Millipore Sigma), blocked for 1

hr in 5% milk-TBST, and labeled with antibody and digitally imaged as described above.

Inclusion forming unit analysis

Infected HeLa cells were lysed at 48 hpi by incubating in water for 20 minutes followed
by pipetting to disrupt cells. Serial dilutions of lysate were plated onto fresh HeLa monolayers in
a 96 well plate. At 24 hpi, cells were fixed and stained with DAPI and an anti-MOMP antibody.
Using immunofluorescence microscopy, 10-15 fields per well were taken at 20x magnification.
Inclusions and nuclei in each field were counted using the Fiji distribution of ImageJ (82). The
overall percentage of infected cells was used to compare IFU between conditions, and the

relative IFU calculated for each experiment by comparing to control.
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Figure S2—1. Overexpression of different Inc-APEX fusions causes unique
localizations and effects on inclusion growth.

(A) HeLa cells were infected with C. trachomatis transformed with plasmids containing several
known Incs fused to APEX and a flag tag. 1 ng/mL ATc was added at the start of infection, cells
were fixed at 24 hpi and stained with anti-flag (white) and DAPI (blue). Images shown are single
planes of deconvolved z-series. Scale bars = 16 um. (B) Cells were infected with C. trachomatis
transformed to express IncC-APEX with a flag tag, cells were treated as described in A. IncC-
APEX was sometimes distributed evenly around the inclusion (top images), while in other
inclusions it had a microdomain localization pattern (bottom images). Scale bars = 16 um. (C)
Cells were infected and fixed as described in A, and inclusion diameter was measured. Incs
listed are referring to the Inc fused to APEX in the Chlamydia transformant tested. Each dot
represents one inclusion, red line represents mean diameter with SD in black. Mean diameter
values in left to right order were 9.40 um, 10.07 um, 8.82 um, 8.16 um, 6.71 pm.
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Figure S2—2. IncB-APEX overexpression requires ATc and does not disrupt
endogenous IncA or CT223 localization.

HeLa cells were infected with C. trachomatis transformed with tet inducible IncB-APEX
plasmid. Cells were grown in normal conditions or with 1 ng/mL ATc (rows labeled +ATc). At 24
hpi, cells were fixed and stained with anti-flag, anti-IncA, or anti-CT223 antibodies and DNA
was labeled with DAPI. Images are 20x magnification (A, scale bars = 32 um) or single plane
from 60x deconvolved z-series (B, scale bars = 16 um). (C) Same samples as described in A, B,
plot of inclusion diameters with or without 1ng/mL ATc. Each dot represents one inclusion,
measurements taken from two independent experiments. Significance determined by two-tailed
Mann-Whitney test, red line shows mean (SD); **** p < 0.0001. Mean diameter for untreated
inclusions was 11.22 pm and 9.40 um for inclusions treated with 1 ng/mL ATec.

46



1.5

c

ke

)]

3 1.0

S

x

o

2 [

£ 05 T T

¢ | T |

T T a
0.0- | — T LI ! ! b
B AN AR A A A

s (§?\\,Q@ DN NRE P ggg\

Figure S2—3. mRNA expression of targets that alter Chlamydia IFU by at least 1.5
fold is reduced following siRNA treatment.

HelLa cells were transfected with siRNA oligos corresponding to the genes listed in graph or
non-targeting control. Relative expression was measured using qRT-PCR using the AACT
method at 48 hours post transfection.
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Chapter 3 — Endoplasmic reticulum exit sites are required for

Chlamydia trachomatis growth

Text and figures in this chapter adapted from the article:

Mary Dickinson, Lindsey Anderson, Bobbie-Jo Webb-Robertson, Joshua Hansen, Richard
Smith, Aaron Wright, Kevin Hybiske (2018) Proximity-dependent proteomics of the Chlamydia
trachomatis inclusion membrane reveals functional interactions with endoplasmic reticulum

exit sites. In review, PLOS Pathogens.

Introduction

Proteomics of proteins in close proximity to the inclusion membrane using the enzyme
APEX (discussed in Chapter 2) showed that many ER proteins were enriched at the inclusion
membrane. Although the C. trachomatis inclusion has previously been shown to form
membrane contact sites with the ER, APEX identified a novel subset of ER proteins that are
required for ER exit site (ERES) function. ER exit sites are the domain of the ER where
cytoplasmic coat protein complex IT (COPII) vesicles originate for transport of cargo to the ER-
golgi intermediate compartment (ERGIC). From the ERGIC, cargo is transported to the golgi in
COPI coated vesicles, and from the golgi cargo can be transported to other organelles or secreted
from the cell. Although the golgi has been studied extensively in the context of Chlamydia
infection, ERES have not been studied, and could be a novel interaction between the host
secretory pathway and Chlamydia.

The core proteins required for COPII budding that are conserved among eukaryotic cells
are Sari, Sec23, Sec24, Sec31, and Sec13 (83). First guanosine triphosphate (GTP) bound Sar1 is

recruited to ER membranes, where it embeds into the membrane and induces budding initiation
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by causing membrane curvature (83). Sar1 can then recruit the Sec23-Sec24 heterodimer, which
not only forms the inner coat of COPII vesicles, but Sec23 also acts as a GTPase activating
protein for Sar1 (83). Full Sar1 GTPase activity occurs upon the arrival of the outer coat proteins
Sec31 and Sec13. Following full assembly of these 5 components, there is cargo loading followed
by vesicle scission, forming a 60-70 nm vesicle (83). In mammalian cells there are more
proteins involved, many of which have enigmatic roles in vesicle formation (83,84). Even for the
core proteins, many paralogs have evolved; there are two Sar1 paralogs, two Sec23 paralogs, two
Sec31 paralogs, and 4 Sec24 paralogs (83). It is unknown if these paralogs provide unique
functions or have evolved to have tissue-specific roles (83). Sec12 is a guanine exchange factor
for Sar1, causing Sar1 activation (84). cTAGE5 can bind Sec12 and helps concentrate it at ERES
(85). The protein Sec16 is thought to act as a scaffolding protein; it binds several different COPII
proteins and seems to localize to ERES upstream of other COPII components (84). It has
recently been shown that Tango1 is required for proper Sec16 localization to ERES (86).

ERES have been studied in the context of Brucella abortus and Legionella pneumophila
infection (87,88). COPII components were found to associate closely with Legionella during
infection, and a dominant negative version of Sar1 reduced Legionella replication (88). It is
unclear how much of this is due directly to ER exit sites versus downstream effects on the golgi,
as the same study showed that Arf1 was also required for replication, and BFA caused a
reduction in bacterial growth (88). For Brucella, the dominant negative Sar1 reduced bacterial
replication, as well as the acquisition of ER membranes that is important for maturation of the
Brucella containing vacuole (87). Unlike Legionella, BFA and expression of a dominant negative
Arf1 had no effect on Brucella growth, indicating a different mechanism of ERES interaction for
the two pathogens (87).

In the context of Chlamydia infection, IncB-APEX proteomic analysis revealed a
significant enrichment of ER associated proteins near inclusion membranes throughout

infection. These findings are consistent with previous reports of membrane contacts between
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inclusions and the ER (9,74). IncB-APEX data showed that ER protein associations were present
near early inclusions, at 8 hpi, and additionally highlighted an enrichment of markers for ER
exit sites (ERES). ERES are specialized subdomains of the ER from which COPII coated vesicles
bud and traffic to the ER-Golgi intermediate compartment (ERGIC) (84). Sec16, TANGO1, TFG,
and peflin, were identified on inclusion membranes by IncB-APEX, with TANGO1 present at all
three time points (Table S2—1). In support of an intimate association between ERES and
inclusions, five members of the p24 family, proteins which regulate ERES organization and are
packaged into COPII vesicles (89), were identified by inclusion-MS and AP-MS (40,42). In this
chapter we investigated the role of ERES function on Chlamydia growth through both chemical

inhibition and RNA interference of select ERES proteins.

Results

Recruitment of ERES proteins Sec16 and Sec31 to C. trachomatis inclusions

To validate the association of ERES with the inclusion membrane, we used
immunofluorescence microscopy to investigate the spatial relationship between the ERES
marker Sec16 and the inclusion membrane. In uninfected cells, Sec16 was distributed in a
normal pattern throughout the cytoplasm in small punctae, with a dense cluster of Sec16 in
perinuclear ER membranes (Figure 3—1A). In C. trachomatis infected cells, Sec16 redistributed
in a punctate pattern around the inclusion at 24 hpi (Figure 3—1A). Several Sec16 punctae
closely abutted inclusion membranes defined by IncA (Figure 3—1A, inset). Sec16 was also
recruited to inclusions at 14 hpi (Figure S3—1). We further examined the ectopic distribution of
Sec16 in live cells using HeLa cells transfected with Sec16-GFP and infected with a C.
trachomatis strain expressing mCherry, and observed a similar association of Sec16 with
inclusions (Figure S3—2). Next, we tested whether the COPII coat protein Sec31 associated with

inclusion membranes in a similar manner, and as would be expected for functional ERES. Like
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Sec16, Sec31 was redistributed around inclusion membranes, with some Sec31 foci appearing to
overlap with the inclusion membrane (Figure 3—1B, Figure S3—1). Together, these data
demonstrate that structural and regulatory ERES proteins are recruited to inclusion
membranes. It is unclear if these ERES proteins are on the ER, on COPII vesicles, or on the
inclusion membrane. The localizations of ERES, ERGIC, and cis Golgi network are closely
related in mammalian cells. Secretory cargo in COPII-coated vesicles leave the ER at ERES,
quickly fuse with the ERGIC, and then are packaged into COPI-coated vesicles for transport to
the Golgi. To check if the Golgi was necessary for the distribution of ERES to Chlamydia
inclusions, we resolved the localization of the Golgi and ERES in infected cells with or without
Brefeldin A (BFA) treatment (Figure S3—3). In untreated cells, the general localization of Sec31
and Golgi were similar, although the individual components did not colocalize. After BFA
treatment, the Golgi was dispersed, whereas Sec31 remained distributed in close proximity to

inclusions.
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Figure 3—1. ERES proteins Sec16A and Sec31A are recruited to the C. trachomatis
inclusion.

(A) Immunofluorescence microscopy of cells showing cellular distribution of Sec16A (anti-
Sec16A, first column, green in merge), Chlamydia IncA (anti-IncA, second column, magenta in
merge), and DNA (DAPI, third column, blue in merge). (B) Distribution of the COPII outer coat
protein Sec31A (anti-Sec31A, first column, green in merge), IncA, and nuclei. Single channel
images are displayed in inverted grayscale. Merged panels display all three color channels.
Protein distribution in uninfected HeLa cells are shown in the top row. Deconvolved images
from cells infected with C. trachomatis L2 at 24 hpi are shown as a summation of z-series
images (merged planes) or a single xy plane. Enlargements (far right) represent the regions
marked with white boxes. Scale bars = 16 pm.
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Chemical inhibition of ERES cargo loading restricts C. trachomatis developmental

growth

We next tested if functional ERES were required for Chlamydia infection, by using a
specific inhibitor of ERES export, FLI-06 (90,91). FLI-06 is a cell permeable, reversible
inhibitor of ERES cargo loading and the early secretory pathway. The molecular target of FLI-06
target is unknown; however, the compound has been shown to prevent cargo recruitment to
ERES. Any cargo already recruited is secreted, but no new cargo can be loaded into exit sites.
First, we investigated how the localization of Sec16 and Sec31 were affected by incubation of C.
trachomatis infected cells with FLI-06. Treatment of infected cells for 4 h with FLI-06, from 20-
24 hpi, abrogated the recruitment of both of these ERES proteins to inclusions, resulting in
diffuse localization similar to that seen in uninfected cells treated with FLI-06 (Figure 3—2A,
Figure S3—4). Similar effects were observed with live cells expressing Sec16-GFP (Figure S3—2).
The number of Sec31 punctae that overlapped with IncA were counted, and confirmed that
treatment with FLI-06 resulted in significantly reduced COPII coat protein recruitment to
inclusion membranes (Figure 3—2B). These data are consistent with the hypothesis that Sec16
and Sec31 recruitment to inclusions is a functional consequence of COPII vesicle formation, and

not a byproduct of their proximity to ER membranes.
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Figure 3—2. Inhibition of ERES cargo loading abrogates ERES recruitment to the
inclusion.

