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ABSTRACT OF DISSERTATION

APPLICATION OF GENETIC TECHNIQUES TO INVESTIGATE CHLAMYDIA
TRACHOMATIS TYPE III SECRETION EFFECTOR BIOLOGY

Chlamydia trachomatis is the causative agent of the most reported bacterial
sexually transmitted disease in the United States. The establishment of an intracellular
niche within mucosal epithelium is sufficient to drive immunopathology and disease
sequela. As obligate intracellular bacteria, Chlamydia spp. have evolved numerous
mechanisms for establishing an intracellular growth environment. The type III secretion
system (T3SS) delivers effector proteins to the host cytosol and is essential for C.
trachomatis invasion and development. The effectors TmeA, TmeB, and TarP, are all
secreted during C. trachomatis invasion. TarP and TmeA have been associated with
manipulation of actin networks and are essential for normal invasion levels. The functions
of TarP are well established, whereas TmeA is less well characterized, and the role of
TmeB is entirely unknown.

Recent progress in elucidating and characterizing these effectors has been bolstered
by the development of techniques enabling basic genetic tractability of C. trachomatis L2.
Florescence-reported allelic exchange mutagenesis (FRAEM) couples chromosomal gene
deletion with the insertion of a selection cassette encoding antibiotic resistance and green
fluorescent protein (GFP); however, FRAEM-mediated deletion of Chlamydia trachomatis
tmeA produces a polar effect on the downstream gene, tmeB, and negatively impacts its
expression. Our laboratory has adapted FRAEM technology by employing a gfp-bla
cassette flanked by /JoxP sites. Conditional expression of Cre recombinase in C.
trachomatis tmeA null strain containing a floxed cassette resulted in the deletion of the
marker cassette and restoration of tmeB expression.

The work presented here utilizes the novel marker-less C. trachomatis deletion
mutant to determine the importance of TmeA and TmeB during development and identify
their eukaryotic host targets. We leverage chlamydial genetics and proximity labeling to



provide evidence that TmeA directly targets host N-WASP to promote Arp2/3-dependent
actin polymerization. Our work also shows that TmeA and TarP influence separate yet
synergistic pathways to accomplish chlamydial entry, while TmeB functions
antagonistically to TmeA and inhibits Arp2/3-mediated actin polymerization.
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CHAPTER 1. INTRODUCTION

1.1. Chlamydia trachomatis Infection and Disease

Chlamydia trachomatis is an obligate intracellular bacterial pathogen that
represents a significant burden to human health. C. trachomatis belongs to the family
Chlamydiaceae, which are diverse in their ability to infect eukaryotic hosts ranging from
amoebas to humans (1, 2). Three species in the Chlamydia genus are known to cause human
disease: C. trachomatis, C. pneumoniae, and C. psittaci. The species C. trachomatis
contains strains that cause ocular infections and strains that cause genital tract infections
(3-5). Chlamydia pneumoniae causes infection of the upper respiratory tract and is
responsible for 10-20% of adult community-acquired pneumonia (6). Chlamydia psittaci
is a zoonotic infection spread by birds and causes acute respiratory pneumonia which can
be fatal with animal handlers being the most commonly infected (7). C. trachomatis is most
significant to human health as it continues to be the most common bacterial sexually
transmitted infection (STI) in the US, with over 1.7 million cases in 2018 (8), and it is

costly to treat (9).

C. trachomatis preferentially infects columnar epithelial cells and includes 15
different serovars. The serovars are defined by antibody reactivity to four variable domains
of the major outer-membrane protein (MOMP) and correlate with tissue specificity during
infection (10, 11). Serovars A-C are associated with ocular infections and blinding
trachoma, a leading cause of infectious blindness in third-world countries (12). Serovars

D-K infect the genitals and are a primary cause of sexually transmitted disease (STD),



along with serovars L1-L3 which are more invasive and traffic to local lymph nodes and

cause lymphogranuloma venereum (LGV).

The prevalence and disease severity of sexually transmitted C. trachomatis
highlights this organism as an important human pathogen. The actual number of yearly
infections likely exceeds 3 million because nearly 80% of sexually transmitted infections
are asymptomatic (13). Ages 15-24 are the most likely to become infected, and disease
outcomes are more severe for women than men, especially women of color (8, 14). Cervical
ectopy, where columnar epithelium from the inner cervical canal extends onto the cervix’s
external surface, is common in young women and is susceptible to damage during
intercourse. Damage to this tissue increases vulnerability to C. trachomatis infection. From
the lower genital tract, the infection can ascend into the upper genital tract (UGT),
including the uterus and fallopian tubes. Additionally, C. trachomatis genital infection is
associated with increased susceptibility and transmission of other STIs, such as HIV (15,

16).

Host, environmental, and bacterial virulence factors all determine the severity of
disease sequelae. Only 44.7% of asymptomatic and untreated women clear the infection
within one year (17). Failure to clear the infection and repeated exposure can result in
pelvic inflammatory disease (PID), fallopian tube scarring, infertility, and ectopic
pregnancy. Even women who have no infection symptoms, such as painful urination,
vaginal discharge, and pelvic pain, can develop tubal factor infertility without any history
of PID (18). Disease pathologies spur from tissue injury during the host immune response

to the infection (19).



Physicians treat diagnosed infections with antibiotics such as doxycycline and
azithromycin; however, an efficacious vaccine is not yet on the market. Vaccine
development has been challenged by inadequate protective immunity and increased
pathology (reviewed in (20, 21)). In 2019, the first phase 1 clinical trial was completed for
a C. trachomatis vaccine candidate. Researchers found that the vaccine was safe and
immunogenic, yet more testing is required (22). The high incidence of asymptomatic
infections makes the timely administration of antibiotics challenging to prevent disease
pathologies; thus, an effective vaccine is essential. Although the disease consequences of
infection are well characterized, the Chlamydia-induced mechanisms by which they occur

are not fully understood and represent an important research area.

1.2. Immune Responses to C. trachomatis Infection.

Chlamydia spp. maintain a finely tuned relationship with their host to avoid
immune recognition and clearance. Careful regulation of the immune response by the host
is essential for disease outcomes since excessive inflammation can increase tissue damage
and scarring in the fallopian tubes (23). The physical consequence of scarring in the
fallopian tubes may lead to tubal occlusion and infertility. C. trachomatis infection also
induces the loss of microvilli and cilia from the ciliated epithelial cells within the fallopian
tubes, which play a part in fertility (24). Disease outcomes depend on many factors,
including chlamydial antigens, cytokine profile, HLA subtypes, host genetic factors, and

infectious load.



Innate and adaptive immune responses are both elicited during C. trachomatis
infection where innate immunity contributes to limiting ascension and adaptive immunity
contributes to clearance of the infection. Infected epithelial cells initiate inflammation by
producing multiple cytokines such as tumor necrosis factor-o (TNF-a), granulocyte
macrophage-colony stimulating factor (GM-CSF), interleukin (IL)-1, IL-6, and IL-8 (25).
IL-8 attracts leukocytes such as neutrophils, macrophages, dendritic cells (DCs), T-cells,
and natural killer (NK) cells to the site of infection (26). The ability of polymorphonuclear
cells (PMNs) to eliminate Chlamydia is species-specific because C. pneumoniae, for
example, can replicate inside PNMs instead of being killed (27). Macrophages contribute
to controlling infections by phagocytosing extracellular Chlamydia and produce IFN-y (49,
50). Macrophages, along with DCs, also recruit NK cells, B cells, and T cells to the infected
area (49). Due to ethical limitations in collecting human tissue samples, mouse models are
commonly used to study the inflammatory response during infection. In mice, the
infiltration of neutrophils and, to a lesser extent, monocytes occurs within 1-2 days,

however innate immunity is not sufficient for chlamydial clearance (28-30).

Interferon-y (IFN-y) producing CD4" Thl cells are the prominent cell type
involved in the clearance of Chlamydia infection and aid in preventing accession into the
UGT. IFN- vy can activate infected cells to produce the tryptophan-catabolizing enzyme,
indoleamine 2,3-dioxygenase (IDO). Chlamydia require tryptophan for survival; thus, IFN-
v-activated IDO production limits intracellular growth (31). Interestingly, C. trachomatis
strains isolated from human urogenital tracts have been shown to synthesize tryptophan
from indole. The microbiota of the genital tract produce indole, which may provide C.

trachomatis a way to circumvent the inhibitory effects of IFN-y (32, 33); however, HIV-



positive women, with decreased CD4" T cell counts, have an increased risk for developing

Chlamydia-related PID (34).

TNF-a is also a key factor in controlling infection. Recombinant TNF-a alone
inhibits C. trachomatis growth in cell culture (35). The potency of TNF-a growth inhibition
is synergistic with IFN-y and increases 100-fold (35). This effect may be due to an
enhanced mechanism for tryptophan depletion (36). One study examining mononuclear
cells from Chlamydia-infected women found that the predominant Th-1 associated

cytokine response was T cell derived TNF-a and not IFN-y (37).

CDS8" T cells have also been observed at the infection site in non-human primate
models, although their specific role has not been well defined (38). Gene knockout studies
have shown that CD4" T cells play a more prominent role in controlling infection and that
CD8" T cell-deficient mice do not have altered disease outcomes in response to infection
(39, 40). Antibody-producing B-cells can inactivate extracellular Chlamydia; although, the
presence of Chlamydia-specific antibodies during reinfection does not correlate with

increased infection resolution and instead correlates with increased morbidity (41, 42).

Toll-like receptors (TLRs) recognize a variety of pathogen-associated molecular
patterns (PAMPs). TLR4 is a primary signal transducer in response to LPS, and TLR2
detects a variety of ligands, including bacterial lipoproteins, lipopeptides, and
peptidoglycan. TLR2 is the most significant TRL during Chlamydia infection while TLR4
may play a lesser role. Chlamydial LPS is structurally different from many enteric gram-
negative bacteria since it lacks an extended oligosaccharide chain, has five instead of six
fatty acid chains, and has 100-fold lower endotoxic activity compared to Escherichia coli

or Neisseria gonorrhoeae (43-45); however, it does appear to bind TLR4 for signaling

5



activity and TNF stimulation (46). Compared to TLR4, TLR2 appears to have a more
predominant role during infection. Along with MyD88, a TLR adapter protein for nuclear
factor kappa-light-chain enhanced of activated B cells (NF-«xB) activation, TLR2 localizes
to the inclusion membrane, where it likely engages in active signaling during chlamydial
development (47). TLR2 also stimulates proinflammatory cytokines during infection like
TNF-a, IL-1beta, IL-6, and IL-8 (47, 48). In mouse models, TLR2-deficient mice did not
develop oviduct pathology after chlamydial infection. TLR4-deficient mice did not
manifest changes in susceptibility to C. muridarum infection in terms of duration of
infection and pathology. Thus, TLR2, but not TLR4, is involved in disease progression

(48).

A chlamydial lipoprotein macrophage infectivity potentiator (MIP) has also been
shown to stimulate TLR2/TLR6 and CD14 induction of proinflammatory cytokines (49).
These studies used a recombinant MIP due to the lack of a chlamydial mutant; thus, further
exploration is still required. TLR3 has more recently been shown to contribute to IFN-f3
response in Chlamydia-infected oviduct epithelial cells; however, these studies did not
investigate disease in TLR3 knockout mice (50). TLR3 is known to recognize viral double-
stranded RNA to induce an IFN-B response and is located within intracellular
compartments of dendritic cells or on the surface of fibroblasts (51). The chlamydial ligand

for TLR3 has not been determined.

Nucleotide oligomerization domain (NOD) proteins also recognize intracellular
pathogens by sensing peptidoglycan to initiate inflammatory responses. Muramic acid, the
major component of peptidoglycan, has not been found in Chlamydia spp.; however,

Chlamydia contain the genes encoding peptidoglycan precursors (52). NOD-deficient



fibroblasts had significantly reduced NF-xB activation after chlamydial infection
suggesting a role in inflammation; however, NOD1-deficient mice showed no difference
in cytokine production as compared to WT mice. Therefore, NOD1-mediated recognition

of Chlamydia likely plays a minor role (53).

Two models describe the progression of immunopathology: the “immunological
and cellular” paradigms (23). The “immunological paradigm” explains the importance of
antigen-specific adaptive immune responses. The chlamydial heat shock protein 60
(HSP60) and other antigens may have a high degree of homology to human proteins. C.
trachomatis continually stimulates anti-chlamydial immune responses by repeated
exposure and may cause delayed-type hypersensitivity or autoimmunity through molecular
mimicry (reviewed in (54)). The “cellular paradigm” of chlamydial pathogenesis describes
the host response to Chlamydia as initiated and sustained by infected epithelial cells (19).
Intracellular infection leads to prolonged cytokine responses and low-level immune
stimulation. The “cellular paradigm” underscores the importance of understanding the

factors governing C. trachomatis intracellular survival.

Chronic immune stimulation in response to C. trachomatis promotes tissue injury
and fibrosis through host proteins such as Caspase-1 and matrix metalloproteinase (MMP-
9). When activated, Caspase-1 is an enzyme that cleaves pro-IL-1 to form mature IL-1f,
a potent proinflammatory cytokine that activates neutrophils, monocytes, and macrophages
while inducing Thl and Th17 responses (reviewed in (55)). In the absence of infiltrating
leukocytes, IL-1p and IL-1 receptor synthesis was upregulated in epithelial cells after C.
trachomatis infection and resulted in the destruction of fallopian tubes in an ex vivo model

(56). These data support the “cellular paradigm” model where epithelial cells are the



primary drivers of pathology; however, a complete mechanism by which fallopian tube
damage occurs remains unresolved. MMPs produced by neutrophils (57) also significantly
contribute to Chlamydia-induced tubal factor infertility. MMPs are endopeptidases and are
involved in various processes like skeletal growth and remodeling, wound healing, and
cancer. MMPs can degrade the basement membranes of tissues and extracellular matrix
components like collagen I and collagen IV, and they play a role in several inflammatory
and fibrotic diseases (58). MMPs have been identified in Chlamydia-infected fallopian tube

organ cultures (59) and are linked to oviduct fibrosis and scarring (MMP-2) (60).

Not all women develop scarring in the reproductive tract after C. trachomatis
genital infection, so there are likely multiple genetic host factors that influence disease
outcomes. For example, variation in the expression of IL-10 and IFN-y genes are associated
with the intensity of lymphocyte proliferation during the immune response (23) and

influence Chlamydia-infected women’s chances of fallopian tube damage (38, 61).

Chronic C. trachomatis infections are common and result from repeated exposure
or persistence after failure to resolve the infection without treatment (62-64). With a
dependence on intracellular development and a long evolution with eukaryotic hosts, it is
not surprising that C. trachomatis have established multiple strategies to avoid immune
clearance. For example, C. trachomatis are largely resistant to the membrane attack
complex/Perforin (MACPF)-domain proteins (reviewed in (65)). The MACPF-containing
host proteins Perforin-2 and Complement C9 represent innate immune effectors and act by
killing microbes via the polymerization of MACPF proteins to form a membrane-spanning
pore (66, 67). Complement is a central defense mechanism of the innate immune response

and culminates in a C9-mediated pore. During chlamydial infection, complement is



activated via the antibody-independent alternative pathway; however, Chlamydia are
resistant to C9 attack. Multiple studies have shown that infectious Chlamydia particles
incubated with normal human serum fail to establish an intracellular niche, yet late
complement factors C5-C9 are dispensable (68-72). Current hypotheses suggest the
anaphylatoxin activities of C5a and C3a are responsible for the complement-dependent
effects on infectivity in vivo. Chlamydia are also resistant to NK cell- and cytotoxic CD8"
T cell-derived perforin (73, 74). Perforin knockout mice are not compromised in their
ability to clear infection (75, 76); however, NK cells promote infection clearance. Their

role is likely to through IFN- y production (77).

Unlike perforin-1 and C9 MACPF-domain proteins, Chlamydia are conditionally
susceptible to perforin-2, which is trafficked to bacteria-containing vacuoles within the cell
(66, 78). Perforin-2 is ubiquitously expressed in professional phagocytes, like
macrophages, where Chlamydia are susceptible to perforin-2-mediated killing. However,
Chlamydia induce perforin-2 downregulation in infected epithelial cells and subvert

perforin-2-mediated attack (79).

Overall, once the infection is cleared and the inflammatory responses subside, the
result can be chronic scarring, contributing to infertility. IFN- y producing CD4+ T cells
are the central mechanism of infection control by hosts, and Chlamydia have many
strategies to counter immune recognition. Furthermore, the inflammatory response and
harmful disease sequela are initiated by infection of epithelial cells. Because
immunoreactivity associated with reinfection and vaccines often makes pathology worse,
it is essential to understand how Chlamydia invade and survive within epithelial cells and

the mechanisms used to trigger or suppress host cell immune responses.



1.3. The C. trachomatis Developmental Cycle

All Chlamydia spp. have a biphasic developmental cycle consisting of two bacterial
forms, and establish an intracellular membrane-bound vacuole, termed an inclusion, for
survival. Elementary bodies (EBs) are the infectious developmental form and are referred
to as spore-like for their small size (approximately 0.03 pm?) and rigid cell wall (80). EBs
are highly resistant to mechanical and osmotic pressures due to the network of disulfide-
linked proteins in their membrane (81). EBs are minimally metabolically active (82), and

the 1 MB chlamydial genome is tightly compacted (viewed by electron microscopy (80)).

Invasion of non-phagocytic epithelial cells occurs rapidly following EB attachment.
Low-affinity interactions are established between host heparan sulfate proteoglycans and
chlamydial outer membrane proteins like MOMP, OmcA, and OmcB (83). Next, high-
affinity interactions occur with host receptors, such as B1 integrin (84), epidermal growth
factor receptor (EGFR) (85), ephrin receptor A2 (EPHA2) (86), and a protein complex that
includes protein disulfide isomerase (PDI) (87). Actin is rapidly recruited to the site of EB
attachment, and the host cytoskeleton is remodeled to engulf the adherent EB. The EB-
containing inclusion pinches off into the cytoplasm through a process resembling
macropinocytosis (88). The newly formed inclusion quickly dissociates from the canonical
endosomal pathway to avoid lysosomal fusion. The established inclusion membrane lacks
all major endolysosomal markers and the lumen of the inclusion does not acidify (89). The
inclusion provides a protective niche for the bacteria and is impermeable to molecules
larger than 520 Da by simple diffusion (90). Once the inclusion is established, EBs

differentiate into metabolically active, non-infectious, reticulate bodies (RBs).
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RBs have reduced disulfide linkages in their cell wall and are nearly 33 times the
size of EBs (RB = 1 um?®) (80). RBs begin to divide 9-12 hours post-infection (hpi). A
single RB will replicate to produce approximately 1000 progeny bacteria (80). In a process
that requires chlamydial transcription and translation, the inclusion migrates to a peri-Golgi
region within 6 hours of infection (91-93). The inclusion migrates in the minus direction
along microtubules by interacting with the microtubule motor protein, dynein (94). During
development, Chlamydia intercept and fuse with vesicles trafficking from the Golgi
apparatus containing nutrients and structural molecules like sphingomyelin and cholesterol
(95). Along with inclusion migration, fusion with trafficking vesicles requires chlamydial

protein synthesis, indicating Chlamydia actively orchestrates these events (89).

About 20 hpi, RBs asynchronously differentiate back to the infectious EB form for
subsequent rounds of infection. The signal for differentiation is not well understood, yet
multiple hypotheses exist. There is evidence to support that the conversion signal is size-
dependent (80) and that it depends on the interaction between the RB and the inclusion
membrane (96-98); however, it is unclear if RB detachment from the inclusion membrane

is the signal for RB-EB differentiation or a result.

Once redifferentiation occurs, progeny EBs exit the host cell using the lysis or
extrusion pathway (99). For C. trachomatis 1.2, host cell exit occurs between 44 - 48 hpi.
The lysis pathway is described by rupturing the inclusion membrane, other intracellular
compartments, and then the host plasma membrane, which is dependent upon intracellular
calcium levels (99). Membrane permeabilizations are strongly associated with cysteine
proteases secreted by Chlamydia (99). Once the inclusion and host cell membranes lyse,

infectious EBs are released into the extracellular space and diffuse to nearby cells. The
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extrusion pathway differs from the lysis pathway in that neither the inclusion nor host cell
lyse. Extrusion is a packaged release mechanism that resembles exocytosis. The whole or
partial inclusion buds off from the host cell leaving the inclusion intact. The extrusion
pathway requires actin polymerization, neural Wiskott-Aldrich syndrome protein (N-

WASP), Myosin II, and Rho GTPases (99).

1.4. C. trachomatis Type 111 Secretion System

Chlamydia spp. orchestrate changes in host cell biology to create and maintain a
productive growth environment. Major affected pathways include the host cytoskeleton,
vesicle trafficking, cell survival, and immune signaling (reviewed in (100)). Like other
Gram-negative pathogens (101), Chlamydia spp. express a type I1I secretion system (T3SS)
that translocates effector proteins (T3SE) directly into the host cell cytosol (reviewed in
(100)). EBs are decorated with fully assembled T3SSs; however, the T3SS is highly
crosslinked and inactive until contact with the host cell surface (reviewed in (102)).
Contact-dependent T3SS activity occurs as early as EB attachment and continues
throughout development (103, 104).

All sequenced Chlamydiaceae genomes contain highly conserved genes encoding
the secretion system (105-108). There are four major components of the secretion system:
the membrane-associated basal apparatus; the needle and tip complex, which span the
space between the bacterial and host membranes; the secreted translocon proteins that form
a membrane-spanning pore in the host membrane; and ancillary components, which

include chaperones and regulatory factors (reviewed in (102)).
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The needle-like apparatus is anchored in the bacterial cell wall. The basal apparatus
of the T3SS is structurally related to flagella but is functionally distinct (109). The
injectosome, basal apparatus, and translocon are made of 20-25 different proteins.
Chaperone proteins are required to facilitate the targeting of effectors to the T3SS, prevent
premature folding, and regulate secretion timing (110, 111). Surrogate T3SSs and protein
localization studies have previously been leveraged to identify an additional pool of
chlamydial effectors that are translocated beyond the inclusion membrane and target host
proteins within the cytoplasm or organelles (reviewed in (100)). The total number of T3S
substrates likely exceeds 60 effectors, yet most of these proteins’ functional role remains

an open question (102).

Effectors that intercalate into the inclusion membrane, integral membrane proteins
(Incs), represent the most thoroughly characterized group of chlamydial T3SEs. Incs aid in
intercepting trafficking vesicles from the exocytic pathway (112), multivesicular bodies
(113), and lipid droplets (114) for nutrient acquisition. For example, IncA is a SNARE-like

protein that facilitates homotypic vesicle fusion (115).

C. trachomatis also encodes type I and type V secretion systems. Type II secretion
in Chlamydia is a two-step process where proteins are transported across the inner
membrane, using the Sec system, and into the periplasmic space, then are secreted through
the outer membrane. The Chlamydia protease-like activity factor (CPAF) may be secreted
via type II secretion (100). Type V secretion proteins are autotransporters. The POMP
family proteins are suspected to be secreted via this pathway (116). All three secretion

methods contribute to C. trachomatis survival.
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1.5. Slc1 Chaperoned T3SS Effectors and Their Role During Development

Slcl is a T3S chaperone that facilitates the secretion of effectors from Chlamydia.
Slcl (SycE-like chaperone) is named for its structural similarity to SycE in Yersinia
enterocolitica (117). In C. trachomatis, Slcl chaperones a family of effectors, including
the translocated actin recruiting phosphoprotein (TarP), the translocated early phosphor-
protein (TepP), and the translocated membrane-associated effectors A and B (111, 117).
All four effectors are expressed late-cycle by RBs and are packaged into infectious EBs for

secretion during invasion (118).

1.5.1. TarP

TarP was the first effector discovered to be deployed during invasion (119). Now,
TarP is well-established as an effector that spatially and temporally recruits actin to the site
of invading EBs (reviewed in (120)). TarP is a multi-domain protein containing: a tyrosine-
rich N-terminal repeat domain, a proline-rich domain, one G-actin binding domain, two
C-terminal F-actin binding domains (121), and domains impacting the dynamics of focal
adhesions (122). Once secreted, TarP is immediately phosphorylated at tyrosine residues
by src family tyrosine kinases and others, such as Abl and Syk kinases (123-125). Although
all pathogenic Chlamydia spp contain a TarP ortholog, only C. trachomatis TarP contains
a tyrosine-rich repeat domain which is phosphorylated after secretion (126). It is predicted
that phosphorylated TarP acts as a scaffolding protein where multiple host signaling
proteins containing Src homology 2 (SH2) domains can localize. For example, in vitro

TarP has been shown to bind the E3 ligase Cbl; the Racl exchange factor Vav2; the p85
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regulatory subunit of phosphoinositide 3-kinase (PI3K); and the signaling adaptors Shcl,

Nck2, and CrkL (127).

GEF-TarP interactions stimulate Rac1-dependent signaling for actin reorganization
(119, 128). Racl-dependent activation of WAVE2 and Abil during chlamydial invasion
leads to downstream activation of the Arp2/3 complex, a key player in actin polymerization
dynamics (129, 130). At least two models of TarP mediated Rac activation exist. One study
suggests that phosphorylated TarP, through the Src-homology 2 domain (Sb), directly or
indirectly activates the Sosl/Eps8/Abil complex and Vav2, two Rac activating GEFs
(128). Alternatively, the p85 subunit of PI3K is also recruited to the Sb domain of
phosphorylated TarP and activated to produce phosphatidylinositol-3,4,5-triphosphate
[PI(3.,4,5)P3], which subsequently may activate Vav2. The redundancy of GEF activation
may represent multiple mechanisms to promotes Rac activation with variable levels of

PI(3,4,5)P3 availability (128).

Independent of phosphorylation, TarP can also directly nucleate and bundle actin
through its G-actin and F-actin domains, respectively (121, 131). When treated with PP2,
a kinase inhibitor, TarP phosphorylation was reduced to levels below detection; however,
Chlamydial invasion was not reduced, indicating that TarP phosphorylation is not essential
for invasion (123). C. trachomatis strains containing tarp gene deletions are significantly
inhibited during invasion, highlighting TarP as a critical invasion-related effector (132).
TarP may also be important for promoting host cell survival since the Sb domain of TarP

interacts with SHC1, which is important for preventing early apoptosis (127)
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1.5.2. TepP

TepP is one of the most abundant effector proteins found within EBs (118) and is
secreted during EB invasion. After secretion, TepP is phosphorylated by host kinases at
tyrosine and serine residues, yet phosphorylation occurs later than TarP (111). Similar to
TarP, TepP also contains binding domains for SH2-containing proteins. For example, TepP
engages both splice variants of Crk (Crk I/I1), a signaling adapter protein, and is recruited
to early inclusions in a TepP-dependent manner (111). Crk activation has been linked to
Racl-dependent cytoskeletal reorganization in other cell types where ITGB1 activation
leads to Crk docking at the plasma membrane with DOCK180, a Racl specific activator
(133, 134); however, the loss of TepP does not impact chlamydial invasion (135).
Transcriptional comparison of epithelial cell responses to infection with TepP-deficient or
TepP-overexpressing strains also revealed a role for TepP in the induction of type |
interferon responses (111). TepP was also shown to colocalize with class I
phosphoinositide 3-kinases (PI3K) and CrkL. TepP induces PI3K activation on the
cytosolic face of the cell membrane and early inclusions to generate phosphoinositide-
(3.,4,5)-triphosphate (PIP3) without activating the canonical PI3K pathways at the plasma
membrane (136). Taken together, TepP may function to regulate the innate immune

response targeted at Chlamydia infection and may promote host cell survival

1.5.3. TmeA and TmeB

TmeA and TmeB (alternative names CT 694 and CT 695, respectively) are
encoded within a bicistronic operon, are secreted during chlamydial invasion, and associate
with the host plasma and inclusion membrane, respectively, later during infection (137-

142). TmeA is 323 aa (uniprot accession number: O84700) and TmeB is 398 aa (uniprot

16



accession number: O84701). TmeA is essential for efficient chlamydial invasion; however,
TmeB is dispensable for invasion (143). TmeA has been implicated in actin reorganization
(137, 138) and has been shown to disrupt the actin-bundling activity of AHNAK, a large
host scaffolding protein (143). A C. trachomatis strain harboring a tmeA gene deletion is
defective for invasion (143) and displays a phenotype similar to a farp null strain (132).
The TmeA interaction with AHNAK is not required for invasion, and TmeA induces host
cell morphology changes independent of the AHNAK binding domain (137). The
molecular mechanism governing TmeA’s activity is an open question. The function of

TmeB is unknown.