(A) Treatment of C. trachomatis infected cells with FLI-06 disrupted the recruitment of COPII
coat protein Sec31A to inclusion membranes. Immunofluorescence microscopy of cells showing
cellular distribution of Sec31A (anti-Sec31A, first column, green in merges), inclusion
membrane protein IncA (anti-IncA, second column, magenta in merges), and DNA (DAPI, third
column, blue in merges). Representative deconvolved merged z-series images of uninfected cells
are shown in upper panels, and cells infected with C. trachomatis L2 at 24 hpi are shown in
lower panels. 10 uM FLI-06 treatment for 4 h, from 20-24 hpi, resulted in Sec31A distribution
similar to that of uninfected cells, and away from inclusion membranes. Scale bars = 16 um. (B)
Quantification of Sec31 in cells infected and treated with FLI-06 as described in A. Sec31
punctae that were touching or overlapping with IncA in untreated or FLI-06 treated cells were
counted using Volocity to assess the number of overlapping spots per inclusion. At least 20
inclusions were analyzed per condition, for two independent experiments. Each dot represents
an inclusion, lines represent mean (SD). Significance determined by unpaired t-test with
Welch’s correction, **** p < 0.0001.

To explore this outcome further, we tested the effect of FLI-06 on chlamydial
developmental growth. C. trachomatis infected cells were treated with three concentrations of
FLI-06 at distinct stages of infection: 2.5, 18, 24, and 40 hpi (Figure 3—3A). Following
treatment, the effects of FLI-06 on primary infection and infectious progeny formation were
determined by measuring inclusion diameter and IFU, respectively, at 48 hpi for all treatment
groups (Figure 3—3B,C). We measured a significant, dose-dependent reduction in inclusion
diameter for infected cells treated starting at 2.5 or 18 hpi (Figure 3—3B, Figure S3—5).
Inhibitory effects were most pronounced with 10 uM of FLI-06, a concentration previously

shown to block the recruitment of VSVG cargo to ERES (90,91). The effects of FLI-06 were
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reversible, as treatment of infected cells at 18 hpi followed by washout at 24 hpi resulted in a
recovery of inclusion growth at 48 hpi (Figure 3—3B). For cells treated with 10 uM FLI-06 at 2.5
hpi, fully formed inclusions at 48 hpi were rarely observed, indicating that early stages of
Chlamydia and inclusion growth are reliant on COPII vesicle production from ERES. Two to 10-
fold lower concentrations of FLI-06 resulted in dose-dependent phenotypes, thus strengthening
the support that the effects of FLI-06 were biological.

The impact of FLI-06 on C. trachomatis IFU formation was more pronounced.
Treatment of infected cells with 10 uM FLI-06 at 2.5 hpi resulted in no infectious progeny
production, and a 99.8% or 95.6% reduction in Chlamydia IFU was observed in cells treated
with 10 uM FLI-06 at 18 or 24 hpi, respectively (Figure 3—3C). Similar to the effects on primary
infection, the impact of FLI-06 on Chlamydia growth was dose dependent. Cells pulsed with
FLI-06 from 18-24 hpi partially recovered from the treatment, though IFU was reduced by
57.0% compared to untreated cells; this indicates that replication was reduced even during a 6
hour treatment. No effect on IFU production occurred when FLI-06 was applied to cells at 40
hpi, indicating that FLI-06 is not directly toxic to Chlamydia and that the effects of ERES on
chlamydial inclusions were not on EB viability or infectivity. The potent effects of ERES
disruption on inclusions at 18 hpi, when inclusions contain mostly RB, were consistent with an
inhibitory effect that most heavily impacts RB growth. The application of FLI-06 at 18 hpi
prevented the population of bacteria at that stage from converting into infectious EB by 48 h.
Taken together, the data demonstrate that early C. trachomatis inclusions acquire vital cellular

components from ERES-derived COPII vesicles for their complete developmental growth.

Chemical inhibition of ERES cargo sorting reduces Chlamydia growth

Since FLI-06 blocks secretion from ERES, it has severe effects on downstream steps of

the secretory pathway and disrupts the Golgi (90). Chlamydia is known to acquire
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sphingomyelin and cholesterol from the trans Golgi network. To test whether Golgi disruption
contributed to the effects of FLI-06 on chlamydial growth, we used a chemical inhibitor with a
different mechanism from FLI-06. Sodium phenylbutyrate (4PBA) has been used for many
years to relieve ER stress by preventing accumulation of misfolded proteins within the ER.
Recently it was shown that the secretion of misfolded proteins during 4PBA treatment happens
through decreased selectivity of COPII cargo. 4PBA binds the p24 family of proteins, which
provide cargo specificity for COPII vesicles, concentrating secreted proteins into vesicles while
excluding ER resident proteins (92). COPII vesicles in cells treated with 4PBA show
dramatically increased levels of ER resident proteins, along with decreased levels of normal
COPII cargo (92).

We repeated the same experiments done with FLI-06 using 4PBA instead, and saw
similar results on both inclusion diameter and IFU (Figure 3—3D,E). When 4PBA was added
very early during infection, inclusions were significantly smaller (Figure 3—3D) and almost no
viable EB were produced (Figure 3—3E). Consistent with 4PBA having a less severe effect on
ERES compared to FLI-06, IFU of cells treated at 18 or 24 hpi with the highest dose of 4PBA
was 79.5% or 59.25% reduced, respectively, much less severe than cells treated with FLI-06 at
the same times. IFU was not affected when cells were treated with 4PBA from 18-24 hpi then
washed off, or when cells were treated starting at 40 hpi, supporting that 4PBA is not directly
toxic to Chlamydia. Since 4PBA allows protein secretion and still affects Chlamydia growth, this
indicates that the effects of FLI-06 were unlikely to be a nonspecific effect of blocking protein
secretion of the ER or Golgi, and COPII cargo regulation is important for the Chlamydia
developmental cycle.

When FLI-06 or 4PBA were added early during infection, the inclusion diameter and
IFU correlated well, with both being significantly lower than the control. When added at 24 hpi,
however, both inhibitors did not significantly affect inclusion diameter, yet IFU for FLI-06 was

reduced by 95.6% and for 4PBA was reduced by 59.25% (Figure 3—3C,E). We tested whether the
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reduction in IFU was due to fewer bacteria present, or if it resulted from disrupted RB-EB
conversion. We infected cells with C. trachomatis; at 24 hpi we added 10 uM FLI-06, 5 mM
4PBA, or 0.5 pg/mL chloramphenicol, then incubated until 48 hpi, extracted genomic DNA and
used qPCR to measure Chlamydia genome copy number (Figure 3—3F). As expected,
chloramphenicol inhibited Chlamydia replication and caused a 67.7% reduction in the number
of bacterial genomes present, compared to the control. FLI-06 caused a 40.4% reduction in
genome copy number, and 4PBA genome copy number was not significantly different from the
control. This indicates that adding FLI-06 at 24 hpi caused some reduction in bacterial
replication, but the drastic reduction in IFU must at least in part be due to reduced bacterial
infectivity after treatment. 4PBA had a less severe effect on IFU, and the genome copy number
supports that replication was not significantly reduced when added at 24 hpi, but there is a
reduction in bacterial infectivity.

Given other known effects of 4PBA, it is possible that its effect on Chlamydia growth was
due to decreased ER stress rather than dysregulation of COPII cargo. Because FLI-06 blocks
secretion from the ER, it is also possible that ER stress was induced during FLI-06 treatment
and resulted in a detrimental effect on Chlamydia growth. We checked if ER stress is induced
during C. trachomatis infection under normal conditions, or after 4PBA or FLI-06 treatment.
We compared ER stress in uninfected or Chlamydia-infected HeLa cells at 24 hpi after a 4 hour
treatment with FLI-06, 4PBA, or thapsigargin, a well described inducer of ER stress (93). ER
stress was assessed by mRNA expression of CHOP, BIP, and spliced XPB1. No significant
differences were found between ER stress levels in infected cells and uninfected cells for all
conditions tested (Figure 3—3G). Although CHOP, BIP, and sXBP1 expression were increased in
FLI-06 treated cells, this increase was not statistically significant. Thapsigargin was able to
induce much higher expression of CHOP, BIP, and sXBP1. Overall, these data indicate that it is

unlikely that 4PBA or FLI-06 are acting by altering the levels of ER stress in infected cells.
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Figure 3—3. Inhibition of ERES cargo loading or specificity reduces C. trachomatis
developmental growth.

(A) Experimental design used to test the impact of ERES disruption on Chlamydia
developmental growth. Colored bars mark the times when FLI-06 or 4PBA was applied to
infected cells. All cells were harvested for IFU determination at 48 hpi. The effects of ERES
inhibition were determined for (B,D) primary infection, through measuring the diameters of
inclusions at 48 hpi, or (C,E) IFU production at 48 hpi. Bars denote the mean (n = 3; SD); white
bars correspond to untreated controls; gray bars are inhibitor treated in decreasing
concentration, 10 uM, 5 uM, or 1 uM FLI-06 and 5 mM, 2 mM, 1 mM 4PBA. Colored bars on x-
axis correspond to the inhibitor application key in A. Significance determined by one-way
ANOVA with Dunnett’s multiple comparisons test, comparing to untreated control. *, p < 0.05;
¥* P < 0.01; *** p < 0.001; **** p < 0.0001. (F) Infected cells were treated from 24-48 hpi with
10 uM FLI-06, 5 mM 4PBA, or 0.5 pug/mL chloramphenicol (CAM). Genomic DNA was extracted
and genome copy number was determined by using quantitative PCR for the GroEL2 gene.
Significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test,
comparing to control. **, p < 0.01; ***, p < 0.001. (G) Relative expression of genes upregulated
during ER stress in infected or mock infected cells after treatment with 10 uM FLI-06, 5 mM
4PBA, or 1 uM thapsigargin from 20-24 hpi. Gray bars are infected, black are uninfected.
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Expression was determined using quantitative PCR. Significance was determined using a two-
way ANOVA with Dunnett’s multiple comparisons test. There was no significant difference
between infected and uninfected cells, thapsigargin treatment was significantly different from
the control. Uninfected treatments were compared to uninfected control, infected treatments
compared to infected control. **, p < 0.01; ***, p < 0.001; **** p < 0.0001.

Chlamydia interactions with ERES are distinct from other interactions with the
ER and Golgi

C. trachomatis inclusions form membrane contact sites with the ER, and whether ERES
are recruited by the same mechanism is unclear (9,74). Previously, the lipid transfer protein
CERT was shown to be a key component of ER membrane contact sites with inclusions (9,10);
however, CERT did not colocalize with ERES markers (Figure 3—4A), indicating that ERES are
likely an additional type of ER—inclusion interaction. Since FLI-06 and 4PBA act on the ER, it is
possible they could indirectly affect Chlamydia growth by reducing contacts between the
inclusion membrane and ER. To test this, we overexpressed fluorescent protein tagged CERT or
the ER resident protein PDI, and saw no difference in their recruitment to inclusion membranes
after treatment with FLI-06 or 4PBA (Figure 3—4A,B). BFA was included as a control to ensure
any effects were due to the ER rather than post-ER trafficking steps.

CERT recruitment to the inclusion membrane is thought to facilitate non-vesicular
ceramide trafficking, whereas the Golgi provides a vesicular route for ceramide uptake into the
inclusion. To ensure that these inhibitors did not act through downstream effects on the Golgi,
we evaluated Golgi morphology in infected cells treated with 4PBA, FLI-06, or BFA from 20-24
hpi. As expected, the Golgi marker GM130 was distributed around the inclusion in control cells
and those treated with 4PBA, while cells treated with BFA and FLI-06 had faint, diffuse GM130
staining (Figure S3—6). Although the Golgi was not disrupted by 4PBA, it is possible that there is
still an effect on the acquisition of Golgi derived vesicles by Chlamydia. To test this, we used

fluorescently labeled NBD-C6-ceramide as a marker for sphingomyelin uptake into the
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inclusion, as described previously (12). HeLa cells were infected with C. trachomatis and grown

for 22 hours. Cells were then treated with either 10 uM FLI-06, 5 mM 4PBA, or 3 ug/mL BFA for

1 hour, then incubated for 30 minutes with NBD-ceramide, followed by 1.5 hours back-exchange

in the presence of ERES inhibitors or BFA. Fluorescence microscopy was used to assess mean
fluorescence of the inclusions with different treatments. Similar to previous studies, treatment
with BFA reduced ceramide uptake by 58.0% (Figure 3—4C). FLI-06 reduced uptake by about
the same amount, 52.9%, indicating that although FLI-06 disrupts the Golgi, it does not affect
chlamydial ceramide acquisition any more than BFA. Since BFA has no effect on IFU, it is
unlikely that the reduction in IFU seen following FLI-06 treatment is due to the disruption of
the Golgi. This is further supported by 4PBA having no discernible effect on ceramide uptake

(Figure 3—4C).
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Figure 3—4. Membrane contact sites and ceramide uptake are maintained during
inhibition of ERES.

Cells were infected with C. trachomatis, then transfected with a plasmid expressing pmScarlet-
CERT (A, purple in merge) or pmClover3-PDI (B, green in merge). At 20 hpi, DMSO, 10 uM
FLI-06, 5 mM 4PBA, or 3 ug/mL BFA were added to cells. At 24 hpi, cells were fixed and stained
with anti-Sec31A (A, green in merge) or anti-IncA (B, purple in merge). DNA was stained with
DAPI (blue in merge). Images are single planes from deconvolved z-series. Scale = 16 um. (B)
Inset shows regions along the inclusion membrane where PDI was closely apposed or
overlapping IncA. (C) Average inclusion fluorescence after incubation with NBD-C6-Ceramide.
Representative images shown on right, NBD-ceramide in green, DAPI in blue. Significance
determined by one-way ANOVA with Tukey’s multiple comparison test. Any comparisons not
shown were not significant. **, p < 0.01; ***, p < 0.001.

Depletion of ERES regulatory proteins disrupts Chlamydia growth

We next sought to determine the specific ERES and COPII associated proteins necessary
for providing factors critical for chlamydial growth. Using RNAi, we knocked down the
expression of Sec16A and TANGO1, proteins which are required for efficient COPII transport
(86). We additionally knocked down cTAGE5 and Sec12; Sec12 is the guanine exchange factor

for Sar1 GTPase, which in turn regulates COPII vesicle formation (94). Sec12 also interacts with
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cTAGE5 at ERES, and it has been shown that cTAGEj5 can recruit Sec12 to COPII budding sites
(85). Bet3s, a key component of the TRAPP complex that functions in COPII vesicle tethering and
fusion at the ERGIC, was also knocked down (95).

HelLa cells were transfected with siRNA oligos and incubated for 48 hr prior to infecting
with C. trachomatis. At 48 hpi, cells were lysed and chlamydial IFU was quantified on fresh
HeLa monolayers. Knockdown of Sec12 and ¢cTAGE5 resulted in a 49.1% and 58.4% reduction in
IFU, respectively (Figure 3—5A, Figure S3—7). Simultaneous knockdown of both Sec12 and
cTAGE5 reduced IFU by 85.2%. Surprisingly, Sec16A and TANGO1 depletion had no effect on
IFU. Bet3 disruption also had no effect on IFU; however, this result was expected since
Bet3/TRAPP functions downstream of ERES and COPII vesicle formation, as a tethering
complex on the ERGIC and cis-Golgi. ERES proteins typically exhibit similar subcellular
localizations, and we used immunofluorescence microscopy to determine if Sec12 had a similar
distribution as other key COPII components during Chlamydia infection. Sec12 colocalized with
Sec31 in infected cells (Figure 3—5B), and both proteins remained closely associated after
treatment with FLI-06 or 4PBA (Figure S3—8). Sec12 also overlapped with IncA in distinct
punctae, similar to the overlap seen with Sec31 or Sec16 and IncA (Figure 3—5C). While it is
unclear why Sec12 and ¢TAGE5 depletion affect IFU while Sec16 and Tango1 have no effect, it
seems that Chlamydia may require a specific cargo or function of ERES rather than general
COPII vesicular trafficking. It is also possible that there is redundancy in the roles of Sec16 and
Tango1 during infection. Future efforts will need to resolve whether the basis of this interaction
is to provide COPII vesicular cargo to inclusions, or to allow Chlamydia to interfere with an

ERES-mediated process critical for infection.
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Figure 3—5. RNAi depletion of ERES regulatory proteins Sec12 and cTAGE5 disrupt
Chlamydia growth.

(A) Cells were treated with siRNA oligonucleotides and incubated for 48 hours, then infected
with C. trachomatis L2. At 48 hpi, cells were lysed and infectious Chlamydia EB from each
sample group were tested for IFU by infecting new cells. IFU values were compared to scramble
siRNA treated, infected cells. Significance determined by one-way ANOVA with Dunnett’s
multiple comparisons test, compared to control IFU. Bars, mean (SD);***, p < 0.001; **** p <
0.0001; n > 3. (B) Sec12 (anti-Sec12, green in merge) colocalizes with Sec31 (anti-Sec31A, purple
in merge) in infected cells. Representative deconvolved merged z-series image. Scale bar = 16
um. (C) Sec12 (anti-Sec12, green in merge) overlaps with IncA (anti-IncA, purple in merge) in a
similar manner to Sec16 or Sec31. Single plane from deconvolved z-series image. Scale bar = 16
um.

Discussion

In this study, we also report the novel interaction between C. trachomatis inclusions and
ER exit sites. Importantly, functional disruption of ERES cargo loading or specificity using
chemical and genetic approaches resulted in major defects on inclusion and chlamydial growth.
The ERES associated proteins Sec16, TANGO1, peflin, and TFG, were identified by IncB-APEX
as inclusion membrane associated proteins, and follow up investigations confirmed the
recruitment of Sec16 and the COPII coat protein Sec31 to the cytosolic surface of inclusion
membranes. Inclusion—ERES interactions seem to be distinct from previously described IncD-
and IncV-mediated ER—inclusion membrane contact sites (MCS) (9,10,41,72,74), since the ER
membrane protein CERT, which interacts with IncD at MCS, did not colocalize with ERES

proteins. Localization of CERT and ER marker PDI was unaffected by inhibition of ERES using
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FLI-06 or 4PBA. In this regard, our findings strengthen the theme of inclusion membrane and
ER interactions as playing important roles for inclusion biology and function during infection.
Atlastin-3 and reticulon-4, which play roles in regulating ER morphology and structure (96,97),
were also identified by our data and inclusion-MS (42). In addition to ERES and COPII
components, inclusion membrane interactions contain ERGIC-53 and VIP36 (42), two
homologous proteins which are primarily localized to the ERGIC and function to regulate COPII
vesicle fusion, and ER-ERGIC-Golgi syntaxins 5 and 18 (42). We propose a model wherein C.
trachomatis inclusions intimately interact with COPII mediated ERES to ERGIC vesicular

traffic (Figure 3—-6).

sphingomyelin w
cholesterol 5__/__3

MCS

ceramide

Figure 3—6. Model for interactions between the Chlamydia inclusion and the early
secretory pathway.

Our findings support a model wherein the inclusion membrane is situated in cells in close
proximity to ERES domains. Normal COPII vesicle traffic from ERES are delivered to the
ERGIC in mammalian cells, followed by COPI vesicle traffic to the Golgi complex. Inclusion—
ERES interactions constitute a larger theme of physical and functional interactions between the
inclusion and ER.

Reasons for the importance of Sec12 and cTAGEs5, but not Sec16 or Tango1, in the

interaction between ERES and inclusion membranes are at this time unclear. Recent work by
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others has shown that nutrient starvation induced Sec12 and ¢cTAGE5 relocation to the ERGIC
followed by generation of autophagosome membrane precursors (98,99). There are likely many
other roles of ERES that have not yet been described, and the molecular mechanisms of ERES
and ERGIC regulation are incompletely understood. FLI-06 blocks cargo recruitment to ERES,
but unfortunately there are no known proteins involved in this step of COPII trafficking. The
targets of 4-PBA, the p24 (also called TMED) family, would be very interesting to study in the
context of Chlamydia infection, especially since five of these proteins were found by AP-MS or
inclusion-MS (40,42). These experiments may prove challenging, however, as there are 11
members and they are thought to have functional redundancy.