1.6. Actin Dynamics and Cytoskeletal Response to C. trachomatis Invasion

The actin cytoskeleton of eukaryotic cells is essential for maintaining cell
morphology and is important for many cellular activities, including motility, division,
endocytosis, and vesicular trafficking. Cellular actin includes two forms: monomeric
globular actin (G-actin) and filamentous actin (F-actin). Actin structures are closely
involved in microbial infection. The cortical actin network that resides beneath the plasma
membrane and around intracellular organelles provides a physical barrier against invasive
pathogens and endocytic vesicles, respectively (144). Invasive bacteria must overcome
these barriers to gain entry and for intracellular transport. Furthermore, these barriers must

also be circumvented for bacterial escape and spread.

The Rho-family proteins Rho, Rac, and Cdc42 are small G-proteins that act as

molecular switches and regulate actin stress fiber, lamellipodia, and filopodia formation,
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respectively, at the periphery of the cell (145). Actin cytoskeleton remodeling through Rho-
family proteins is known to be a target of numerous extra- and intracellular bacteria to
facilitate invasion of non-phagocytic cells (146), move within the cytosol or from cell to

cell (147), and surround the phagocytic vacuole with a polymerized actin meshwork (148).

C. trachomatis appear to utilize redundant paths for entry into non-phagocytic cells

3 3

employing facets of both the “zipper” and “trigger” mechanisms (146). The “zipper”
mechanism entails bacterial adherence to cell surface receptors leading to receptor
clustering, signaling, and phagocytic cup formation. EB binding to host surface receptors
has been shown to initiate receptor clustering and downstream signaling events for actin
remodeling (119, 126, 129, 149, 150). Examples include C. trachomatis CT017 binding to
integrin Bl (ITGP1) and C. pneumoniae Pmp21 binding to EGFR promoting host-cell
invasion (84, 85). EGFR phosphorylation is increased during C. trachomatis infection, is
required for intracellular development, and re-localizes to the periphery of the inclusion;
however, no direct interactions between EGFR and C. trachomatis outer membrane
proteins have been identified (151).

C. trachomatis entry also resembles the “trigger” mechanism where bacterial
effector proteins are secreted through the T3SS and directly manipulate actin signaling
(119, 121, 138). Examples of this are the T3SEs TarP, which promotes RAS-related C3
botulinum toxin substrate 1 (Racl) activation and directly nucleates actin, and TmeA,
which inhibits the actin-bundling activity of AHNAK. Beyond invasion, the actin-based

cytoskeleton maintains inclusion integrity during intracellular development (152) and host

cell exit by exocytosis (99).
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In either case, actin is rapidly recruited to the chlamydial attachment site (120),
and in vitro studies demonstrate that C. trachomatis invasion is impaired when actin
polymerization or depolymerization are disrupted with either cytochalasin D or
Jasplankinolide, respectively (reviewed in (120)). Prominent host factors, including the
Racl, Wiskott-Aldrich syndrome protein family member 2 (WAVE2), and the Arp2/3

complex, are all vital during C. trachomatis internalization (reviewed in (120)).

1.7. Chlamydia Genetics.

Due to genetic intractability, it was historically difficult to provide definitive
evidence regarding how chlamydial gene products contribute to development and
pathogenesis; however, the acquisition of tools to genetically manipulate chlamydiae now
offers more efficient opportunities to reveal aspects of infection biology (153-155). Unlike
E. coli, many classical cloning techniques do not apply to Chlamydia. A few significant
limitations involve transformation efficiency, lack of counterselection reporters, and
plasmid maintenance. E. coli plasmids can generally be maintained indefinitely with an
origin of replication and appropriate selective pressure; however, C. trachomatis plasmids
require an additional eight open reading frames (pgp/-8) for maintenance that are found

on the native pL2 plasmid within the L2 serovar (156-158).

Early genetic advances relied on forward and reverse genetic mutagenesis
approaches to associate genes with particular phenotypes. The ability to coinfect
chlamydial strains for DNA exchange via lateral gene transfer (LGT) was exploited for

gene association studies in heavily chemically mutagenized genomes (159). There have
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been multiple genetic tools generated that accommodate Chlamydia’s unique biology in
recent years, yet there are still limitations (153-155). Chemical mutagenesis by ethyl
methanesulfonate (EMS) treatment can introduce missense mutations or (less frequently)
can result in nucleotide transitions introducing a premature stop codon to yield a nonsense
mutation (160). Transposon insertion is efficient for gene disruption, but currently, this
technology in Chlamydia research is laborious and time-consuming due to low
transformation efficiency (161). Both EMS treatment and transposon mutagenesis
techniques generate random mutations and require rigorous screening methods to isolate
mutant strains. CaClz chemical transformation of C. trachomatis (156) with exogenous
plasmid DNA has led to the development of more targeted strategies, including the use of
the TargeTron system (162) and fluorescence-reported allelic exchange mutagenesis
(FRAEM) (163). TargeTron is a method to disrupt genes by insertion of group II introns;
however, this method is limited by efficiency, and the insertion site requires trial and error
(162). FRAEM is a strategy used for targeted gene deletion coupled with the insertion of a
selection cassette providing antibiotic resistance and a fluorescence reporter (163). Ectopic
expression of epitope-tagged gene products has also been employed to study effector
localization and function (164-166). Most recently, the expression of enzymatically dead

Cas9 was leveraged for conditional knockdown of targeted messages (167).

The FRAEM method was initially developed in the Fields’ Lab (163) and utilizes
the pSUmC 4.0 suicide vector, which can be conditionally maintained through the
inducible expression of pgp6. Expression of pgp6 has previously been shown to be
necessary for plasmid retention and is therefore leveraged to control plasmid maintenance

(163, 168). When C. trachomatis is grown in media supplemented with anhydrous
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tetracycline (aTc) to induce pgp6 expression, the vector is maintained. In the absence of
aTc, the vector is lost. Targeted gene deletion is achieved through allelic exchange of the
gene for the selection cassette. The 3 kb regions directly upstream and downstream of the
targeted gene serve as homology arms for recombination. These arms are cloned into the
pSUmC 4.0 vector flanking the selection cassette. Successful C. trachomatis
transformation and recombination events are observed through fluorescence reporting.
Expression of mCherry on the vector backbone and gfp within the selection cassette yield
red and green fluorescent inclusions. Once aTc is removed from culture media, green-only
inclusions indicate successful recombination events with the loss of the suicide vector and

integration of the selection cassette into the bacterial genome.

1.8. Overall Hypothesis

I hypothesize that the type III secreted effectors TmeA and TmeB are important for
the formation and maintenance of the C. trachomatis inclusion and that they are

functionally linked through similar host target proteins or pathways.
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CHAPTER 2: METHODS

A complete list of materials can be found in Appendix 2, and detailed protocols

for selected methods can be found in Appendix 3.

2.1. Organisms

C. trachomatis serovar L2 (LGV 434) and derivative strains were used in these
studies (Table 1). Chlamydiae were routinely maintained in either HeLa 229 epithelial cell
monolayers (CCL-1.2; ATCC) or McCoy cell monolayers (CRL-1696; ATCC). Vero Cells
(CCL-81; ATCC) were used in plaquing assays. Unless otherwise indicated, all cultures
were grown in RPMI 1640 medium containing 2 mM L-glutamine (Life Technologies)
supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS; Sigma) at 37
°C in an environment with 5% CO2 and 95% humidified air. For transformation and
FRAEM protocols, chlamydiae were cultivated in the presence of 600 ng/mL penicillin G
(PenG; Sigma), 500 pg/mL spectinomycin (Spec; AlfaAesar), and 1 ug/mL cycloheximide
(Sigma), in addition to 50 ng/mL anhydrotetracycline (aTc) where appropriate. Rifampin
(Rif)-resistant strains were generated as described previously (169) by cultivation for four
passages in 2.5 ng/mL Rif, followed by four passages in 5 ng/mL Rif. Clonal isolates for
all final Chlamydia strains were obtained as described by two sequential limiting dilution
passages in 384-well plates (170). Escherichia coli NEB-10 (New England Biolabs) was
utilized for cloning procedures and verification of Cre activity. An E. coli dam/dcm

deletion mutant (New England Biolabs) was used as a host to generate unmethylated
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plasmid DNA used to transform Chlamydia species. E. coli strains were routinely grown
at 37 °C in Luria-Bertani broth (Amresco), or on LB agar plates supplemented with 50

pg/mL carbenicillin (Teknova) or 100 pg/mL spectinomycin (Alfa Aesar), as appropriate.
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Table 1: C. trachomatis Strains

Strain Designation

Plasmid, Relevant genotype, Antibiotic Resistance

Reference or

Source

WT L2 ATCC
WT Rif Rif" This Study
L2R pL2- (171)
WT+pSU-CRE cre’, mCherry*, Spect This Study
WT RittpCompAIL pL2-, gfp", mCherry™, Rif ", Spec This Study
AtmeA tmeA-, gfp*, Pen' (163)
AtmeA-Ix-gfp-bla tmeA-, loxP", gfp*, Rif", Pen' This Study
AtmeA-Ix tmeA-, loxP*, Rif " This Study
L2RRf AtmeA-Ix pL2-, tmeA-, loxP*, Rif " This Study
AtmeA-Ix+pCompAll pL2-, tmeA-, loxP", gfp*, mCherry™; Rif ', Spec’ This Study
AtmeA-Ix+pTmeA pL2-, loxP", mCherry'; Rif ", Spec’ This Study
AtmeB tmeB-, gfp*, Pen' (163)
AtmeB+pTmeB pL2-, gfp*, mCherry*; Pen', Spec’ This Study
WT+pTmeB pL2-, mCherry", Spec’ This Study
WT+pTmeA/TmeB pL2-, mCherry*, Spec’ This Study
AtmeA/tmeB tmeA-, tmeB-, gfp*, Pen” This Study
Atarp tarp-, gfp*, Pen" (132)
AtmeA/tarp tmeA-, tarp-, gfp*, Pen’ This Study
Cis-tmeA Spec” This Study
Cis-tmeB Spec’ This Study
AtmeA-b+pTmeA-APEX  pL2-, loxP", APEX *, Rif ", Spec’ This Study
AtmeB +pTmeB-APEX pL2-, loxP*, APEX ", Rif ', Spec’ This Study
AtmeB+pTmeB-FT pL2-, tmeA", tmeB* ; Spec’, Pen’ This Study

*pL2- refers to the absence of the endogenous C. trachomatis plasmid. The coding sequences for Pgpl1 to -
8 are present on the engineered plasmids pCompAll, pSU-CRE, pTmeA, and pTmeB.
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2.2. DNA Methods

2.2.1. Cloning

All PCR-based amplifications for cloning were performed using Q5 high-fidelity
DNA polymerase (New England Biolabs) from plasmid purified from E. coli using the
Monarch plasmid miniprep kit (New England Biolabs). All primers were custom DNA
oligonucleotides purchased from Integrated DNA Technologies (Table 2), and final
constructs were confirmed by DNA sequencing of engineered regions (ACGT, Inc).

The allelic exchange plasmid pSU-AtmeA-lox-gfp-bla was generated by the
addition of loxP sites flanking the bla-gfp cassette. Flanking loxP sites were added via
insertion PCR (iPCR) by amplifying the previously described pUC18Actl0063 (163) using
the loxP-blagfp-F and loxP-blagfp-R primers. DNA containing the floxed gfp-bla cassette
flanked by chlamydial DNA 3 kb up- and downstream of the deleted tmeA sequence was
amplified with HOMRR@pSUmC-F and HOMRR@pSUmC-R primers. The amplicon
was then used in iPCR with pSUmC (163) to yield pSUmC-tmeA-loxP.