Collectively, the functional and proteomic data show that complete developmental
growth of Chlamydia requires efficient COPII vesicle production from ERES throughout the
developmental cycle. One attractive nutritive benefit for Chlamydia is the acquisition of lipids,
as supported by evidence that chlamydiae acquire phosphatidylcholine and other phospholipids
from host cells (100,101), recruit lipid droplets to inclusions (18), redirect cholesterol to
inclusions (15), and require functional host fatty acid synthesis machinery (18,102). Much of our
understanding for ERES secretory mechanisms has come from studying the assembly of large
cargo into COPII vesicles; for example procollagen, pre-chylomicrons, and very low-density
lipoproteins (103). For export of these bulky cargo, cTAGE5 and TANGO1 are essential. In our
system, cTAGE5 disruption impaired IFU production, whereas TANGO1 knockdown had no
discernible effect. An explanation for these findings is elusive, notably because only a
preliminary functional characterization of these regulatory proteins exists. Interestingly,
cTAGE5 and the TANGO-related gene MIA2 can form a fusion protein (TALI) that binds
TANGO1 and facilitates the recruitment of apolipoprotein B containing lipid complexes to ERES
(104). Based on our proteomic data, apolipoprotein B is recruited to inclusion membranes

throughout the developmental cycle.
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Materials and Methods

Antibodies and reagents

All reagents were purchased from Thermo Fisher Scientific (Rockford, IL) unless
otherwise noted. Primary antibodies used in this study and their catalog numbers: Sec12
(Western blot, PA5-53125), Sec12 (Immunofluorescence, gift from Kota Saito), cTAGEs5 (PA5-
29515), Sec31A (Cell Signaling, Danvers, MA; 13466S), Bet3 (TRAPPC3; PA5-55841), Sec16A
(Bethyl Laboratories, Montgomery, TX; A300-648A-M), TANGO1 (MIA3; Millipore Sigma, St.
Louis, MO; SAB2700012), GM130 (R&D Systems, AF8199SP), IncA (gift from Daniel Rockey),
CT223 (gift from Daniel Rockey), MOMP (Virostat, Westbrook, ME; 1621), Flag (Millipore
Sigma; F1804). Secondary antibodies used: Donkey anti-Rabbit HRP, Donkey anti-Goat Alexa

594, Goat anti-Mouse DyLight 594, Goat anti-Rabbit Alexa 488.

Cell culture and Chlamydia infections

HeLa 229 cells (ATCC) or McCoy cells (obtained from Walt Stamm) were grown in
Roswell Park Memorial Institute 1640 (RPMI; Gibco) medium supplemented with 10% fetal
bovine serum (HyClone) and 2 mM L-glutamine (HyClone) at 37°C, 5% CO.. Chlamydia

trachomatis LGV L2 434/Bu was grown in HeLa 229 cells for 48 hours, then infected cells

scraped into sucrose phosphate buffer (5 mM glutamine, 0.2 M sucrose. 0.2 M phosphate), lysed

using bead bashing, and cell debris cleared by centrifugation at 300 x g for 10 minutes.

Supernatant containing Chlamydia aliquoted and stored at -80°C. HeLa cells were infected with

Chlamydia diluted in Hank’s buffered salt solution (HBSS; Gibco) at an MOI ~1 for 2 hours at

room temperature. Cells were washed with HBSS, then incubated at 37°C in RPMI.
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Plasmid constructs

Plasmids were isolated using the Qiaprep Spin Miniprep kit or the HiSpeed Plasmid Midi
kit (Qiagen, Germantown, MD).

Mammalian plasmid pmScarlet-CERT was made in the pEGFP-N1 backbone, with
Gibson Assembly used to replace EGFP with mScarlet. mScarlet was amplified from the
pmScarlet-C1 plasmid, which was a gift from Dorus Gadella (Addgene plasmid # 85042) (105).
CERT was inserted at the N terminus of mScarlet using the Xhol and Agel restriction sites. The
pmClover3-PDI plasmid was made in the pEGFP-N1 backbone. Gibson Assembly was used to
replace EGFP with mClover3s, and PDI was inserted at the N terminus of mClover3 using Gibson
Assembly. mClovers was amplified from pKanCMV-mClover3-18aa-actin, which was a gift from
Michael Lin (Addgene plasmid # 74259) (106). Plasmid pmGFP-Sec16L was a gift from

Benjamin Glick (Addgene plasmid # 15776) (107).

siRNA and plasmid transfections

For siRNA transfections, HeLa cells were plated in 24 well or 96 well plates to 60-80%
confluence. For 24 well plates, 50 pL Opti-MEM (Gibco) medium containing 5 pmol siRNA
oligonucleotides and 1.5 pL Lipofectamine RNAiIMAX was added to each well. Following
transfection, cells were incubated for 48 hours at 37°C prior to infection or protein analysis by
western blot. For 96 well plate experiments, knockdowns were done in duplicate, with 10 pL
Opti-MEM containing 1 pmol siRNA oligonucleotides and 0.3 pL Lipofectamine RNAIMAX
added per well. Oligonucleotides were purchased from Dharmacon. Dharmacon siGenome
smartpools of 4 different oligonucleotide sequences were used for Sec16, Tango1, and Bet3
knockdowns. Dharmacon siGenome individual oligonucleotides were used for all other
knockdowns.

For mammalian plasmid transfections, HeLa cells were plated in 4 well chamber slides

(Nunc Lab-Tek), and infected with C. trachomatis L2. Immediately after infection, each well
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was transfected with 50 uL Opti-MEM containing 500 ng plasmid and 1.5 pL Lipofectamine

2000.

Quantitative PCR analysis

For qRT-PCR confirming siRNA knockdown, HeLa cells were plated in 24 well plates,
and transfected with siRNA oligos as described above. Cells were incubated for 48 hours, then
cell pellets were frozen until RNA extraction.

For qRT-PCR measuring ER stress, HeLa cells were grown in 6 well plates and infected
with C. trachomatis for 20 hours. At 20 hpi, 10 uM FLI-06, 5 mM 4PBA, 1 uM thapsigargin or
DMSO was added in fresh medium. At 24 hpi, cells were trypsinized and cell pellets frozen until
RNA extraction.

RNA was extracted using the Qiagen RNeasy mini kit (Qiagen). cDNA was made using
the iScript cDNA synthesis kit (Bio-Rad). qRT-PCR reactions were set up with SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) and run on the StepOnePlus Real-Time PCR system
(Applied Biosystems, Foster City, CA). GAPDH was used as the housekeeping gene, and the
AACT method was used to calculate relative expression.

For Chlamydia genome copy number analysis HeLa cells were infected with C.
trachomatis for 24 hours, then 10 uM FLI-06, 5 mM 4PBA, 0.5 ug/mL chloramphenicol, or
DMSO was added in fresh medium. At 48 hpi, cell pellets were trypsinized, centrifuged at 300 x
g for 5 minutes, then Chlamydia genomic DNA was extracted using the DNeasy Blood and

Tissue kit (Qiagen). qPCR was done with primers to GroEL2.

Immunofluorescence and live cell microscopy
For immunofluorescence microscopy, cells were rinsed in HBSS, then fixed for 5 minutes
in ice cold methanol (Images with anti-Sec12 only, for methanol fixation permeabilization was

skipped) or 15 minutes in 3.7% paraformaldehyde in HBSS. Cells were rinsed 2 times in HBSS,
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then permeabilized with 0.5% triton X-100 for 15 minutes, and blocked in 1% bovine serum
albumin (BSA) in PBS for 20 minutes. Samples were incubated with primary antibodies for 1
hour at room temperature in blocking buffer, then rinsed 3 times in blocking buffer, then
incubated 45 minutes at room temperature with secondary antibodies in blocking buffer. DAPI
was used to stain DNA, and added during the secondary antibody step. For imaging of live cells,
media was replaced with HBSS before imaging. Cells were imaged on a Nikon Ti-E inverted
microscope and images were captured on a Hamamatsu camera controller C10600. Images were
processed using Volocity software (PerkinElmer, Waltham, MA).

Sec31A punctae overlapping the inclusion were counted manually using Volocity
software. Spots that overlapped with IncA, or were touching IncA were counted as on the
inclusion membrane. Region where inclusion is adjacent to nucleus was excluded from analysis.
Images used for counting were 60x magnification, deconvolved z-series. Planes were examined
individually to ensure overlap was in the same z dimension. At least 20 inclusions in control and
FLI-06 treated cells were analyzed, for each of two independent experiments.

Ceramide trafficking to the inclusion was measured as previously described, with slight
modifications (13). HeLa cells were infected with C. trachomatis at an MOI < 1 for 22 hours.
Warm media containing 10 uM FLI-06, 5 mM 4PBA, 3 ug/mL BFA, or DMSO was added to the
cells for 1 hour at 37°C. NBD-ceramide was complexed to BSA by adding 10 uM NBD-ceramide
to HBSS with 0.7% fatty acid free BSA (Millipore Sigma) and vortexing thoroughly. After 1 hour
incubation with inhibitors, cells were rinsed 1 time with HBSS, then NBD-ceramide/BSA was
added and cells incubated for 30 minutes at 4°C. Cells were rinsed two times in HBSS, then
incubated for 1.5 hours at 37°C in serum free media with 0.7% fatty acid free BSA with same
inhibitors as before. After 1.5 hours, stained nuclei using Hoechst and took images with
fluorescence microscope. Analyzed 5 microscopy fields per condition using Volocity software.
For each field, made 30 identical circles that fit inside nuclei to get mean background

fluorescence, outlined 20 inclusions (100 total per replicate) by hand to measure mean
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fluorescence inside inclusion. Outlines were done in Hoechst channel only to avoid bias,
measurements were taken from NBD channel only. Background fluorescence was subtracted
from inclusion fluorescence to get measurements shown in graph. Data compiled from three

independent experiments.

Western blot analysis

For western blot analysis of RNAi knockdowns, cell pellets were lysed in ice cold RIPA
buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% triton X-100, pH
7.5) with Halt protease inhibitors (Pierce) for 30 minutes on ice, with vortexing every few
minutes. Lysates were centrifuged for 20 minutes at 14,000 x g, and supernatant added to 4x
laemmli buffer (Bio-Rad, Hercules, CA). Lysates were run by SDS-PAGE on 5-15% or 5-20%
mini-PROTEAN TGX stain free gels (Bio-Rad), transferred to Immobilon PVDF membrane
(Millipore Sigma) with a Pierce G2 fast blotter in Pierce 1-Step transfer buffer, blocked for 1 hr
in 5% milk-TBST, and labeled with primary antibody in blocking solution for 1 hour, rocking.
Washed 4 x 5 minutes in TBST, then incubated with secondary antibody for 45 min-1 hour in
blocking solution, rocking. Rinsed 3 x TBST, then incubated with chemiluminescent substrate
(Li-Cor 92695000, Lincoln, NE) for 5 minutes, and imaged using a C-DiGit blot scanner (Li-

Cor).

Inclusion forming unit analysis

Infected HeLa cells were lysed at 48 hpi by incubating in water for 20 minutes followed
by pipetting to disrupt cells. Serial dilutions of lysate were plated onto fresh HeLa monolayers in
a 96 well plate. At 24 hpi, cells were fixed and stained with DAPI and an anti-MOMP antibody.
Using immunofluorescence microscopy, 10-15 fields per well were taken at 20x magnification.
Inclusions and nuclei in each field were counted using the Fiji distribution of ImageJ (82). The

macro used to count inclusions and nuclei in images is provided in supplemental methods. The
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overall percentage of infected cells was used to compare IFU between conditions, and the
relative IFU calculated for each experiment by comparing to control. For FLI-06 experiments,
HelLa cells in 24 well plate were infected with C. trachomatis L2 at an MOI around 1. FLI-06
was resuspended in DMSO to a concentration of 20 mM and frozen at -80°C until use. For
treating cells, FLI-06 in DMSO was diluted 1:2000 in normal cell medium to make a final
concentration of 10 pM FLI-06 and serial dilutions were used to make medium with 5 uM and 1
uM FLI-06. At 2.5, 18, 24, or 40 hours post infection, medium was aspirated from different wells
in the plate and replaced with pre-warmed medium containing three different FLI-06
concentrations. Control well medium was aspirated and replace with fresh pre-warmed
medium. For the 18 hour time point, two wells per concentration were prepared, one of which
was aspirated and washed with HBSS at 24 hpi, then incubated in fresh medium. Since the
stability of FLI-06 was unknown, medium in wells treated at 2.5 hpi was refreshed at 24 hpi,
with identical concentrations of FLI-06. At 48 hpi, primary infection was imaged on microscope
and 10-15 brightfield images were taken per well at 20x magnification and inclusion diameter
was measured using Volocity software. After images were taken, cells were lysed for IFU assay as
described above. IFU was adjusted based on number of inclusions per field in primary infection

due to differences in cell growth with the inhibitor.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software. Comparisons
between IFU, inclusion diameter, or genome copy number were analyzed using one-way ANOVA
with Dunnett’s test for multiple comparisons. Comparison for number of Sec31 punctae on the
inclusion membrane with or without FLI-06 treatment were analyzed using an unpaired t-test
with Welch’s correction. Ceramide uptake after treatment with inhibitors was analyzed using a
one-way ANOVA with Tukey’s multiple comparisons test. ER stress in infected and uninfected

cells after treatment with inhibitors was analyzed using a two-way ANOVA with Dunnett’s
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multiple comparisons test. Graphs indicate mean and standard deviation, statistical significance

is indicated as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001.
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Supplementary Information
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Figure S3—1. Sec16A and Sec31A associate with the inclusion membrane early in
infection.

HelLa cells infected with C. trachomatis L2 were fixed at 14 hpi and stained with anti-Sec16A (A)
or anti-Sec31A (B), anti-IncA, and DAPI. Top rows of A and B are deconvolved and merged z-
series images; bottom rows are single deconvolved planes. Scale bars = 10 pm.
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Figure S3—2. Sec16 is recruited to C. trachomatis inclusions in living cells, and
FLI-06 abrogates the association.

HelLa cells were transfected with a Sec16-GFP plasmid and infected with mCherry expressing C.
trachomatis L2. DNA was labeled with Hoechst and cells were imaged live at 24 hpi. In top row,
Sec16-GFP shows a similar localization to antibody staining (Figure 3—1A), with an enrichment
near the inclusion membrane. Bottom row shows cells treated with 10 uM FLI-06 from 20-24
hpi, resulting in diffuse Sec16-GFP punctae throughout the cell. Scale bars = 16 um, images are
deconvolved merged z-series.
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Figure S3—3. ERES are distributed around the inclusion even during Golgi
disruption.

HelLa cells were infected with C. trachomatis and treated with either DMSO or 3 pg/mL BFA
from 20-24 hpi. Cells were fixed at 24 hpi and stained with GM130 (anti-GM130, purple in
merge) to mark the Golgi, Sec31A (anti-Sec31A, green in merge) to mark ERES, and DAPI for
DNA (blue in merge). Scale = 16 um, images are deconvolved merged z-series.
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Figure S3—4. ERES marker Sec16A is more diffuse following FLI-06 treatment.

HelLa cells were infected with C. trachomatis and incubated with FLI-06 from 20-24 hpi, then
fixed and processed for immunofluorescence. Sec16A (anti-Sec16A, green in merge), IncA (anti-
IncA, purple in merge), and DNA (DAPI, blue in merge) were labeled, showing an altered

localization of ERES in the presence of FLI-06. Scale = 16 um, images are deconvolved merged
z-series.
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Figure S3—5. Inclusion growth impacted following FLI-06 treatment.

Brightfield images at 20x magnification of infected cells treated with FLI-06 starting at 18 hpi,
at indicated concentrations, and measured at 48 hpi. At 10 and 5 uM FLI-06, inclusion

morphology appears smaller with bacteria less uniformly distributed, compared to the 1 uM or
untreated cells. Arrows indicate inclusions.
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Figure S3—6. Golgi is disrupted by BFA and FLI-06 but not 4PBA.

HeLa cells were infected with C. trachomatis for 20 hours; 10 uM FLI-06, 5 mM 4PBA, or 3
ug/mL BFA were added from 20-24 hpi, then cells were fixed and processed for
immunofluorescence. Golgi marker GM130 (anti-GM130, red) and DNA (DAPI) are shown at
20x magnification. Inclusions marked with stars, scale bar = 32 um.
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Figure S3—7. Western blots and microscopy for ERES RNAI.

(A) Western blots were used to confirm siRNA knockdown at the protein level. HeLa cells were
transfected with siRNA oligonucleotides and incubated for 48 hours, then protein levels
assessed by western blot. Knockdown was compared to cells transfected with a non-targeting
(NT) control oligonucleotide. Beta-actin was used as a loading control. We were unable to detect
Sec16A by western blot, so knockdown was confirmed by immunofluorescence microscopy. (B)
HeLa cells were transfected with either the Sec16A siRNA oligonucleotide or NT control,
incubated for 48 hours, then infected with C. trachomatis L2. Cells were fixed at 24 hpi and
stained with anti-Sec16A, anti-IncA, and DAPI. Images are 20x magnification. In control cells,
Sec16A (green in merge) is visible in every cell, while in the Sec16A targeting siRNA treated
cells, most cells have no visible Sec16A. Knockdown efficiency was less than 100%, as shown by
two cells with visible Sec16A expression (arrows). Scale bars = 30 um.
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Figure S3—8. Sec12 and Sec31A colocalize after treatment with FLI-06 or 4PBA.

HeLa cells were infected with C. trachomatis and treated with 10 uM FLI-06 or 5 mM 4PBA
from 20-24 hpi. Cells were then fixed with ice cold methanol and stained for Sec12 (anti-Sec12,
purple in merge), Sec31A (anti-Sec31A, green in merge), or DNA (DAPI, blue in merge). Images

are deconvolved merged z-series, scale = 16 pum.
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Chapter 4 — ER exit site proteins are recruited to the inclusion

membrane and have disparate effects on Chlamydia growth

Introduction

Although chemical inhibition and RNA interference showed that ERES function is
important for chlamydial growth, microscopy showed only limited overlap between the COPII
components Sec31 or Sec16, and the inclusion membrane. IncB-APEX identified the COPII
proteins Tango1, Sec16, peflin, and TFG. We initially focused on Sec16 and Tango1 because they
were much more well characterized for their roles in COPII vesicle formation compared to peflin
and TFG. In addition to peflin and TFG, the protein PDCD6 was identified as being in close
proximity to the inclusion in some of our preliminary mass spectrometry experiments using
IncB-APEX. Peflin, and TFG both bind PDCD6 and all three proteins localize to ERES, but it is
unclear what role they play in COPII trafficking. In the case of peflin and PDCD6 there are
conflicting reports of whether they positively or negatively affect ERES transport. Sec16 and
Tango1 are thought to be required for general COPII budding, yet depletion had no effect on
Chlamydia growth. This suggests there may be a more specific ERES function for Chlamydia
growth, or Chlamydia interacts with specific proteins at ERES that are not affected by depleting
Sec16 or Tango1. We decided to investigate the roles of PDCD6, peflin, and TFG during
Chlamydia infection to see if they provide additional clues to the ERES proteins that are
important for Chlamydia growth.

Peflin and PDCD6 are members of the penta-EF-hand family, and both have five EF
hand domains and two calcium binding sites in the first and third EF hands (108). PDCD6 (also
called ALG-2) was first described to be involved in Fas-, glucocorticoid-, and T-cell receptor-
induced cell death (109). Much of the early research on PDCD6 was focused on cell death, but

some of these early findings have been called into question due to PDCD6 antibody artefacts
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(110). PDCD6 was connected to ERES when it was discovered that it directly binds Sec31in a
calcium-dependent manner (111). This study suggested that PDCD6 stabilized Sec31 at ERES,
but the authors did not see any effect on COPII trafficking when PDCD6 was depleted with RNA
interference (111). The interaction between PDCD6 and Sec31 has been confirmed by other
groups (112,113). Two subsequent studies showed that excessive PDCD6 inhibited COPII
trafficking in a calcium dependent manner by preventing both budding (113) and vesicle fusion
(114) in vitro. In addition, elevated calcium negatively regulated COPII budding (113). A
subsequent study found that in the context of a cell, depletion of luminal calcium reduced cargo
trafficking from ERES, and the interaction between Sec31 and PDCD6 was required for ER to
golgi transport (115). This study used a dominant negative strategy, overexpressing PDCD6 and
the PDCD6 binding region of Sec31. Knockdown of PDCD6, however, has been shown to cause a
faster export of VSV-G from ERES, more in agreement with the evidence that PDCD6 negatively
regulates COPII budding (116). This is far from conclusive however, as a later study showed that
PDCD6 knockdown delayed secretion of different COPII cargos, SEAP and collagen (117).

It was also found that PDCD6 and peflin cooperatively regulate COPII vesicle size by
promoting ubiquitylation of Sec31 under elevated calcium conditions (118). Ubiquitylation of
Sec31 causes larger COPII vesicles to form, which are capable of transporting bulky procollagen
out of the ER (118). It is unclear how to reconcile the different conclusions based on PDCD6
perturbation in the context of ERES function. One aspect that may partially explain the
disparate data is that PDCD6 is known to form different complexes. PDCD6 can form a
homodimer with itself, or a heterodimer with peflin, though only the PDCD6 homodimer bound
TFG, recruiting it to ERES (119). This suggests that if PDCD6 is present in a homodimer it may
function distinctly from a PDCD6/peflin heterodimer, so PDCD6 may inhibit or enhance ERES
function depending on its binding partner. This would not fully explain the opposite conclusions

reached by different studies regarding PDCD6 either enhancing or inhibiting COPII vesicle
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formation, but it does suggest that the PDCD6-ERES relationship may be more complex than
one or the other.

Peflin and PDCD6 are paralogs but the functional role of peflin in ERES has only
recently been studied. Peflin was first identified based on sequence similarity to the penta-EF
hand family, with highest similarity to PDCD6 (120). The main molecular difference between
PDCD6 and peflin is the hydrophobic N-terminus of peflin, which consists of nine nonapeptide
repeats (120). Like PDCD6, peflin also binds calcium, and peflin is thought to localize to the
cytoplasm in low calcium conditions, then translocate either to membranes or the cytoskeleton
upon calcium binding (121). Both peflin and PDCD6 were unstable without the EF5 domain,
with truncated versions being degraded in the proteasome (121). It was proposed that the EF5
domain promotes dimerization and thus stabilization of these proteins (121). Interestingly, there
seems to be a regulated amount of peflin within the cell, as ectopic overexpression of peflin led
to a decrease in endogenous peflin levels, and much higher levels of peflin overexpression were
attained when PDCD6 was also overexpressed (121). Peflin is ubiquitinated by
CULgKMHL2 yhiquitin ligase, but this has not been studied in the context of regulating peflin
levels (118). In the context of collagen secretion, peflin knockdown by RNA interference led to
decreased secretion (118). Peflin knockdown also led to increased VSV-G export, suggesting an
inhibitory role in COPII trafficking (122). It seems likely that, as with PDCD6, there may be
multiple levels of regulation of peflin in the context of ERES, such that a knockdown does not
fully explain the function of the protein in the context of COPII trafficking.