A plasmid for creating a double deletion of tmeA and tmeB in C. trachomatis was
generated using pSUMC-4.0 with /oxP sites as described above. The 5’ and 3° homology
regions of the tmeA/tmeB locus were amplified from WT L2 DNA using custom primers
ctl0063-Sall-S, ctl0063-Sall-AS, ctl0064-Sbfl-S, and ctl0064-Sbfl-AS, respectively. The
amplicons were inserted into the Sall and Sbfl restriction enzyme sites, respectively.
pSU-CRE was constructed first by PCR amplifying the complete CRE coding sequence
from pSF-CMV-CRE (Sigma) using primers CRE@pUCI18A-F and CRE@pUC18A-R.
The amplicon was used in an iPCR reaction to replace bla in pUC18A (170) with the CRE-

encoding DNA. cre and upstream aadA were then PCR amplified using
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Table 2: Oligonucleotide Primer Sets

Target

Primer Name

Primer Sequence (5°—3°)

Cloning Primers

cre

tmeA

Cis Constructs

BirA

CRE@pUCI18A-F
CRE@pUCI18-R
CRE-aadA@pSUmC-F
CRE-aadA@pSUmC-R
CRE+Pbla-F

CRE+Pbla-R

LoxP-blagfp-F
LoxP-blagfp-R
HomRR@pSUmMC-F
HomRR@pSUmC-R
694pro@NmPgfp F

694@NmPgfp R

695Cis5armF2
695Cis5armR2
695 cis 3armF

695 cis 3armR

BirA-TmeA-F
BirA-TmeA-R
BirA-TmeB-F

BirA-TmeB-R

5’-GGTCTGACGCTCAGTGGAACGGCAGAGGCCTG
CGGATCC-3
5’-CTGGCGTTACCCAACTTAATCGCCGGAGGACA
CCATGTCCAATTTACTGACCGTACACC-3’
5’-CTGCAGGTACCGGTCGACCATTCGCAAGCTTA
TCATCATGCCTCC-3’
5’-GATCTTTCTACGGGGTCTGACGCTCGCAGAGG
CCTGCGGATCC-3’
5’-AGGGTTATTGTCTCATGAGCGGATACATATTT
GAAGTCACGACGTTGTAAAACGACGGC-3’
5’-GATAAATGCTTCAATAATATTGAAAAAGGAA
GAGTATGTCCAATTTACTGACCGTACACC-3’

5’-CTACTTCGTATAGCATACATTATACGAAGTTA
TGGAAATGTGCGCGGAACCC-3’
5’-ATAACTTCGTATAATGTATGCTATACGAAGTT
ATTTACTTGTATAGTTCATCCATGCCAT-3’
5’-CTGCAGGTACCGGTCGACCATTCGGTCTGACG
CTCAGTGGAACG-3’
5’-GATCTTTCTACGGGGTCTGACGCTCCTGGCGT
TACCCAACTTAATCGCC-3’
5’-CGGTTCCTGGCCTTTTGCTGGGTACGGAAA
TACTATCTCCAGCTCAAAGC-3’
5’-GCCCCGCCCTGCCACTCATCGGGACCGAA
CACCGTATACCT

5’-GTCACTGCAGGTACCGGGACACTCTATCCCCA
AAGTTATTCTTCAAAAGTTCT-3’
5’-AGGCATGATGATGAATGGTCGATTAGATATTC
CCAACCGAAGAAGGATC-3’
5’-CTCACTGATTAAGCATTGGTAACCTGGGTTCC
GCGCACATTTCC-3’
5’-CTTTCTACGGGGTCTGACCTTTGCTTGCTCCCA
AATTGTAAACGC-3’

5’-CCGGTACCGAGTATTCGACCTACTAATGGG
AGTGGAAATG-3’
5’-GGGGGTACCTTAGTCTAAGAAAACAGAAG
AAGTTATGACAGTTAGTGTTTGG-3’
5’-CCCGGTACCGAGTAGCATAAGCCCTAT
AGGGGGG-3°

5’- GGGGGTACCTTAGATATTCCCAACCGAAG
AAGGATCTTCCTC-3’
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Table 2: Continued

APEX

TmeB- FT

pTmeA/TmeB

AtmeA/tmeB

APEX2-0884-S
APEX2-0884-AS

pBomb-694-S

pBomb-Apex-694-AS

iPCR pBomb-695 F

Gib APEX-695 REV

695FLAG-F

695FLAG-R

694695compAll-F

694695compAIll-R

ctl0063-Sall-S
ctl0063-Sall-AS
ct10064-Sbfl-S

ctl0064-Sb1l-AS

Screening Primers for gfp-bla

ploxP-GFP -
bla

tmeA locus

qPCR Primers
16S

Screen-S

Screen-AS

Surroundctl0063-F

Surroundctl0063-R

Fwd

5’-GACTACAAGGATGACGACGATAAGGGAAAGT-3’

5’-CCCTCTAGATGCATGCTCGAGCTATTAG-3’

5’-GAAAGGATCTGCGGCCGCATGAGTATTCGAC
CTACTAATGGGAGTGGAAATG-3’

5’-CTTTCCCTTATCGTCATCCTTGTAGTCGTCTAA
GAAAACAGAAGAAGTTATGACAGTTAGTGTTTGG-3’
5’-GATCTGCGGCCGCATGAGTAGCATAAGCCC
TATAG-3’
5’-CTTTCCCTTATCGTCGTCATCCTTGTAGTCGAT
ATTCCCAACCGAAGAAGGAT-3’

5’-AGAAAGGATCTGCGGCCGCCAACTATTA
AGAGGAAGTAGTAGTGAGTAGCATAAGC-3’
5’-GGTCGACCGGTACCTGCAGTTACTTGTCATCG
TCGTCCTTGTAGTCGATATTCCCAACCGAAGAAGGAT
CTTCC-3°

5’-AGGTACCGGTCGACCAGAAACTAATTTTCGTTCG
TTTAAAAACAGAACAATTG-3’

5’- CCTTTGATCTTTCTACGGGGTTACGGTCGA
TTAGATATTCCCAACCGAAGAA-3’

5’-GCAAAAGAGCTGATCCTCCGTCACTGCAGGTACC
GCTCCAGCGTTGCGTATTGTTTGTGG-3’
5’-CGTATAATGTATGCTATACGAAGTAGGAAT
GCCTCCGCCGAAGCAATAACTTTTAATTCC-3’

5’- GTATAGCATACATTATACGAAGTTATGCA
TTTTCTAATAGGGAAGAGGATAAATAGCGTG-3’
5’-CTTTGATCTTTCTACGGGGTCTGACGCCC
GACCATTTTACTTTGGAATAAGTGTGATATC-3’

5’-CTTAGCCGTGAAAGTACACAACTATTG-3’
5’-GAGAAGCGACATCTTTACGTTCGCC-3’
5’-TAGTAGCTCTTGCAGGGTGTACTT-3’

5’-TACTACTTCCTCTTAATAGTTGAAAGGACCG-3’

5’-CCTGGTAGTCCTTGCCGTAAAC-3’
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Table 2: Continued

16S
Rev 5’-TACTCCTCAGGCGGCATACTTA-3’
tmeA
Fwd 5’-TAACCTATCTGTGGGAGGGAAG-3’
Rev 5’-GGCATCTACCGTAGGATCTGTA-3’
tmeB
Fwd 5’-TTCGGAGCTCATAGGAGAACT-3’
Rev 5’-GCTCATTCACAGGAGGGAATAC-3’
tarp
Fwd 5’-ACACTACTGCCTTCACCACCTC-3’
Rev 5’-TCCTCCCATCATCAAGGATGTGG-3’
gy
Fwd 5’-GTGCCATGCCCGAAGGTTAT-3’
Rev CTTCAGCACGTGTCTTGTAGTTCC-3’
cre
Fwd 5’-TGCAAGTTGAATAACCGGAAATG-3’
Rev 5’-GGGCCTGAAGATATAGAAGATAATCG-3’
rpoD
Fwd 5’-GCGGTGTTTCCATTGTCGTCATA-3’
Rev 5’-ATTTCTCTCAGCTCGCGCTTTC-3’
Ct696
Fwd 5’-TCGTAGAGGTTCTGCTAGCCTTT-3’
Rev 5’-TCGGTAATCACGCCTCCGATAA-3’
pL2
Fwd 5’-GACAACGCTTCAAAGAAGATGGCTCTA-3’
Rev 5’-CCTCTAGTACAAACACCCCCAATATTGTG-3’
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CRE-aadA@pSUmC-F and CRE-aadA@pSUmC-R and mobilized into pSUmC via iPCR.
A bla promoter (Pvla) was inserted upstream of cre via iPCR amplification of pSU-aadA-
CRE with primers loxP-blagfp-F and loxP-blagfp-R. The resulting amplicon was kinased
(New England Biolabs), blunt-end ligated (New England Biolabs), and transformed into E.
coli to yield pSU-CRE.

Strains with complementation in trans and for overexpression experiments were
previously generated (143) by mobilizing tmeA or tmeB with the endogenous promoter into
pCompAlI (163) using gene-specific primers (694pro@NmPgfpF, 694@NmPgfp R; Ken
Fields, unpublished). pSUmC was used to generate the construct for tmed and tmeB cis-
complemented strains. The construct was assembled via Gibson assembly using HiFi DNA
assembly master mix (New England Biolabs). A two-step process was employed where an
ca. 5.5 kb fragment containing tmeA, tmeB, and ca. 2 kb upstream of tmeA was amplified
from WT L2 C. trachomatis via PCR using primers 695CisSarmF2 and 695Cis5armR2 and
was mobilized into the Sall site of pSUmC-aadA (172) such that the chlamydial DNA was
positioned immediately upstream of the aadA promoter. Then, 3 kb of DNA downstream
of tmeB was amplified from WT L2 C. trachomatis via PCR using primers 695 cis 3armF
and 695 cis 3armR. A Gibson reaction was used to mobilize this element into the Sbfl site
immediately downstream of aadA.

The overexpression construct, pTmeA/TmeB, was generated by amplifying the
tmeA/tmeB locus, including the native upstream promoter region, with 694695compAII-F
and 694695compAlII-R custom primers (Table 2). The fragment was then mobilized into

pCompAlIl downstream of aadA via Gibson Assembly.
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The ectopically expressed 3x FLAG® pTmeA-FLAG and pTmeB-FLAG
constructs were generated as previously described using a mammalian expression vector
(138). The 1x FLAG vector for chlamydial expression, TmeB-FT, was developed by
mobilizing tmeB into pPBOMB-4 (166) immediately downstream of the fet promoter. 1x
FLAG was added to the C-terminal end of TmeB before the stop codon using gene-specific
primers 695FLAG-F and 659FLAG-R via divergent PCR.

BirA-containing expression constructs were generated by mobilizing full-length C.
trachomatis L2 tmeA or tmeB and recombinant tmeAAmld (137) into pcDNA3.1 mycBiolD
(173). Custom primers containing engineered flanking Kpnl sites were used to amplify
tmeA or tmeB. Amplification of tmeA sequences was accomplished using BirA-TmeA-F
and -R primers, whereas tmeB was amplified with BirA-TmeB-F and -R primers. Standard
cloning procedures were employed to insert chlamydial genes into the Kpnl site of
pcDNA3.1 mycBiolD to yield chimeric sequences encoding N-terminally tagged TmeA,
TmeAAmld, or TmeB.

APEX2-containing constructs were generated by first amplifying APEX2 from
pcDNA3 APEX2-NES (174) using custom primers APEX2-0884-S and APEX2-0884-AS
and mobilizing the fragment into pPBOMB-4 (166) between the mCherry and aadA
sequences. Next, full-length tmeA or tmeB, excluding the stop codon, was amplified from
the C. trachomatis L2 genome and mobilized into pBomb-APEX immediately upstream of
APEX and replacing mCherry via iPCR. tmed was amplified using pBomb-694-S and
pBomb-Apex-694-AS custom primers. tmeB was amplified using iPCR pBomb-695 F and

Gib APEX-695 REV custom primers.
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2.2.2. PCR Screening

Cre activity in E. coli was assessed by cotransformation of E. coli with pUCI18
containing a floxed gfp cassette and pSUmC or pSU-CRE. Transformants were screened
by fluorescence and PCR with Screen-S and Screen-AS primers (Table 2).

PCR screening of chlamydial loci with Surroundctl0063-F and Surroundctl0063-R
primers was accomplished by harvesting whole-culture DNA using 0.5 N NaOH-mediated

lysis, as described previously (160).

2.2.3. Quantitative PCR Screening and RNA detection

For quantitative PCR (qPCR), DNA from McCoy cell monolayers infected at a
multiplicity of infection (MOI) of 1 was harvested by 0.5 N NaOH extraction. iTaq
Universal SYBR green supermix (Bio-Rad) and gene-specific primers (Table 2) were used
for amplification. To assess gene expression, the Aurum total RNA mini kit (Bio-Rad) was
used to isolate RNA from McCoy cell monolayers infected at an MOI of 1. The subsequent
generation of cDNA was achieved using the QuantiTect reverse transcription kit (Qiagen),
and cDNAs were amplified with iTaq Universal SYBR green supermix (Bio-Rad) and

gene-specific primers.
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2.3. Genetic manipulation of chlamydiae

CaClz-mediated chemical transformation (156) was used to mobilize respective
plasmids into C. trachomatis L2. Subsequent manipulations leveraging fluorescence
reporting to yield trans-expression or allelic replacement were accomplished according to
established protocols (132, 170, 172, 175). 2 ug of unmethylated DNA per well of a 6-well
plate was used to transform WT C. frachomatis L2, and transformants were selected with
Spec or Pen as appropriate. AtmeA, AtmeB, Atepp, and Atarp were generated using
fluorescence-reported allelic exchange mutagenesis (FRAEM) (163).

Generation of the tmeA-Ix mutant via floxed-cassette allelic exchange mutagenesis
(FLAEM) was accomplished by first cultivating pSUmC-tmeA-lox-gfp-bla transformants
in the absence of aTc for multiple passages, followed by clonal isolation of Pen-resistant
GFP-expressing chlamydiae. The intermediate strain, L2 AtmeA-lox-gfp-bla, was grown in
the presence of Rif, and spontaneous Rif-resistant chlamydiae were isolated. pSU-CRE
was mobilized into these chlamydiae by lateral gene transfer. L2R tmed-lox-gfp-bla
chlamydiae were used with WT expressing pSU-CRE to coinfect McCoy cells at a 10:1
ratio. Cultures were maintained for two 48 hr passages in the presence of aTc and
cycloheximide but in the absence of antibiotic selection. Five serial passages (48 hrs each)
were then performed in the presence of Rif, Spec, aTc, and cycloheximide. Rif- and Spec-
resistant chlamydiae expressing mCherry, but not GFP, were isolated by limiting dilution.
Strains were cultivated for five serial passages in Rif and cycloheximide, followed by
clonal isolation of Rif-resistant chlamydiae lacking mCherry. The absence of gfp and bla
was confirmed via PCR and penicillin sensitivity assays, respectively. The absence of tmeA

was confirmed as described above via PCR and DNA sequencing. Endogenous pL2 was
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restored via lateral gene transfer by coinfection with C. trachomatis L2 tmeA (163) and
L2RR ymed-Ix. The final L2R tmed-Ix strain was isolated by limiting dilution from
cultures exposed to Rif. A spontaneously Rif-resistant WT strain was also isolated and,
along with the tmeA-Ix mutant, was transformed with pCompAlII (163) using Spec selection
to produce vector-only controls. Cis complementation of the fmed and tmeB was
accomplished by transforming AtmeA-Ix or AtmeB with pSU-CisA/B and following the
established FRAEM protocol (163). Generation of AtmeA/tarp and AtmeA/tmeB was

accomplished using FLAEM (175) as described above and is further detailed in the text.

2.4. Chlamydia Fitness Models

All infections were accomplished using Hanks Balanced Salt Solution (HBSS;
Gibco) and density gradient-purified EBs (176). EBs were centrifuged onto cell
monolayers at 20 °C for 1 hr at 900 xg or rocking on ice at 4 °C when appropriate.
Incubations were carried out at 37 °C in an environment with 5% COx.

Chlamydial fitness was assessed by (i) enumerating inclusions in primary
infections (Direct counts), (i1) enumerating infectious progeny (Progeny IFUs), (iii)

quantifying genomes over multiple passages, and (iv) quantifying inclusion area.

2.4.1. Direct IFU Counts

The EB concentration of laboratory stocks was quantified using acridine orange
stain and fluorescent microscopy. Equal EBs were used to infect confluent HelLa
monolayers in triplicate at a multiplicity of infection (MOI) 0.1-0.5 by centrifugation.

Infected cultures were incubated at 37 °C for 24 hrs. Then, monolayers were fixed with
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methanol, and inclusions were labeled with anti-HSP60 (Santa Cruz Biotechnology)
primary antibody and anti-mouse secondary antibody conjugated to AlexaFluor-594
(Invitrogen). Stained inclusions were counted for the entire well using the Cell Insight CX5
High-Content Screening platform (ThermoFisher Scientific). Counts were adjusted for

dilution when appropriate.

2.4.2. Progeny IFU Enumeration

Approximately equal inclusion forming units (IFUs) for each chlamydial strain
were used to infect duplicate sets of confluent HeLa monolayers at an MOI of 0.1-0.5 by
centrifugation. 24 hrs post-infection (hpi), one of the duplicate infected monolayers was
fixed and stained for inclusions as described (2.4.1. Direct IFU Counts). This set of wells
served as a reference for starting IFUs and was used later for progeny normalization if
necessary. The remaining monolayers were harvested for progeny EBs by mechanically
scraping, and HeLa cell debris was reduced through centrifugation steps. Harvested
progeny were serially diluted and used to infect fresh HeLa cell monolayers by
centrifugation. The progeny infected monolayers were fixed 24 hpi, and inclusions were

stained and enumerated as described (2.4.1. Direct IFU Counts).

2.4.3. Genome Quantity over Multiple Passages and Penicillin Sensitivity Assay
HeLa monolayers were infected with approximately equal IFUs by centrifugation
atan MOI of 0.5. At 24 hpi, monolayers were mechanically harvested, and HeLa cell debris

was reduced through centrifugation steps. Equal portions of the harvested material were
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saved for 0.5 N NaOH DNA extraction. The remaining portion of the harvested material
was diluted equally for all strains and used to infect fresh HeLLa monolayers. This process
was repeated every 24 hrs for multiple passages. DNA was quantified by qPCR with iTaq
Universal SYBR green supermix (Bio-Rad) and 16S specific primers (Table 2). Penicillin
sensitivity assays were done in the same manner; however, McCoy cells were used instead
of HeLa cells, and RPMI growth media was supplemented with 0.6 pg/mL penicillin. Fold

change was calculated using the AACt method.

2.4.4. Quantifying Inclusion Area

The areas of 50 inclusions per chlamydial strain were quantified from HeLa
infected cultures, fixed, and stained for inclusions (2.4.1 Direct Counts), using the Cell
Insight CXS5 High-Content Screening platform (ThermoFisher Scientific) and HSC Studio

version 6.6 (ThermoFisher Scientific).

2.5. Immunoblotting

Density gradient purified EBs or whole-culture material was harvested 24 hpi.
Proteins were precipitated in 10% (vol/vol) trichloroacetic acid in PBS and solubilized
using 3x Complete Solubilization Solution (CSS; Appendix 2). Proteins were then resolved
using 4 to 15% (vol/vol) SDS-PAGE gels and transferred to Immobilon-P membranes
(Millipore). Appropriate primary antibodies and horseradish peroxidase-conjugated
secondary antibodies (Table 3) were used for detection via chemiluminescence using

Amersham ECL Plus (GE Healthcare UK Limited) reagent.
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Table 3: List of Antibodies Used

Company or

1le*
Target Reference Catalog Number Details
Primary Antibodies and Probes
Alpha.beta-Tubulin Cell Signaling 2148S Rabbit pAb
Annexin A2, clone D11G2 Cell Signaling 82358 Rabbit mAb
ANHNAK (138) Rabbit pAb
Arp2 Cell Signaling 3128S Rabbit pAb
Arp3 Cell Signaling 4738S Rabbit pAb
Arp2/3 Complex, clone 13C9 Millipore MABT95 Mouse mAb
ASCT2 (SLC1AS), clone D7C12 Cell Signaling 8057S Rabbit mAb
Avidin, NeutrAvidin™, Horseradish Invitrogen A2664
peroxidase conjugate
CD44, clone 8E2 Cell Signaling 56408 Mouse mAb
CD98 (SLC3A2) Invitrogen PAS5-23661 Rabbit pAb
Cofilin, clone D3F9 Cell Signaling 51758 Rabbit mAb
Cre Recombinase, clone D3U7F Cell Signaling 128308 Rabbit mAb
EGFR Santa Cruz SC-03 Rabbit pAb
Biotechnology
EphA2, clone D4A2 Cell Signaling 6997S Rabbit mAb
FLAG, clone M2 Sigma F1804 Mouse mAb
FNBP1 Invitrogen PAS5-28626 Rabbit pAb
GAPDH, clone D16H11 Cell Signaling 5174S Rabbit mAb
HSP-60, clone A57-B9 Santa Cruz Sc-57840 Mouse mADb
Biotechnology
ITGB1, clone D6S1W Cell Signaling 349718 Rabbit mAb
IQGAPI, clone D8K4X Cell Signaling 20648S Rabbit mAb
LAT1 (SLC7A5) Cell Signaling 5347S Rabbit pAb
LimK1 Cell Signaling 3842S Rabbit pAb
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Table 3: Continued

LPS (Chlamydial), clone 512F
MOMP

N-WASP, clone 30D10
P-Cofilin, clone 77G2
P-EGFR (Y845), clone D63B4
P-EphA2 (S897), clone D9A1
Phospho-tyrosine, clone 4G10
PODXL

Scc2

SNXO, clone G-5

TarP
TepP
TmeA
TmeB

Secondary Antibodies

AlexaFluor-488 (anti-Rabbit)
AlexaFluor-488 (anti-Mouse)
AlexaFluor-594 (anti-Rabbit)

AlexaFluor-594 (anti-Mouse)

Anti-Mouse Horseradish peroxidase

Anti-Rabbit Horseradish peroxidase

Novus

(138)

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Millipore
Invitrogen
(103)

Santa Cruz
Biotechnology

(119)
(177)
(138)

(139)

Invitrogen
Invitrogen
Invitrogen
Invitrogen
Sigma

Sigma

NB100-62449

4848S

3313S

6963S

6347S

05-321

PA5-28116

Sc-166863

A11034

A11029

A11037

A11005

A6154

A0168

Mouse mAb

Rabbit mAb
Rabbit mAb
Rabbit mAb
Rabbit mAb
Mouse mAb

Mouse pAb

Mouse mAb

* mAb: monoclonal antibody; pAb: polyclonal antibody
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2.6. Plaque Assay

Confluent monolayers of Vero cells were infected with approximately 100 IFUs
per well of a 6-well plate by centrifugation at 900 xg for 1 hr at 20 °C. Infected cells were
overlaid with 0.5% LE Quick Dissolve agarose (Genemate) dissolved in water and 90 %
(v/v) RPMI + 10% RPMI. Once the agarose was solidified, the cultures were incubated at
37 °C for 7 days. Next, 1% (w/v) agarose containing 0.06% (w/v) neutral red (VWR Life
Sciences) was overlayed on the existing agarose, and the plates were incubated for 3 hrs at
37 °C. Both layers of solidified agarose were carefully removed, and the stained
monolayers were imaged using the Cell Insight CX5 High-Content Screening platform
(ThermoFisher Scientific). Plaque areas were calculated by arbitrary units using FIJI image

processing software.

2.7. Rifampin Resistance Co-infections

Confluent HeLa cultures were infected by centrifugation at 900 xg for 1 hr at 20 °C
with an MOI of 1 for both chlamydial strains achieving a final MOI of 2. Cultures were
incubated at 37 °C for 24 hrs. Then monolayers were mechanically harvested, and
chlamydial debris was reduced by centrifugation. The harvested material was diluted and
passed onto fresh HeLa cultures with 5 ng/mL Rif media. After 24 hrs, cultures were fixed,

and Rif resistant [FUs were enumerated by fluorescent staining (2.4.1. Direct IFU Counts).
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2.8. Microscopy

2.8.1. E. coli Colonies
E. coli colonies were imaged at 20x magnification using bright-field or

epifluorescence microscopy. 100 plated colonies were visualized for each strain.

2.8.2. N-WASP Localization

Localization of EBs and N-WASP via microscopy was accomplished using direct
fluorescence of HeLa cells expressing GFP-N-WASP (178) for 30 hrs prior to infection or
by indirect immunofluorescence using primary antibodies specific to MOMP (Novus
Biologicals) or N-WASP (Cell Signaling). The same infection strategy was used for both
approaches. HeLa cells were infected at an MOI of 20 with EBs on ice with rocking for 1
hr then shifted to 37 °C for 20 min. Cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100 for 20 min. EBs were labeled with rabbit anti-
MOMP-specific antibodies in both approaches, and N-WASP was labeled with mouse anti-
N-WASP-specific antibodies for non-transfected cells. Appropriate rabbit or mouse
secondary antibodies conjugated to AlexaFluor-594 or -488 (Invitrogen) were used for
detection. Cells were examined via epifluorescence microscopy, and images were acquired
using a 100x oil-immersion objective. Images were processed equivalently using Adobe
Photoshop 6.0 (Adobe Systems). Samples were blinded then localization was scored by
viewing red fluorescent EBs, and localized green fluorescence above background in the

exact location. 100 EBs per strain were scored.

39



2.9. Percent Invasion Assay

HeLa cells were prepared in 24-well plates with 12 mm coverslips, and invasion
assays were performed essentially as described (129). Density gradient purified EBs were
used at an MOI of 20. Infections were done on ice with rocking for 1 hr to allow attachment,
then shifted to 37 °C to promote invasion for 30 min or otherwise noted. The cultures were
fixed with 4% paraformaldehyde, and extracellular EBs were labeled with chlamydial LPS-
specific (mouse). Cultures were then permeabilized with 0.1% Triton X-100 for 20 min
and total EBs were labeled with MOMP-specific (rabbit) antibodies. Detection was
accomplished with secondary antibody conjugated to AlexaFlour-594 (anti-mouse) or
AlexaFluor-488 (anti-rabbit). Percentages of invaded chlamydiae were computed by
enumeration of internal and external chlamydiae in 10 fields of view. The percentage EB
internalization was calculated via the formula ([total EBs—external EBs]/total EBs) x 100

= percent (%) invasion.

2.10. Inhibitor Assays

2.10.1. Percent Invasion

HeLa cells were prepared in 24-well plates with 12 mm coverslips, and invasion
assays were performed essentially as described (129). Density gradient purified EBs were
used at an MOI of 20. Where appropriate, host cells were treated with medium containing
100 uM EIPA, 20 uM casin, 25 uM wiskostatin, 25 pM Ehop-016, or 200 uM CK666 (all
purchased from Sigma-Aldrich) final concentration for 15 min before infection. Cultures

were either mock-treated with media only or maintained with inhibitors during infection
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and the subsequent incubation. Infections were done on ice with rocking for 1 hr and then
shifted to 37 °C for 45 min. The cultures were fixed with 4% paraformaldehyde, and
extracellular or intracellular EBs were differentially labeled with chlamydial LPS-specific
(mouse) or MOMP-specific (rabbit) antibodies, respectively (Table 3). Detection was
accomplished with secondary antibody conjugated to AlexaFluor-594 (anti-mouse) or
AlexaFluor-488 (anti-rabbit) (Invitrogen). Percentages of invaded chlamydiae were
computed by enumeration of internal and external chlamydiae in 10 fields of view. The
percentage EB internalization was calculated via the formula ([total EBs—external

EBs]/total red EBs) x100 = percent (%) invasion.

2.10.2. Percent IFU Recovery

Approximately equal IFUs for each chlamydial strain were used to infect duplicate
sets of confluent HeLa monolayers at an MOI of 0.1-0.5 by rocking. HeLa monolayers
were either mock-treated or treated with 1 pg/mL Cytochalasin D, 50 pM NSC, 7.5 mM
Wiskostatin, or 40 uM CK-636 (all purchased from Sigma-Aldrich) 15 min before
infection. Inhibitors were maintained during infection and subsequently for 2 hrs. The
monolayers were fixed and stained for inclusions 24 hpi as described (2.4.1. Direct IFU
Counts). Percent recovery was calculated by (inclusions in treated cultures/inclusions in

untreated cultures) x100 = percent recovered IFUs.

2.11. BirA Biotinylation

BirA-mediated biotinylation of host proteins was accomplished according to

established protocols (179). HelLa cells were nucleofected with empty pcDNA3.1
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mycBiolD as a BirA-only control or with TmeA- and TmeB-containing constructs. For
control experiments, parallel cultures were cultivated in RPMI supplemented with dialyzed

FBS with or without 50 mM biotin. Cultures were maintained for 24 hrs.

2.12. Apex Biotinylation

The apex biotinylation procedure is described in detail by Olsen et al. (180).
Briefly, HeLa cells were cultivated in one 6-well plate per experimental condition and
Dulbecco modified Eagle medium (DMEM) + 10% FBS. Once confluent, monolayers
were either mock-infected or infected with WT, TmeA-APEX, or TmeB-APEX by
spinning at 900 xg for 60 min to reach an MOI of 2. EBs used for infection were previously
cultivated in the presence of 50 ng/mL aTc for expression of TmeA-APEX and TmeB-
APEX before invasion. After incubating infected cultures at 37 °C for 24 h in growth
medium supplemented with 50 ng/ml aTc, 1.5 mM final concentration Biotin-phenol was
added to medium and incubated for 30 min. Biotinylation was catalyzed by replacing the
medium with 3 mM H202 in phosphate-buffered saline (PBS) for 1 min and then washing

cultures 3 times with quenching solution.