TFG, or Trk-fused gene, was first discovered because in certain cancers it forms a fusion
protein with the NTRK1 tyrosine receptor kinase through a chromosomal rearrangement (123).
A yeast-two-hybrid screen for binding partners of TFG amino acids 1-193 revealed that TFG
binds NEMO and TANK, proteins that modulate NFxB activity (124). These interactions were
confirmed in human cell lines, and it was also shown that overexpression of TFG led to higher

NFkB activity after stimulation with TNFa (124). Contradicting this, a later study showed that
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depletion of TFG using a short hairpin RNA led to an increase in NFxB and IFNf activity (125).
This result is not necessarily contradictory on a biological level, as overexpression of other ERES
proteins had an inhibitory effect, so TFG overexpression may result in reduced functionality,
mimicking TFG depletion. Chlamydia is known to suppress NFxB activity but it is not fully
understood how this occurs (46). During Sendai virus infection, TFG interacts with TRIM25, a
critical component of RIG-I antiviral signaling (125). This suggests that TFG may have different
binding partners during infection with viruses or bacteria. A final study connecting TFG and
innate immunity showed that TFG drives IFNf} production and can be targeted for lysosomal
degradation by TRIM68 ubiquitination (126).

In the context of ERES, the Audhya group showed in C. elegans and human cells TFG
directly interacted with Sec16 to allow proper assembly of COPII subunits, and was required for
COPII cargo secretion (127). They showed TFG forms octameric, cup-like structures that can
assemble into larger polymers within a cell, and it was suggested to promote concentration of
COPII vesicles to allow them to fuse prior to fusion with the ERGIC (128). The same group
found that TFG localization to ERES was mainly mediated by direct binding to the inner coat
protein Sec23, and it was proposed that TFG promotes uncoating by outcompeting the COPII
outer coat (129). In this model, TFG oligomers form a network near ERES and this network
prevents COPII vesicles from diffusing away from ERES and the ERGIC (129). TFG binds Sec23
to compete off the Sec31 outer coat, these vesicles then get fully uncoated by an unknown
mechanism and can fuse together and reach the ERGIC (129). A competing model from the
Stephens group proposed that TFG oligomerization allows large ERES to form, promoting
secretion of large cargo like procollagen (130). This model is supported by data showing that
upon TFG depletion, ERES are more dispersed throughout the cell and do not form clusters
seen in control cells (130). There was no defect in secretion of most model COPII cargo during
TFG depletion, however there was a decrease in procollagen secretion (130). This led to the

hypothesis that TFG allows clustering of ERES, and these larger clusters are able to more
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efficiently secrete procollagen. Overall, TFG is localized to ERES and seems to have a functional
role in COPII trafficking, but it remains to be seen if TFG is required for general secretion or
only for specific cargo.

Although TFG, peflin and PDCD6 have clear connections to ERES, further studies will be
required to resolve some of the conflicting models of how these proteins function. Both TFG and
peflin bind PDCD6 so these proteins may be forming a complex on the inclusion membrane.
Since TFG has been shown to oligomerize and form a scaffold to keep COPII vesicles near the
ERGIC, perhaps it could also keep COPII vesicles near the inclusion membrane. Studying how
these proteins relate to Chlamydia infection may reveal novel findings relevant to basic biology

in the context of COPII trafficking.

Results

Localization of TFG and TFG mutants

To investigate the role of PDCD6, peflin, and TFG in C. trachomatis infection, we first
sought to determine if the localization of these proteins resembled other ERES proteins that we
investigated. First we used an antibody to test TFG localization (Figure 4—1). TFG localized to
punctae that looked very similar to Sec16 and Sec31 in Chlamydia-infected cells, with a
concentration of ERES around the inclusion membrane (Figure 4—1). To check if TFG
localization was dependent on its interaction with Sec23 or PDCD6, we made plasmids with
either full length TFG, or a truncated version that is missing 20 amino acids on the C-terminus
corresponding to the Sec23 binding site (referred to as TFG1-380) (129). We also made a point
mutant with an R106C amino acid change; this mutant is unable to bind PDCD6 (119). These
three versions of TFG were flag-tagged and transiently transfected into HeLa cells. Transfected
cells were infected with C. trachomatis, then fixed at 24 hpi and stained for

immunofluorescence. We found that full length TFG formed larger punctae than were observed
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with the antibody targeting endogenous TFG (Figure 4—2). This is consistent with data from the
literature showing that TFG forms oligomers, and suggests that high levels of TFG may
oligomerize into larger punctae. The distribution of TFG R106C was indistinguishable from wild
type TFG; thus, PDCD6 binding does not seem to have a major effect on TFG localization in
Chlamydia-infected cells (Figure 4—2). Interestingly, the TFG1-380 protein had a very different
localization (Figure 4—2). It was largely not in punctae, but localized throughout the cytoplasm
with a portion accumulating on the inclusion membrane (Figure 4—2). This suggests that in the
absence of Sec23 binding, other TFG binding partners may be able to recruit TFG to the
inclusion membrane. An alternative explanation is that full length TFG may be transiently
recruited to the inclusion membrane, but in the absence of Sec23 binding it is unable to

efficiently dissociate from the inclusion.

TFG IncA DAPI Merge

Merged
planes

Figure 4—1. TFG localizes to ERES and distributes around inclusion membrane.

HeLa cells were infected with C. trachomatis and fixed at 24 hpi. Cells labeled with anti-TFG
(first column, green in merge), anti-IncA (second column, purple in merge), and DAPI (blue).
TFG was concentrated around inclusion membrane, marked by IncA, and sometimes overlapped
with IncA. Images are 60x magnification, deconvolved z-series. Top row is merged z-series,
bottom row is single plane.
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TFG R106C-flag « | TFG(1-380)-flag

Figure 4—2. TFG accumulates on inclusion membrane when Sec23 binding is
abrogated.

HeLa cells were transfected with plasmids expressing flag-tagged full length TFG (amino acids
1-400), flag-tagged TFG without the Sec23 binding region (amino acids 1-380), or an empty
vector expressing the flag tag. Cells were infected with C. trachomatis, fixed at 24 hpi and
stained for immunofluorescence. Overexpressed proteins were labeled with an anti-flag
antibody, nuclei and inclusions (labeled with I) were labeled with DAPI. Full length TFG
localized to punctae similar to other ERES proteins. Truncated TFG lacking the Sec23 binding
region formed a ring (arrow) around the inclusion membrane. Flag tag was ubiquitously
distributed throughout the cell. Images are 60x magnification, single planes from deconvolved
z-series.

PDCD6 localization with calcium perturbation

We next made a plasmid to express a PDCD6-GFP fusion to allow live imaging of this
protein. We transfected HeLa cells with this construct, then infected with C. trachomatis and
assessed PDCD6 localization in living cells at 24 hpi. PDCD6 localization was different from
other ERES proteins (Sec16, Sec31, and Sec12), a significant portion localized throughout the
cytoplasm and nucleus, as well as punctae corresponding to ERES (Figure 4—3A). In live
infected cells, there was a faint accumulation of PDCD6 along the inclusion membrane (Figure
4—3B). Since PDCD6 is recruited to ERES when bound to calcium, we tested the localization of
PDCD6 when intracellular calcium was increased using thapsigargin or chelated using
BAPTA/AM. Confirming what has been shown previously (uninfected cells), increasing
intracellular calcium decreased the amount of cytoplasmic/nuclear PDCD6 and increased the
amount of PDCD6 forming punctae characteristic of ERES (Figure 4—3B). Increasing

intracellular calcium levels with thapsigargin greatly increased the association of PDCD6 with
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the inclusion membrane (Figure 4—3B). This indicates that PDCD6 dynamically associates with
the inclusion membrane in a calcium dependent manner. Supporting this, when intracellular
calcium was chelated there was no visible association of PDCD6 with the inclusion membrane or
ERES (Figure 4—3B). With reduced calcium PDCD6 was evenly distributed throughout the
cytoplasm and nucleus.

Since peflin has been reported to either antagonize or cooperate with PDCD6, we wanted
to check how peflin localized under the same conditions. Unfortunately, we observed peflin
localization was disrupted when fused to a fluorescent protein, with mScarlet-peflin not
localizing to ERES and not resembling the localization of endogenous peflin that has been
shown by antibody or epitope tagged peflin (118). We were unable to maintain the localization of
PDCD6-EGFP following fixation, so an epitope tagged peflin likely would not work well for
testing localization during calcium perturbation. Further testing of peflin constructs may resolve
this issue and determine whether peflin is also recruited to the inclusion membrane under
elevated calcium levels. It has been shown that TFG is recruited to ERES based on its
interactions with PDCD6, so it should be tested if TFG is also increased on the inclusion

membrane following thapsigargin treatment.
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A PDCD6-EGFP

B PDCD6-EGFP PDCD6-EGFP + Thapsigargin PDCD6-EGFP+BAPTA/AM

Figure 4—3. PDCDG6 localizes to ERES and the inclusion membrane in a calcium-
dependent manner.

HelLa cells were transfected with a plasmid expressing PDCD6-EGFP, then infected with C.
trachomatis for 24 hours. Images are 60x magnification, single plane from deconvolved z-
series. (A) Cells were fixed and stained with anti-Sec16A antibody (purple) and DAPI (blue).
PDCDG6 (green) was distributed throughout the cell and also localized to punctae that
overlapped with Sec16A. (B) Live cells were incubated for 1 hour in Ringer’s solution (first
panel), Ringer’s solution with 2 pM Thapsigargin (middle panel), or calcium-free Ringer’s with
calcium chelator BAPTA/AM (last panel). Representative images were taken of live cells in
solutions listed. DNA was labeled with Hoechst (blue). Inclusions labeled I, arrows indicate
regions of inclusion membrane with PDCD6 associated.
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Depletion of peflin and PDCD6

As an alternative to testing peflin co-localization with PDCD6 during infection, we used
RNA interference to investigate whether PDCD6 and peflin knockdown led to Chlamydia
growth phenotypes. Peflin knockdown showed similar effects to Sec12 or cTAGEs5, reducing IFU
by 54.3% compared to a scrambled control (Figure 4—4A). Unexpectedly, PDCD6 had a different
effect from all other ERES proteins tested, and knockdown resulted in 60.2% enhanced
production of infectious progeny (Figure 4—4A).

To test the effect of peflin knockdown on PDCD6 localization we transfected HeLa cells
with siRNA oligos targeting peflin, incubated the cells 72 hours, then infected with C.
trachomatis and fixed the cells at 24 hpi to process for immunofluorescence. We used a PDCD6
antibody to avoid potential artefacts from fusion protein overexpression. In cells depleted of
peflin we observed frequent enrichment of PDCD6 in large spots adjacent to chlamydial
inclusions (Figure 4—4B). In the control cells these punctae were rarely observed; however, large
aggregates of PDCD6 were observed in some cells (Figure 4—4B). This aggregation did not seem

to be specific to infected cells, and was also observed in uninfected cells.
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Figure 4—4. Knockdown of PDCD6 and peflin have opposing effects on Chlamydia
growth.

HelLa cells were transfected for with siRNA oligonucleotides targeting PDCD6, peflin, or non-
targeting control. After 72 hours, cells were infected with C. trachomatis for 48 hours (A) or 24
hours (B). (A) Cells were lysed at 48 hours and serial dilutions of lysate were plated on fresh
monolayer of HeLa cells to measure IFU. Knockdown of PDCD6 resulted in enhanced IFU
production compared to control, while peflin knockdown decreased IFU production. N = 3. (B)
Cells were fixed at 24 hpi and stained with anti-PDCD6 (green) and DAPI (blue). Arrows
indicate large punctae of PDCD6. Top row is representative image of cells transfected with non-
targeting control, bottom row are transfected with oligonucleotide targeting peflin. Images are
20x magnification.