2.13. Mass Spectrometry Based Protein Identification

BirA or APEX cultures were harvested into RIPA buffer (Appendix 2)
supplemented with Halt Protease Inhibitor Cocktail (ThermoFisher Scientific) and
incubated on ice for 1 hr. The insoluble fraction was separated by spinning at 17,000 xg

for 3 min, and then the soluble fraction was applied to equilibrated high-capacity
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NeutrAvidin Agarose (Thermo Scientific) and rocked overnight at 4 °C. The resin was
washed 3 times, and biotinylated proteins were eluted in 40 pl 3x CSS (Appendix 2) at 95
°C for 4 min. To identify biotinylated proteins using mass spectrometry, proteins were run
into a 12% SDS-PAGE gel for 15 min at 200 V and then stained with Sypro Ruby protein
blot stain (Lonza) and cut into lanes. The University of Kentucky Proteomics Core
performed digestion and preparation of samples. A TSQ Vantage triple quadrupole mass
spectrometer was used for liquid chromatography with tandem mass spectrometry (LC-
MS/MS) protein identification. Analysis of samples was done using Mascot data analysis

software.

2.14. FLAG-Tag Immunoprecipitations

FLAG-tagged proteins were ectopically expressed in HeLa cells or expressed and
secreted from C. trachomatis during infection. HeLa cells were lysed using ice-cold 0.5%
NP-40 buffer (Appendix 2) containing Halt Protease Inhibitor Cocktail (ThermoFisher
Scientific). After removing the insoluble fraction, the lysate was pre-cleared with
Sepharose 4B beads (Sigma), then applied to anti-FLAG M2 resin and incubated with
rocking at 4 °C overnight. The resin was washed 4 times with 0.05% NP-40 buffer
(Appendix 2), and bound proteins were eluted into 30 uL 6 x Laemmli buffer (Appendix
2) by heating at 95 °C for 5 minutes. The eluted proteins were then analyzed by

immunoblotting (2.5. Immunoblotting).
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2.15. Pyrene Assay

Pyrene actin polymerization assays were performed as previously described (121).
Briefly, monomeric pyrene-labeled actin was prepared by diluting lyophilized pyrene actin
(Cytoskeleton) in 5 mM Tris (pH 8.0), 0.2 mM CaClz, 0.2 mM ATP (G buffer) and
incubating on ice for 1 hr. Monomeric pyrene actin was obtained by collecting the
supernatant after centrifuging for 90 min, at 100,000 xg and 4 °C in a Beckman Optima
MAX TL ultracentrifuge using a TLA 55 rotor (Beckman Coulter). N-WASPAEVH1
(NWASP">1-5%) was employed as previously reported to facilitate purification from E. coli
(181). Approximately 30 pg of pyrene-labeled actin was mixed with 1 to 2 pg of the
indicated proteins (TmeA, N-WASP!*!-301  Arp2/3, TarP, or VCA) in a volume of 500 pl
for 5 min before the addition of 1/20th volume of polymerization buffer (500 mM KCl, 20
mM MgClz, 10 mM ATP). The reaction (contained in a semi-microcuvette and holder
assembly) was monitored for 30 min with an LS 55 luminescence spectrophotometer
equipped with the biokinetic accessory and directed by FL Winlab software version 4.0
(Perkin-Elmer, Beaconsfield, Bucks, United Kingdom) with 2.5-nm bandwidth at 365-nm

excitation wavelength and a 2.5-nm bandwidth at 407-nm emission wavelength.

2.16. 2D Gels

Duplicate HeLa monolayers were infected at an MOI of 1000 with density gradient
(DQG) purified EBs in 24-well plates by rocking at 37 °C for 20 min. Two wells per sample
were lysed in ice-cold water containing Halt Protease Inhibitor Cocktail (ThermoFisher
Scientific). Excess salts and lipids were removed from samples by Chloroform-methanol

extraction, and proteins were resuspended with 2-D Ready Prep Resuspension Buffer
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(BioRad). Proteins were separated in the first dimension on 11 cm IPG strips pH 4-7
(BioRad) by isoelectric point. Proteins were separated in the second dimension on 4-15%
SDS-PAGE gels (BioRad). Phosphorylated proteins were detected using phosphotyrosine-
specific primary antibodies after being transferred to Immobilon-P membranes (Millipore)
or detected within the gel using Pro-Q Diamond Phosphoprotein Gel Stain (ThermoFisher

Scientific) prior to mass spectrometry.

2.17. Mouse Infections

Groups of 5 female C3H/Hel mice 6 to 8 weeks old purchased from Jackson
Laboratory were used for these studies. Mice were given food and water ad libitum in a
controlled environment with 14 hr light and 10 hr darkness cycles. Mice were pretreated
with 2.5 mg medroxyprogesterone (Depo-Provera) subcutaneously 5 days before infection.
Mice were infected by depositing 5x10° IFUs, diluted to 5 ul in SPG buffer (Appendix 2),
into the vaginal vault. Vaginal shedding was monitored by vaginal vault swabs (Calgiswab;
7 turns to the left, 7 turns to the right) beginning on day 3 and then every 4 days. Sheds
IFUs were extracted from swabs by vortexing and were used to infect fresh McCoy cells.
RPMI + 10% FBS media was supplemented with 10 pg/mL gentamicin (Gibco). IFUs were
enumerated by fluorescent staining 24 hpi (2.4.1. Direct IFU Counts). All manipulations
were reviewed and approved by the University of Kentucky Institutional Animal Care and

Use Committee.
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2.18. Statistical Analysis

Data are representative of a minimum of three experiments. Unless otherwise noted,
quantitative data were generated from experiments containing triplicate biological samples.
Calculation of standard deviation of the mean and assessment of statistical significance by
Student’s t-test with Welch’s correction, Mann-Whitney U-test, or linear regression was

performed using Prism 6, version 6.04 (GraphPad Software, Inc., La Jolla, CA).

2.19. Image Creation

Schematic representations were generated using PowerPoint (Microsoft Office)

and BioRender.com.
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CHAPTER 3: Floxed-Cassette Allelic Exchange Mutagenesis Enables Markerless
Gene Deletion in Chlamydia trachomatis and Can Reverse Cassette-Induced Polar

Effects

Some of the data presented here have been previously published in, “Keb G,
Hayman R, and Fields KA. (2018). Floxed-Cassette Allelic Exchange Mutagenesis
Enables Markerless Gene Deletion in Chlamydia trachomatis and Can Reverse Cassette-

Induced Polar Effects. Journal of bacteriology, 200(24), €00479-18. PMID: 30224436.”

Contributions: Dr. Fields proposed the genetic strategies and performed the lateral gene
transfer methods. Robert Hayman performed inclusion size analysis and high throughput
platform screening of chlamydial mutants. I did all other experiments. Dr. Fields and I

authored the original paper collaboratively.

3.1. Summary

The goal of the work presented herein was to develop a mutagenesis strategy for
generating markerless gene deletions in C. frachomatis. This new strategy aimed to
alleviate the cassette-induced polar effects previously observed with the fluorescence-
reported allelic exchange mutagenesis (FRAEM) method. The FRAEM selection cassette,
encoding green fluorescent protein (GFP) and antibiotic resistance, was re-engineered to
contain flanking /oxP sites. In the presence of Cre recombinase, the loxP sites recombine
and result in the excision of the cassette from the genome. When C. trachomatis tmeA was
targeted for deletion by allelic replacement with the FRAEM gfp-bla selection cassette,
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downstream expression of tmeB was negatively impacted. Here, C. trachomatis tmeA was
targeted for deletion using the re-engineered floxed cassette, and Cre-/oxP genome editing
was employed to remove the cassette. This strategy, floxed-cassette allelic exchange
mutagenesis (FLAEM), successfully generated a markerless C. trachomatis tmeA deletion

mutant and restored expression of downstream tmeB.

3.2. Introduction

The ability to genetically manipulate Chlamydia spp. has historically impeded rapid
progress in understanding the function of specific chlamydial virulence factors and their
contributions during infection. Early genetic strategies relied on chemical mutagenesis
with forward and reverse approaches to associate genes with phenotypes. Coinfection of
chlamydial strains to exchange DNA via lateral gene transfer (LGT) has been exploited for
gene association studies in heavily mutagenized genomes (159). Successful CaClz
chemical transformation of C. trachomatis (156) with exogenous plasmid DNA has opened
the door to more targeted strategies like the TargeTron system (162) and fluorescence-
reported allelic exchange mutagenesis (FRAEM) (163). The TargeTron system enables
site-specific gene inactivation by inserting a group II intron, whereas FRAEM replaces
entire gene sequences with a selection cassette, encoding green fluorescent protein and

antibiotic resistance, via allelic recombination.

Consistent with a reductionist genome, many C. trachomatis genes are likely
arranged in operons. For example, the genes encoding the basal apparatus of the T3SS exist

within ten different operons (182). Insertion mutagenesis approaches targeted at genes
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within operons have the potential to alter the expression of downstream genes. FRAEM
was previously used to target C. trachomatis tmeA, a significant invasion-related effector,
for deletion (143). The AtmeA strain revealed a functional requirement for TmeA during
invasion in vitro and intravaginal infection of mice; however, the FRAEM-generated

AtmeA strain had decreased expression of downstream tmeB (143).

Bacteriophage Cre recombinase has been used effectively for genome editing of
DNA flanked by /oxP recognition sequences (183). In particular, the Cre-/ox system has
been applied successfully in genetically tractable bacteria (184), including the intracellular
pathogen Coxiella burnetii (185). Although the obligate intracellular nature and
comparatively limited malleability of Chlamydia spp. presents challenges, the broadly
efficacious Cre-lox approach represents a promising strategy for genome editing in

Chlamydia spp.

Floxed-cassette allelic exchange mutagenesis (FLAEM) was developed using the
Cre-loxP system to overcome the obstacle of cassette-induced polar effects. FLAEM is
essentially an extension of the original FRAEM method. Here, the FREAM selection
cassette is re-engineered with flanking loxP sites for recombination in the presence of Cre
recombinase. Using a stepwise transformation approach, tmeA was successfully deleted
and replaced with the loxP-flanked selection cassette; then, the cassette was targeted by
transiently expressed Cre recombinase. Indeed, this process successfully removed the
selection cassette, restored the expression of tmeB, and generated the first markerless gene
deletion in C. trachomatis. In a broader sense, this technique allows a more direct
assessment of specific gene functions and provides the greater Chlamydia research

community a tool for deleting genes within operons.
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3.3. Results

Excision strategy and Cre activity. The lack of TmeB in the C. trachomatis 1.2
AtmeA strain was hypothesized to be directly due to the replacement of tmeA with the 2.1-
kb gfp-bla selection marker. Cre-loxP genome editing was chosen to investigate this
hypothesis and determine whether removing the selection cassette would restore tmeB
expression. This strategy requires a tmeA deletion strain where the pSUmC suicide plasmid
(Figure 1A) gfp-bla cassette, with flanking 34 bp loxP sites, replaces the target gene. The
mutant is then transformed with a Cre-expressing suicide plasmid, pSU-Cre (Figure 1B).
The pSU-CRE plasmid also encodes aadA and mCherry for selection and fluorescence
reporting, respectively. Expression of Cre is maintained until excision of the chromosomal
cassette is achieved, yielding a single /oxP scar sequence in the genome (Figure 1C).

To determine the functionality of this mutagenesis strategy, I utilized E. coli to
confirm the system's overall efficiency. E. coli was co-transformed with ploxP-GFP, which
contains loxP sites flanking gfp and encodes blaM on the backbone, and either pSU-Cre or
empty vector pSUmC (negative control). 100 plated colonies were examined by direct
fluorescence 24 hrs after transformation. No green fluorescent colonies were observed in
the presence of pSU-CRE, whereas all the colonies were both red and green fluorescent in
the presence of empty pSUmC (Figure 2A). To further confirm the removal of the gfp-
cassette from ploxP-GFP, plasmid DNA from multiple E. coli isolates was harvested, and
the cassette locus was PCR amplified using primers annealing to regions flanking the /oxP
sites. All amplicons from E. coli strains cotransformed with pSU-CRE migrated at a

smaller size, corresponding to the loss of the gfp-containing DNA, compared to the empty
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Figure 1: Vector maps and mutagenesis strategy.
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(A) Schematic of the pSUmC-4.0 plasmid containing the gfp-bla selection cassette flanked
by loxP sites. (B) Schematic of pSU-CRE plasmid for conditional expression of Cre in C.
trachomatis. (C) Schematic representation of Cre recombinase strategy for use in
Chlamydia spp. Cre expression is used to excise the gfp and B-lactamase resistance (bla)
reporter genes when flanked by upstream (US) and downstream (DS) loxP sites, leaving
behind a /oxP scar sequence. The resulting locus is shown and contains one remaining /oxP
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Figure 2. Cre recombinase excises a fluorescence cassette in E. coli.

(A) E. coli colonies expressing ploxP-GFP and lacking (pSUmC) or expressing (pSU-
CRE) Cre recombinase. Colonies were imaged with bright-field and fluorescence
microscopy. (B) Excision of the reporter cassette was confirmed for three different
transformants (1 to 3) by PCR amplification of the locus with primers annealing within the
upstream and downstream flanking regions
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pSUmC control (Figure 2B). These data indicated that the Cre recombinase encoded by
pSU-CRE was functional and that removal of the selection cassette was efficient in E. coli.

Next, I wanted to determine if Cre recombinase could be efficiently expressed in
C. trachomatis and whether it would negatively impact chlamydial development. C.
trachomatis L2 was transformed with pSU-CRE, using standard CaClz methods, and
protein samples were harvested from monolayers infected with either wild-type (WT) or
C. trachomatis-pSU-CRE 24 hours post-infection (hpi). Cre recombinase was detected via
immunoblotting only in the C. trachomatis-pSU-CRE cultures (Figure 3A). Although the
inclusions formed by pSU-CRE-expressing chlamydiae appeared to have normal
morphology (not shown), I investigated the impact of Cre expression on overall chlamydial
fitness. C. trachomatis expressing or lacking Cre was used to infect HeLa cells. 24 hpi
cultures were then either methanol fixed and stained for inclusions or harvested for
enumeration of progeny inclusion-forming units (IFU). As expected, there was no
significant difference in inclusion areas (analysis done by Robert Hayman) (Figure 3B),
and there was no difference in the production of progeny IFUs (Figure 3C). Therefore, Cre
is efficiently expressed in C. trachomatis and does not overtly impact chlamydial
development.

Generation of a markerless fmeA mutant. The Cre-/ox approach, to create a
AtmeA strain lacking the selection cassette, began by creating a new tmeA4 mutant with loxP
sites. WT C. trachomatis L2 was transformed with pSUmC-tmeA-lox-gfp-bla, where loxP
sites flanked gfp-bla, and tmeA was targeted for deletion using the FRAEM method, as
previously described (163, 170). The resulting mutants of this initial step, containing a

floxed gfp-bla cassette in place of tmeA in the chromosome, were isolated in the presence
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Figure 3. Cre is expressed in Chlamydia spp. and does not impact development.

HeLa cells were infected for 24 hrs with equivalent IFUs of C. trachomatis expressing
(+CRE) or lacking (-CRE) pSU-CRE. (A) Whole-culture material was probed in
immunoblots with Cre-specific antibodies or anti-Hsp60 as the loading control and
visualized via chemiluminescence. (B) Cultures were methanol fixed and stained for
inclusion visualization using indirect immunofluorescence. Areas of 50 representative
inclusions were measured and plotted individually, with the means + one standard
deviation shown. (C) Primary cultures were harvested, and progeny Chlamydia spp. were
enumerated after secondary passage onto fresh HeLa cells. Error bars represent one
standard deviation. Statistical significance was addressed using a Student’s t-test with
Welch’s correction.
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of rifampin (Rif) to select Rif-resistant chlamydiae, and a clonal strain was derived by
limiting dilution. This clonal population of L2R tmeA-Ix-gfp-bla served as the progenitor
strain for downstream genome editing (Figure 4A). I was unable to transform this strain
with pSU-CRE after several attempts; therefore, lateral gene transfer (LGT) (performed by
Dr. Fields) was leveraged to mobilize pSU-CRE from L2-pSU-CRE to L28 tmeA-Ix-gfp-
bla by co-infecting and selecting for red and green inclusions that were resistant to Rif,
penicillin G (PenG), and spectinomycin (Spec). Cultures were maintained in the presence
of anhydrotetracycline (aTc) to promote retention of the pSU-CRE vector, and PenG
selection was removed to allow loss of the cassette. Red-only inclusions were observed
after one passage suggesting successful excision of the gfp-bla cassette. This process yields
a mixed population of mutants (lacking or still containing the gfp-bla cassette); thus, Rif-
and Spec-resistant red-only bacterial were clonally isolated by limiting dilution. The
isolated bacteria were then cultivated for multiple passages without Spec selection and aTc
to promote the curing of the pSU-Cre plasmid. This process resulted in non-fluorescent
mutant bacteria, which were again clonally isolated by limiting dilution and termed L2RRif
AtmeA-Ix. A common phenomenon when cultivating pSUmC transformed C. trachomatis
for multiple passages is that the endogenous pL.2 plasmid is cured (163). PCR analysis (not
shown) confirmed that the isolated L2R® AtmeA-Ix non-fluorescent strain had been cured
of the pL.2 plasmid. Because the pL2 plasmid is required for chlamydial fitness, LGT was
again utilized to reintroduce the pL2 plasmid by coinfecting WT L2 with L2RR Atmed-Ix
and selecting for Rif resistance. This strategy yielded L2Rf AtmeA-Ix, and qPCR analysis
confirmed that the levels of pL2 plasmid were comparable to the WT, indicating successful

restoration of the endogenous plasmid (Figure 4B).
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Figure 4. Construction of a markerless C. trachomatis tmeA mutant.

(A) Schematic representation of the strategy used to create a markerless trme4 mutant. Each
intermediate is depicted with fluorescent qualities (green, GFP™; red, mCherry™; gray, no
fluorescence) and antibiotic sensitivities (PenG", penicillin G resistant; PenG®, penicillin-
susceptible;  Rif', rifampin-resistant; Spec®, spectinomycin-susceptible;  Spec’,
spectinomycin-resistant). (B) gPCR-based comparison of endogenous pL2 (plasmid) copy
number in WT or AtmeA-Ix mutant chlamydiae relative to chlamydial 16S rRNA. DNA
was harvested from infected McCoy cells at 24 hpi. (C) McCoy cell cultures were infected
with equal IFUs of WT, AtmeA, or AtmeA-Ix and serially passaged every 24 hrs in media
containing PenG. At each passage, DNA was harvested for quantitative real-time PCR to
determine genome equivalents based on chlamydial 16S rRNA.
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Sensitivity to PenG was assayed as an indicator for the loss of the gfp-bla cassette
(Figure 4C). C. trachomatis infected HeLa cultures were grown in antibiotic-supplemented
media, and C. trachomatis genomes were enumerated by detecting chlamydial 16S via
quantitative PCR (qPCR) over three passages. In contrast to AtmeA (retaining gfp-bla
cassette), the WT and ArmeA-Ix genome levels dropped below detection by the third
passage in the presence of PenG. Overall, these data support that our strategy resulted in
the generation of a markerless tmeA deletion strain.

Next, I directly focused on the tmeA locus to verify that Cre-/ox genome editing
occurred by our design. Genomic DNA was harvested from C. trachomatis WT, AtmeA,
or AtmeA-Ix infected HeLa cultures 24 hpi. PCR amplicons using primers flanking the tmeA
locus should yield a 2.1 kb reduction, compared to AtmeA if the gfp-bla cassette was
successfully removed. The amplicons from WT and AtmeA migrated as expected at 1.4 and
2.9 kb, respectively, while the amplicon from AfmeA-Ix migrated at approximately 0.5 kb
indicating the loss of the cassette (Figure 5SA). Amplicons for tmeA and tmeB were also
detected by qPCR and confirmed the absence of tmeAd and retention of tmeB in AtmeA-Ix
(Figure 5B). A gfp-specific signal was only detected for the AfmeA-polar strain, and a cre-
specific signal was not detected for any of the strains. These data confirm the complete loss
of both the gfp-bla selection cassette and cre in the isolated AtmeA-Ix mutant.

Furthermore, the locus was directly sequenced and revealed a single loxP scar
sequence immediately following the tmeA start codon and prior to the stop codon (Figure

5C). The intervening upstream region of tmeB and the GTG start codon were not disrupted.
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Figure 5. Direct evidence of gfp-bla excision.

(A) Excision of the reporter cassette confirmed by PCR by amplifying the tmeA locus with
primers in the surrounding upstream and downstream regions. Products are shown resolved
in a 1.0% agarose gel. (B) McCoy cells infected with equal IFUs of C. trachomatis WT,
AtmeA, or AtmeA-Ix were harvested at 24 hpi, and DNA was extracted for qPCR. Relative
copy numbers for tmeA, tmeB, gfp, and cre were assessed by signal normalized to
chlamydial 16S rRNA. ND, none detected. (C) The sequenced tmeAB locus from AtmeA-
Ix indicating the remaining /oxP scar sequence (underlined). Flanking DNA appears in
blue, while start codons are in green, and the TmeA stop is highlighted in red. The
noncanonical start codon for TmeB is also depicted.
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In aggregate, these data support that the Cre-/ox genome editing strategy was targeted and
effective in creating the markerless C. trachomatis AtmeA-Ix strain.

Excision of the gfp-bla cassette reverses polar disruption of rmeB expression.
Having confirmed the successful removal of the gfp-bla selection cassette, I next wanted
to determine whether this method alleviated the polar effects on tmeB expression. RNA
and protein were extracted from infected HeLa cultures 24 hpi to examine tmeB-specific
products. RNA levels were enumerated by quantitative reverse transcriptase PCR (qRT-
PCR) and normalized to rpoD levels, a C. trachomatis housekeeping gene (Figure 6A).
Similar levels of tmeA- and tmeB-specific amplicons were detected in WT infected
cultures, whereas no signal was detected for tmeA and tmeB in the respective null mutant
strains. As expected, the AfrmeA mutant containing the gfp-bla cassette had reduced tmeB
signal; however, the newly isolated AtmeA-Ix mutant had restored levels of tmeB; thus, the
loxP scar sequence did not inhibit frmeB expression. Previous work has indicated that c1696,
located downstream of the tmeA operon, is independently transcribed and was included as
an additional downstream control (139). Message levels for c£696 were comparable to WT
for all tested strains.

Protein levels, detected by western blot using TmeA and TmeB specific antibodies,
were consistent with qRT-PCR results (Figure 6B). TmeB was not detected in lysates from
AtmeA cultures but was present in AtmeA-Ix cultures. Interestingly, TmeB appeared to be

more abundant in the AtmeA-Ix and tmeA trans-complemented strains as compared to WT.
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Figure 6. Removal of the reporter cassette relieves polar effects on rmeB.

(A) The presence of transcripts downstream of tmeA was determined by reverse
transcriptase (RT) quantitative PCR. Total RNA was isolated at 24 hpi from McCoy cells
infected at an MOI of 1 with WT, AtmeA, AtmeB, or AtmeA-Ix. Transcripts for tmeA, tmeB,
and ct696 were detected by qRT-PCR, and signals are presented after normalization to
rpoD. ND, none detected. (B) Equal quantities of whole-culture material from 24-h cultures
infected with equal IFUs of WT, AtmeA, AtmeA-Ix, or AtmeA-IxptmeA were probed in
immunoblots for TmeA and TmeB. Hsp60 was used as a loading control, and proteins were
visualized by chemiluminescence.
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3.4. Discussion

An obligate intracellular existence presents obvious barriers to direct genetic
manipulation of bacteria. As with Coxiella, Anaplasma, and Ehrlichia spp., the addition of
a biphasic developmental cycle has further complicated progress in Chlamydia spp. (186).
The ability to transform Chlamydia spp. with a stably maintained shuttle vector has ushered
in the ability to inactivate targeted chromosomal genes via insertion with group II introns
or complete gene deletion using FRAEM (154). Both processes require integrating a
selectable marker to recover desired strains due to the numerical confines imposed by the
requirement of host cell culture and low-frequency mutagenic events. These insertion
elements can disrupt the processivity of RNA polymerase and translating ribosomes,
thereby impacting the expression of downstream genes. Insertion-induced disruption to
downstream genes is an important issue given the propensity of bacteria to have genes
organized in polycistronic operons (187). While promoter and operon structures have not
been well characterized in Chlamydia spp. (188), transcriptome studies indicate the
presence of polycistronic messages. Deep sequencing of the C. trachomatis 1.2b
transcriptome was not sufficient to identify all transcription start sites (189), yet at least
246 polycistronic transcripts were detected using a similar approach with closely related
Chlamydia pneumoniae (190). Therefore, overcoming the possibility of polar effects in

applying current gene inactivation technologies in Chlamydia spp. is a valuable tool.

C. trachomatis tmeA and tmeB represent invasion-related T3SEs cotranscribed as a
bicistronic operon (139). TmeB levels were significantly reduced when tmeA was replaced
with a gfp-bla cassette via FRAEM (163), raising the possibility of cassette-dependent

polar inactivation. In this study, an approach that sequentially couples FRAEM-mediated
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gene deletion with Cre-/lox-mediated excision of the resulting selection cassette was
created. This approach was applied successfully to generate a markerless deletion of tmeA
that did not negatively impact tmeB expression. Although the Cre-/ox system has been used
in Coxiella spp. with a two-step gene deletion strategy, mutagenesis was accomplished
with the benefit of an axenic medium, and the resulting deletion strains retained a drug
resistance cassette (185). This work represents the first application of Cre-/ox technology
for markerless gene deletion in an obligate intracellular bacterium during host cell

infection.

Cre recombinase mediates the conversion of bacteriophage P1 dimers to monomers
through recognition and binding to 34 bp direct repeats termed loxP sites (191). The Cre-
lox system has been adapted to successfully manipulate a wide diversity of genomes,
including removing selection markers from bacteria (192). Cre must be present and active
to remove the floxed selection cassette and then be eliminated from the bacteria. One
strategy developed for Mycoplasma spp. relied on conditional expression of Cre using a
tet-inducible promoter (193). Cre was encoded within the selection cassette such that it was
lost in tandem with the excision event. Notably, the /oxP scar sequence that remains after
marker excision has not been observed to exert adverse effects on downstream genes (185,
194). FLAEM relies on the expression of Cre in C. trachomatis using the conditionally
replicating pSUmMC plasmid (170). Cre is constitutively expressed from pSU-CRE via a
blaM promoter, and the plasmid is maintained via selection with Spec and aTc to induce
the expression of pgp6. The backbone of the plasmid also encodes mCherry as a
fluorescence marker. Given the labor-intensive requirements for genetically manipulating

C. trachomatis, the first step of this study was to ensure that the pSU-CRE-encoded
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recombinase was active in E. coli and adequately expressed in WT C. trachomatis without

interfering with development.