Discussion
Peflin, PDCD6, and TFG are functionally enigmatic in the context of ERES regulation,

but at least in the case of PDCD6 and TFG they seem to overlap with most of the inclusion
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membrane compared to other markers of ERES such as Sec16 and Sec31 which overlap in small
punctae along the inclusion membrane. It is difficult to translate what the association of a
truncated TFG to the inclusion means in relation to endogenous TFG. There is a predicted splice
variant of TFG that is only 184 amino acids, compared to the 400 amino acid full length TFG.
The antibody used in our studies was a monoclonal raised against the C terminus so it would not
show the localization of the shortened splice variant. No studies have investigated the relative
abundance or localization of this splice variant, but if it is expressed it may be recruited to the
inclusion membrane. Further studies with could show if this variant is expressed in Chlamydia-
infected cells and if its localization is similar to the TFG1-380 protein.

PDCDG6 is recruited to both ERES and the inclusion membrane in a calcium dependent
manner, and it would be informative to determine what binding partners allow PDCD6
recruitment to the inclusion, or if PDCD6 interacts directly with an inclusion membrane
localized Chlamydia effector protein. In the literature, previous studies have not examined
calcium-dependent interactions with the inclusion, but calcium-dependent associations may
extend beyond PDCD6 and could be an important context to include in future pulldown
experiments. For affinity purification of 58 predicted Incs there were several Incs that did not
reveal any binding partners under the conditions tested, but perhaps doing a pulldown in
elevated calcium could reveal novel protein-protein interactions (40).

A redistribution of PDCD6 to single foci within cells following peflin knockdown has not
been reported. This localization pattern resembled an aggresome, a structure that forms when
there is an excessive amount of misfolded or unstable protein that overwhelms the proteasome
(131). There is generally only a single aggresome per cell, and it localizes in the perinuclear
region near the MTOC, which is consistent with the PDCD6 punctae observed during peflin
knockdown (131). Due to previous studies showing that PDCD6 and peflin are stabilized through
dimerization we hypothesize that in the absence of peflin, PDCD6 is unable to form stable

PDCD6-peflin dimers, leading to a pool of unstable PDCD6 getting targeted for degradation. We
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did not observe a reduction in PDCD6 by western blot at 72 hours post transfection, but other
studies did report that there were reduced levels of PDCD6 following peflin knockdown
(118,122). It is possible in our system we checked PDCD®6 levels too early after transfection,
which would fit well with aggresome kinetics. When the proteasome gets overwhelmed and an
aggresome forms, this aggregate is resistant to degradation, but it eventually gets degraded
through aggrephagy, a form of selective autophagy (131,132). Further studies should examine
PDCD6 foci for aggresome markers such as vimentin, ubiquitin, and association with the MTOC
(132).

Peflin function remains unclear and future studies should confirm if it is inhibiting or
enhancing ERES function and COPII vesicle production. In Chlamydia-infected cells, peflin
knockdown seemed to mimic the knockdown of other ERES components that would cause
reduced COPII vesicle trafficking following depletion, but it should be tested whether peflin,
Sec12, or cTAGE5 knockdown all cause reduction in COPII cargo export in infected cells.
Previous studies have shown that peflin function can be regulated by ubiquitin, with
ubiquitinated peflin binding PDCD6 in a calcium dependent manner while unmodified peflin
does not seem to be affected by calcium (118). Determining peflin localization during Chlamydia
infection may help determine if PDCD6 and peflin are both recruited to the inclusion membrane
in a calcium dependent manner, and determine if peflin is antagonizing PDCD6. Testing peflin
ubiquitination during Chlamydia infection may provide another layer of regulation of ERES
during infection. If peflin is ubiquitinated it may suggest a need for secretion of large cargo, as
has been shown in the context of collagen secretion (118). Chlamydia has been shown to de-
ubiquitinate proteins on the inclusion membrane, so it could also prevent large cargo secretion
by de-ubiquitination of peflin or Sec31 (133).

Finally, although TFG and peflin have been shown to bind PDCD6 in other contexts, it
should be confirmed that they also bind each other in Chlamydia-infected cells (118,119). It is

also unclear if TFG, peflin, and PDCD6 are all present in the same complex, or if TFG and peflin
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independently interact with PDCD6. It would likely be very informative to compare pulldowns
of each protein in uninfected versus infected cells, both under normal and elevated calcium
levels. This could provide protein targets to investigate as mediators of inclusion-ERES

interactions.

Materials and Methods

Antibodies and reagents

All reagents were purchased from Thermo Fisher Scientific (Rockford, IL) unless
otherwise noted. Primary antibodies used in this study and their catalog numbers: Sec16A
(Bethyl Laboratories, Montgomery, TX; A300-648A-M), IncA (gift from Daniel Rockey), Flag
(Millipore Sigma; F1804), PDCD6 (Proteintech, Rosemont, IL; 12303-1-AP). Secondary

antibodies used: Goat anti-Mouse DyLight 594, Goat anti-Rabbit Alexa 488.

Plasmid constructs

Plasmids were isolated using the Qiaprep Spin Miniprep kit or the HiSpeed Plasmid Midi
kit (Qiagen, Germantown, MD).

TFG constructs were made in the pEBFP2-N1 backbone, with an N-terminal flag fused to
TFG, TFG1-380, or TFG R106C. At C-terminus of TFG variants was P2A sequence, followed by
EBFP2. pEBFP2-N1 was a gift from Michael Davidson (Addgene plasmid # 54595).

PDCD6-EGFP was made in pEGFP-C1 backbone. PDCD6 was placed at C-terminus of
EGFP.
Immunofluorescence and live cell microscopy

For immunofluorescence microscopy, cells were rinsed in HBSS, then fixed for 15
minutes in 3.7% paraformaldehyde in HBSS. Cells were rinsed 2 times in HBSS, then

permeabilized with 0.5% triton X-100 for 15 minutes, and blocked in 1% bovine serum albumin
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(BSA) in PBS for 20 minutes. Samples were incubated with primary antibodies for 1 hour at
room temperature in blocking buffer, then rinsed 3 times in blocking buffer, then incubated 45
minutes at room temperature with secondary antibodies in blocking buffer. DAPI was used to
stain DNA, and added during the secondary antibody step. Cells were imaged on a Nikon Ti-E
inverted microscope and images were captured on a Hamamatsu camera controller C10600.
Images were processed using Volocity software (PerkinElmer, Waltham, MA).

For live imaging of PDCD6-EGFP in steady state or increased intracellular calcium, cells
were incubated in Ringer’s solution (155 mM NacCl, 4.5 mM KCI, 1 mM MgCl2, 2 mM CaClz2, 10
mM D-glucose, 5 mM Hepes, pH 7.4) for 1 hour at 37°C. For increased intracellular calcium, 2
uM Thapsigargin (Millipore Sigma) was added to Ringer’s solution. For depleted intracellular
calcium, cells were incubated in calcium-free Ringer’s solution (155 mM NaCl, 4.5 mM KCl, 3
mM MgCl2, 10 mM D-glucose, 1 mM EGTA, 5 mM Hepes, pH 7.4) containing 50 uM
BAPTA/AM. After 1 hour, Hoechst was added to solutions to label DNA, then cells were imaged
on a Nikon Ti-E inverted microscope and images were captured on a Hamamatsu camera

controller C10600. Images were processed using Volocity software.

siRNA and plasmid transfections

For siRNA transfections, HeLa cells were plated in 24 well plates to 60-80% confluence.
For 24 well plates, 50 puL Opti-MEM (Gibco) medium containing 5 pmol siRNA oligonucleotides
and 1.5 pL Lipofectamine RNAIMAX was added to each well. Following transfection, cells were
incubated for 72 hours at 37°C prior to infection or protein analysis by western blot.
Oligonucleotides were Dharmacon siGenome smartpools of 4 different oligonucleotide
sequences.

For mammalian plasmid transfections, HeLa cells were plated in 4 well chamber slides

(Nunc Lab-Tek), and infected with C. trachomatis L2. Immediately after infection, each well
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was transfected with 50 uL Opti-MEM containing 500 ng plasmid and 1.5 pL Lipofectamine

2000.

Quantitative PCR analysis

For qRT-PCR confirming siRNA knockdown, HeLa cells were plated in 24 well plates,
and transfected with siRNA oligos as described above. Cells were incubated for 72 hours, then
cell pellets were frozen until RNA extraction.

RNA was extracted using the Qiagen RNeasy mini kit (Qiagen). cDNA was made using
the iScript cDNA synthesis kit (Bio-Rad). qRT-PCR reactions were set up with SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) and run on the StepOnePlus Real-Time PCR system
(Applied Biosystems, Foster City, CA). GAPDH was used as the housekeeping gene, and the

AACT method was used to calculate relative expression.
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Figure S4—1. PDCD6 and peflin were efficiently depleted.

HelLa cells were transfected with oligonucleotides targeting PDCD6, peflin (PEF1) or non-
targeting control. After 72 hours, cells were lysed and RNA was extracted. Relative expression
was measured using qRT-PCR.
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Chapter 5 — Conclusions and Future Directions

Summary of Findings

This dissertation presents a novel data set of proposed Chlamydia trachomatis inclusion
membrane associated proteins. We explored one identified host pathway from this data set and
highlighted the important functional interaction between the Chlamydia inclusion membrane
and ER exit sites. We combined our proteomics data set with previous mass spectrometry
experiments, creating a comprehensive list of host proteins that may have important roles
during infection. This will provide a valuable resource for developing new hypotheses about how
Chlamydia is able to survive within the host cell.

Chapter 2 presents the adaptation of the APEX system of proximity-dependent
biotinylation and provides many novel host proteins associated with the Chlamydia inclusion at
three time points during infection. We detected 89 proteins at 8 hpi, an early time point that has
never been studied using mass spectrometry techniques. Determining which of these proteins
are required for Chlamydia growth could provide host targets to manipulate to decrease
Chlamydia growth at a stage before significant replication has occurred. The 16 hpi time point is
also earlier than the other mass spectrometry study using infected cells, so the 179 proteins
identified at that time also provide host proteins to study in context of early infection. Overall
the 452 proteins identified by IncB-APEX contribute not only novel host proteins that may be
important for Chlamydia growth but also corroborates some of the proteins found by AP-MS or
inclusion-MS (40,42). While each study on its own likely contains false positives, proteins
identified by more than one of these different techniques represent higher confidence inclusion-
associated proteins to investigate further. Especially for the proteins identified by AP-MS which
have a proposed Inc binding partner, as Chlamydia genetic techniques advance there will be

more opportunities for connecting host pathways to specific Incs.
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ERES proteins were labeled by IncB-APEX at all three time points during infection.
Chapter 3 investigates the functional consequence of impairing ERES function during infection,
and examines the localization of well characterized ERES markers. We found that depletion
using RNA interference of two ERES regulatory proteins impaired growth, but depletion of
other proteins thought to be required for COPII secretion had no effect on Chlamydia growth.
This suggests that Chlamydia may not necessarily require general COPII secretion, but may
require a certain subset of vesicles or may require certain proteins to be present at ERES to
properly interact with these sites. Chemical inhibition of COPII budding or COPII cargo sorting
during infection led to a dramatic reduction in Chlamydia infectious progeny. The effect seen
from dysregulating COPII cargo sorting supports the RNA interference, suggesting that general
secretion of COPII vesicles is not sufficient to allow normal Chlamydia growth. Importantly,
none of the effects seen during RNA interference or chemical inhibition seemed to be related to
inhibition of golgi vesicle formation or membrane contact sites with the ER, two pathways that
have been shown to be important for Chlamydia growth (9,12).

IncB-APEX identified three proteins that have been connected to ERES but have no
clearly defined functions with COPII trafficking. Chapter 4 investigates the role of these proteins
during infection and finds that in certain contexts two of these proteins are more highly
recruited to the inclusion membrane than the ERES markers studied in Chapter 3. PDCD6 was
recruited to the inclusion in a calcium-dependent manner, and TFG was recruited in the absence
of the Sec23 binding domain. Peflin has proven difficult to express from a plasmid and has
limited antibodies available, so it the localization of peflin during infection is still unclear.
Interestingly, two of these proteins, PDCD6 and peflin, have opposing effects on Chlamydia
growth. Depletion of peflin using RNA interference had a similar effect to depletion of other
ERES proteins Sec12 and cTAGE5, with a reduction in infectious progeny. PDCD6 knockdown,

however, led to an increase in infectious progeny.
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Overall, APEX has been a valuable tool for studying Chlamydia-host interactions and
has identified ERES as a novel pathway required for Chlamydia growth. This dissertation
contributes a more thorough understanding of the proteins associating with the inclusion
membrane, at earlier stages during infection than have been previously studied using mass
spectrometry. Further investigation of proteins identified by IncB-APEX could reveal many

other ways that the inclusion interacts with host proteins.

Future directions of inclusion membrane proteomics

Many proteins identified by IncB-APEX should be studied further to determine their
functions during Chlamydia infection. Several interesting groups of proteins are highlighted in
the Discussion section of Chapter 2. The proteome of the inclusion membrane remains
incomplete. IncB-APEX detected many proteins that have been previously shown to be recruited
to the inclusion membrane, but it also missed many proteins. APEX is a highly flexible and with
further experimentation it would likely yield many more inclusion-associated proteins. In
addition to APEX, there are several versions of other enzymes that perform proximity-
dependent biotinylation that may be useful for investigating Chlamydia pathogenesis.

One obvious next step is to express APEX tagged to different Incs. Our preliminary data
indicated that CT223-APEX and IncB-APEX identified very similar proteins, but there are likely
Incs that would yield different results. Expressing a microdomain-localized Inc at a level that
maintained a microdomain-specific localization could identify proteins associated with
microdomains. As Chlamydia genetic techniques improve, APEX could be integrated into the
genome, allowing fusion to proteins that will be expressed at endogenous levels.

In the past few years multiple Incs have been knocked out and these knockouts had
different effects on Chlamydia growth. For a few Incs, knockout led to premature lysis of the
inclusion or host cell death (134,135). Premature cell death or vacuolar lysis seems to be

mediated by innate immune activation (134,135). For the Inc CpoS, it only dampened the
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immune response to the inclusion it was located, rather than in the whole cell (135). If a cell had
one inclusion without CpoS and one inclusion with CpoS it would still undergo cell death (135).
This implies there are specific protein-protein interactions at the inclusion membrane that allow
inhibition of immune responses to the inclusion. APEX could be used to determine what
proteins are lacking or recruited in the knockouts that leads to premature inclusion lysis or cell
death. The knockout strains could be transformed to express APEX tagged to an unrelated Inc
like IncA, and a complemented version of the knockout could also transformed to express the
exact same APEX construct. Biotinylation of these two strains may reveal the differences in
proteins that leads to the knockout phenotype. Inclusion lysis and host cell death generally
occurred around 18 hpi, so testing proteins prior this time point would prevent severe
differences in host cell viability. In addition to these Inc knockouts that have severe phenotypes,
APEX may be able to identify proteomic differences in Inc knockouts that have no apparent
phenotype.

Most in vitro C. trachomatis studies are done using serovar L2, the causative agent of
lymphogranuloma venereum, but the most common human infections are caused by the
sexually transmitted serovars D-K (136). Additionally, the A-C serovars cause ocular infections
(136). There are also different species of Chlamydia, with Chlamydia pneumoniae and
Chlamydia psittaci also infecting humans and causing respiratory infections (137). C. psittaci
mainly infects birds, but can infect humans (138). There are other species of Chlamydia that
infect animals, such as C. muridarum (mice), C. suis (pigs), C. abortus (sheep), and C. caviae
(guinea pigs) (138). It could be very informative to compare the proteins associating with the
inclusions of some of these different serovars and species of Chlamydia. This information could
determine what responses are general to these intracellular pathogens, and what protein-protein
interactions arose from host adaptation, as C. trachomatis is thought to be highly adapted to the
human host. It is not possible to genetically transform many of these species or serovars, both

for biological reasons and the regulatory limitations on introducing antibiotic resistance into
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human pathogens. For this reason, it would likely make more sense to fuse APEX to a host
protein that is known to be recruited to the inclusion membrane. Then these host cells could be
infected with different Chlamydia serovars or species to determine what proteins are shared or
unique. This could inform which proteins within the host have become associated with C.
trachomatis during its adaptation to the human host, as well as human proteins that may have
evolved in response to repeated Chlamydia infection.

All of the studies in this dissertation were performed in HeLa cells, so doing similar
experiments in primary cells, or even different cell lines would allow differentiation between
more universally important proteins, rather than cell-type specific interactions. In an in vivo
infection epithelial cells of the upper genital tract mucosa would be exposed to different
cytokines, such as IFN-y. Chlamydia growth is reduced in vitro with IFN-y treatment and it has
been shown that different host proteins associate with Chlamydia inclusions following IFN-y
treatment (139,140). The enzyme TurbolD is an optimized version of the BirA enzyme used for
BioID; TurboID and BioID also perform proximity-dependent biotinylation but continuously
biotinylate proteins in close proximity, rather than during a quick reaction like APEX does
(141,142). The benefit of these systems are that they can be used in vivo since hydrogen peroxide
is toxic. Testing proteins associated with the inclusion in a mouse model of infection may be
most representative of a human infection.

APEX and proximity-dependent biotinylation are powerful tools for studying host-
pathogen interactions. These tools will allow mapping of the chlamydial inclusion proteome
under different conditions without significant genetic manipulation, which would be very time
consuming in Chlamydia. Besides the experiments listed here, there are many more ways to use

APEX to resolve questions about how Chlamydia is able to grow and survive within cells.
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Future directions of ERES-inclusion interactions

This dissertation has identified that ERES are important for chlamydial growth, but the
main questions remain of why they are important, and how these interactions are mediated.
Determining which Chlamydia and host proteins are directly binding would be an important
next step towards elucidating how and why ERES-inclusion interactions occur, and whether the
inclusion is interacting with ERES on the ER or COPII vesicles. Since many proteins are
trafficked through ERES and the functions of ERES proteins are not well understood it is
difficult to determine why this interaction may affect Chlamydia growth. With an improved
understanding of the basic biology of ERES and COPII trafficking, it may become easier to
figure out what is happening during Chlamydia infection.

To figure out which proteins are directly mediating inclusion-ERES interactions, simple
pulldowns may yield valuable results. Since we now know that PDCD6 and TFG1-380 are
strongly recruited to the inclusion membrane, they are top candidates for pulling down during
infection to identify binding partners. These proteins accumulate along the entire inclusion
membrane, at least when overexpressed, and it therefore seems likely that they directly or
indirectly bind a Chlamydia protein on the inclusion membrane. PDCD6 is thought to
translocate to membranes upon calcium binding, so it is also possible that it is directly binding
lipids in the inclusion membrane (108). Doing pulldowns with elevated or depleted calcium may
reveal how PDCD6 or TFG are targeted to the inclusion membrane, and if these binding
partners are necessary for the interactions between the inclusion and ERES. It may also be
informative to use the IncB-APEX Chlamydia and biotinylate the inclusion membrane in the
presence of the ERES inhibitors or after knockdown of specific ERES proteins.

It is curious that the primary infection during chemical inhibition of ERES or
knockdown of ERES proteins largely appears normal. Unless inhibitors are added very early
during infection, the inclusion grows at a normal rate despite very few infectious progeny

forming. Genome copy number indicated that after treatment with the inhibitors there are many
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organisms present that are not infectious. It is unclear if these are RB that failed to convert to
EB, or these are EB that are not infectious. The standard way to identify RB or EB is through
electron microscopy. Examining the presence of the different developmental forms after
treatment with ERES inhibitors would determine if there were reduced EB present. If the RB to
EB transition is not blocked, it would be interesting to try and detect differences between
normal EB and those formed in the presence of the inhibitors. Proteomics or lipidomics of
purified EB following treatment with ERES may reveal structural differences that are abrogating
infectivity. In addition to proteomic or lipid differences, glycosylation of proteins in the
Chlamydia outer membrane is also thought to be important for infectivity (143—145).
Abrogation of essential modifications of EB that confer infectivity could explain the discordance
between inclusion size and IFU following treatment with ERES inhibitors.

There are several connections between TFG and innate immune signaling, such as IFNf3
and NFxB activation. Innate signaling during ERES inhibition with FLI-06 or 4PBA has not
been studied, but if it results in enhanced activation of an immune response to Chlamydia this
could explain the reduction in Chlamydia growth. Conversely, it has been shown that certain
levels of immune signaling are beneficial to Chlamydia growth so ERES inhibition could affect
growth by decreasing signaling. For example, caspase-1 activation through the NLRP3
inflammasome is required for optimal Chlamydia growth in vitro (146). Recently, a genome
wide RNAi screen of host genes found that knockdown of several pro-inflammatory signaling
proteins resulted in highly reduced Chlamydia growth (147). Knockdown of proteins such as
IRAK1, TLR2, PYCARD, and IxB should reduce inflammatory signaling, yet unexpectedly this
had a negative effect on Chlamydia growth (147). TFG has had mixed results in how it effects
innate immune signaling, but further study of ERES knockdowns and inhibitors could
determine if ERES have a role in the immune response to Chlamydia, and if this contributes to

the reduction in chlamydial growth.
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In addition to the several hypotheses outlined here, there are many other proteins that
get trafficked through COPII vesicles that may be responsible for the growth defect seen during
ERES inhibition. Further inquiry into the protein-protein interactions between Chlamydia and
ERES, or differences between bacteria grown in the presence of ERES inhibitors may indicate

alternative mechanisms of Chlamydia growth disruption.

Final thoughts

APEX is a powerful tool for studying the inclusion membrane proteome at different times
during infection. The work in this dissertation has identified many novel host proteins
associated with the inclusion membrane, and we have investigated a small subset of these
proteins that are involved in ERES regulation. This revealed an important requirement of ERES
function for Chlamydia growth that is distinct from known interactions between Chlamydia and
ER membrane contact sites or the golgi. Further investigation into ERES in the context of
Chlamydia infection is necessary to determine how these sites are affecting Chlamydia growth.
Investigation of other proteins identified by APEX will likely yield other important host

pathways that could provide valuable targets for disrupting Chlamydia growth.
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