Generation of a markerless deletion mutant began with a Chlamydia strain where
tmeA had been replaced with a gfp-bla cassette flanked by loxP sites. pSU-CRE was then
mobilized into this strain. Neither Dr. Fields nor I are sure why the strain could not be
transformed with pSU-CRE using the conventional CaCl. method, but we suspect general
low transformation efficiency in Chlamydia may be the culprit. LGT can be efficiently
leveraged to mobilize engineered plasmids among chlamydial strains. The exchange of
genomic DNA via LGT occurs at a frequency of 1073 to 107 (195), yet plasmid DNA can
be transferred 10- to 100-fold more efficiently (Ken Fields, data not shown). A spontaneous
Rif-resistant strain, L2R" AtmeA-gfp-bla, was generated to allow selective recovery after
coinfection with L2 pSU-CRE. Experiments in E. coli (Figure 2) were consistent with Cre-
mediated excision of the marker cassette being highly efficient, which was important since
there was no selective pressure for excision of the cassette in C. trachomatis. Although
there was no selection to recover markerless mutants, we leveraged the fluorescence
reporting of our constructs to monitor excision and recover appropriate strains. Indeed, I
could readily visualize a minor population of red-only inclusions after a single passage of
L2RT AtmeA-gfp-bla and pSU-CRE co-infection. Consistent with previous observations,
selective maintenance of an engineered plasmid in C. trachomatis results in the eventual
loss of endogenous pL2 during this process (163). Therefore, LGT was leveraged a second
time to restore endogenous pL2 after curing pSU-CRE. The final strain, L28 Atmed-Ix,

was isolated and will be described phenotypically in subsequent chapters.
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Overall, these data are consistent with the marker cassette exerting a polar effect on
tmeB in L2 AtmeA that was alleviated by excision of the gfp-bla cassette. Both message
and protein levels for tmeB were decreased relative to the WT in L2 AtmeA, raising the
possibility that the presence of gfp-bla interfered with mRNA stability or translation. These
data also provide proof of concept that Cre-/ox-mediated recombination is an effective
technique for manipulation of the chlamydial genome. Due to limitations imposed by host
cell culture and genetic manipulation of Chlamydia spp., this method is somewhat
laborious. It is perhaps most appropriate for instances when operon-localized genes are
targeted for inactivation. Other applications are possible as well. Alternative antibiotic
resistance genes have been used to sequentially engineer a chlamydial strain harboring two
inactivated genes (143). Given the limited number of effective antibiotics available for
positive selection in Chlamydia spp., the Cre-/ox system could be exploited as a mechanism
to generate multigene mutant strains. Group II introns have been widely used to disrupt
chlamydial genes (154), and Cre-lox has been used to excise group II introns in other
bacteria (192). However, the lack of a fluorescence reporter in group II introns would likely
complicate strain recovery for Chlamydia species. Cre-lox is, therefore, most appropriate
for use with FRAEM. Based on the wide variety of manipulations that have been
accomplished in other genomes, it also possible that more generalized engineering of the
C. trachomatis chromosome can be performed using Cre-lox. Inversions, insertions, and

gene deletions may become possible as the chlamydial system becomes more tractable.
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CHAPTER 4: Non-physiological Levels of TmeB Impacts Intracellular C.

trachomatis Development

Parts of this chapter have been previously published in, “Keb G, Hayman R, and
Fields KA. (2018). Floxed-Cassette Allelic Exchange Mutagenesis Enables Markerless
Gene Deletion in Chlamydia trachomatis and Can Reverse Cassette-Induced Polar Effects.

Journal of Bacteriology, 200(24), €00479-18. PMID: 30224436

Contributions: Dr. Ken Fields performed the percent invasion assays. Dr. Kate Wolf
generated the pSUmC construct used to delete the tmeA/B operon and transformed C.
trachomatis to yield the L2AtmeA/B-gfp-aadA strain. Dr. Ken Fields transformed
L2AtmeA/B-gfp-aadA with pSU-Cre-bla and developed the L2AtmeA/B double mutant
strain. Maria Clouse generated the pCompTmeA/TmeB construct and transformed C.

trachomatis. 1 conducted all other experiments.

4.1. Summary

The goal of the work presented here was to determine if the FLAEM-generated C.
trachomatis AtmeA-Ix strain manifests the same invasion defect as was previously observed
for the AtmeA strain, which contained the FRAEM selection cassette and had decreased
expression of tmeB. This study found that the “non-polar” C. trachomatis AtmeA-Ix strain
had reduced fitness compared to AtmeA and that non-physiological levels of TmeB impact

chlamydial development. FLAEM mutagenesis was also utilized to generate one of the first
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markerless double deletion mutants in C. frachomatis. This strain was used to further

investigate the contributions of TmeA and TmeB during C. trachomatis development.

4.2. Introduction:

Invasion of bacteria into non-phagocytic cells requires considerable reorganization
of the actin cytoskeleton. C. trachomatis hijacks host actin polymerization pathways by
secreting effectors into the host cytosol through a T3SS. For example, C. trachomatis
secretes the effector TarP to nucleate actin directly. TarP is secreted during invasion and
shares the chaperone, Slcl, with C. trachomatis TmeA and TmeB. Previous studies have
shown that TmeA is important for C. trachomatis invasion into host cells and plays a role
during infection of a mammalian host (143). Initial investigations into the function of
TmeA were complicated because the C. trachomatis AtmeA deletion strain had cassette-
induced decreased expression of the downstream gene tmeB. My collaborators and I
generated the AtmeA-Ix strain using the Cre-loxP system to remove the gfp-bla selection
cassette, which restores expression of tmeB (Chapter 3), although the abundance of TmeB

was increased to non-physiological levels.

This chapter aimed to investigate whether the newly generated AtmeA-Ix strain
maintained similar phenotypes to AtmeA and further explore the contributions of TmeA
and TmeB on C. trachomatis invasion and intracellular development. While investigating
the developmental phenotypes of AtmeA-Ix, 1 found that increased expression of TmeB
negatively impacts C. trachomatis invasion and development. Furthermore, I present data

that supports the absence of TmeB improves C. trachomatis ability to produce infectious
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progeny and spread cell-to-cell in plaquing assays compared to WT strains. These findings
are novel since previous studies have suggested that TmeB is dispensable for efficiently
producing infectious progeny (143). Collectively, the data presented here also support the

hypothesis that TmeA and TmeB are functionally related and have antagonistic functions.

4.3. Results:

Rif resistance does not impact chlamydial development. Previous studies have
shown that the elimination of tmeA manifests as a defect in invasion efficiency that
correlates with a reduction in inclusion numbers in primary and secondary cultures (143).
Since this strain also lacked TmeB, studies could not formally exclude the possibility that
the loss of TmeB contributed to the observed phenotypes. With the newly generated
L2Ri'Atmed-Ix strain (AtmeA-Ix), I wanted to compare the infectivity and developmental
phenotypes of AtmeA-Ix to WT and determine if the absence of tmeA still manifests as an

infectivity defect.

To ensure valid phenotypic comparisons, I utilized a Rif-resistant WT strain
(WTR generated by K. Fields) and produced a WTR! strain containing empty vector
pCompAll (WT+pCompAll) using CaClz transformation. To determine if the Rif resistant
background impacted C. trachomatis development, HelLa cells were infected with C.
trachomatis WT, WTRIE or WTR+pCompAIl (Figure 7). At time points corresponding to
C. trachomatis early-(1 & 6 hpi), mid-(12 hpi), and late-(24 & 48 hpi) cycle development,

cultures were harvested for infectious progeny and passaged onto fresh HeLLa monolayers.
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Figure 7. Rif resistance does not negatively affect C. trachomatis 1.2 development.

HeLa cultures were infected in triplicate with equal inclusion forming units (IFUs) of WT,
WTRIE or WTRpCompAIl (empty vector) at an MOI of 0.5. Cultures were harvested at
1, 6, 12, 24, and 48 hpi. Then chlamydiae were passaged onto fresh monolayers for
enumeration of recovered IFUs by fluorescence staining of chlamydiae in fixed samples.
Data are represented by the mean + one standard deviation of triplicate samples. Statistical
significance was assessed using a Student’s t-test with Welch’s correction at times 24 and
48 hpi (ns; not significant).
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Inclusions were enumerated by fluorescent staining of fixed cultures. Recovered IFUs were
normalized to WT for starting [FUs. During early-cycle development, EBs differentiate
into RBs, non-infections, and asynchronously transition back into EBs mid-cycle; thus, it
is not unusual that recovered IFUs vary during these time points. By 24 and 48 hpi, there
was no significant difference in infectious progeny for WTRI or WTRiH+pCompAll

compared to WT.

L2RifAtmeA-Ix manifests a developmental defect in tissue culture. I wanted to
directly investigate the infectivity of the AtmeA-Ix strain by quantifying direct IFUs (Figure
8A) and progeny IFUs (Figure 8B). When cultures are infected with particle-normalized
infectious EBs, this assay can be used as an indicator of defects during early infection
(143).1 generated a L28AtmeA-Ix+pCompAll (AtmeA-Ix+pCompAll) mutant to use as an
isogenic control for the L2RfAtmeA-Ix+pCompTmeA (AtmeA-Ix+pCompTmeA) mutant.
HeLa cell cultures were infected with chlamydial strains normalized for particles (Figure
8A) or IFUs (Figure 8B). Inclusions were enumerated in particle-normalized cultures at 24
hpi, whereas IFU-normalized cultures were harvested and passaged onto fresh cells to
enumerate progeny [FUs. In both cases, infection was significantly reduced for the AtmeA-
Ix+pCompAIl mutant with 3.45x10° direct IFUs and 1.39x10° progeny IFUs compared to
WT+pCompAll with 8.91x10° direct IFUs and 3.79x10° progeny IFUs. This deficiency
was reversed by complementation in direct counts; however, restoration of progeny yields
was not as robust. These data are consistent with previous findings that TmeA is important

for chlamydial development, however, does not rule out the possibility of a TmeB effect.
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Figure 8. C. trachomatis 1.2 AtmeA-Ix manifests a developmental defect in tissue
culture.

(A) HeLa cultures were infected in triplicate with equal numbers of WT+pCompAll,
AtmeA-Ix+pCompAll, or AtmeA-Ix+ptmeA (A) EBs or (B) IFUs to achieve an approximate
MOI of 0.1. Cultures were methanol fixed and stained for inclusions (A) or processed for
enumeration of progeny IFUs (B) at 24 hpi. All inclusions were enumerated by
fluorescence staining of chlamydiae in fixed samples, and data for direct and progeny IFUs
counts are represented as mean with error bars at one standard deviation of triplicate
samples. A Student’s t-test with Welch’s correction was used to address significance (*,
P<0.02; **, P<0.005).
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Although the AtmeA-Ix strain (non-polar) has restored expression of TmeB
compared to AfmeA (polar), TmeB levels appear to be more abundant in AtmeA-Ix
compared to WT when detected via immunoblot (Figure 9A). I wanted to investigate
whether this increase affected AtmeA-Ix development compared to AtmeA. 1 started by
comparing the ability of either strain to produce infectious progeny (Figure 9B). HeLa cell
cultures were infected with equal IFUs, then harvested 24 hpi and passaged onto fresh
monolayers. IFUs were fluorescently stained in fixed cultures and enumerated. The AtmeA-
Ix strain produced significantly fewer IFUs (3.02x10° IFUs) as compared to AtmeA
(1.49x10*IFUs). To better observe this phenotype, I quantified progeny genomes for each
strain from infected cultures across several passages by qPCR (Figure 9C). The AtmeA-Ix
strain had significantly fewer genomes after as few as three passages. Together these data

indicate C. trachomatis AtmeA-Ix are more attenuated compared to WT.

Overexpression of rmeB negatively impacts C. trachomatis development. To
further examine the effect of non-physiological levels of TmeB and determine if TmeB
levels contributed to the decreased fitness of the AtmeA-Ix strain, 1 generated C.
trachomatis WT and AtmeB strains that expressed fmeB under its native promoter using
the pCompAlIl vector (pTmeB) and CaClz transformation. The increased expression of
TmeB in WT+pTmeB and AtmeB+pTmeB strains was confirmed by immunoblot with
TmeB-specific antibodies (Figure 10A). Both WT+pTmeB and AtmeB+pTmeB had
increased TmeB-specific signal compared to WT, whereas no signal was detected for

AtmeB.

Progeny IFUs were then enumerated from HeLa cultures infected with

WT+pCompAlIl, WT+pTmeB, AtmeB+pCompAll, and AtmeB+pTmeB (Figure 10B).
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Figure 9. C. trachomatis 1.2 AtmeA-Ix manifests a greater developmental defect in
tissue culture as compared to AtmeA.

(A) Equal quantities of whole-culture material from 24 hr cultures infected with equal IFUs
of WT, AtmeA, AtmeA-Ix, or AtmeB were probed in immunoblots with TmeB-specific
antibody. Hsp60 was used as a chlamydial loading control, and proteins were visualized
by chemiluminescence. (B & C) HeLa cultures were infected in triplicate with equal IFUs
of AtmeA or AtmeA-Ix to achieve an approximate MOI of 0.1. (B) Cultures were methanol
fixed and stained for chlamydiae 24 hpi. Progeny IFUs are represented as mean with error
bars at one standard deviation of triplicate samples. A Student’s t-test with Welch’s
correction was used to address significance (**, P<0.005). (C) Infected cultures were
harvested and passaged onto fresh HeLa monolayers. A portion of harvested material was
used for DNA extraction and quantification by qPCR detecting chlamydial 16S from
triplicate biological and technical samples. Linear regression was used to address statistical
significance (**, P<0.005).
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Figure 10. Overexpression of fmeB negatively impacts C. trachomatis L2 development.

(A) Equal quantities of material harvested from WT+pCompAIl, WT+pTmeB, AtmeB, or
AtmeB+pTmeB density gradient purified EBs were probed in immunoblots with TmeB-
specific antibody. Hsp60 was used as a chlamydial loading control, and proteins were
visualized by chemiluminescence. (B & C) HeLa cultures were infected in triplicate with
equal IFUs of C. trachomatis L2 WT+pCompAll, WT+pTmeB, AtmeB+pCompAll, or
AtmeB+pTmeB to achieve an approximate MOI of 0.1. (B) Cultures were harvested for
enumeration of progeny IFUs at 24 hpi. All inclusions were enumerated by fluorescent
staining of chlamydiae in fixed samples, and data are represented as mean with error bars
at one standard deviation of triplicate samples. A Student’s t-test with Welch’s correction
was used to address significance (*, P<0.05; **, P<0.005). (C) Infected cultures were
harvested and passaged onto fresh HelLa monolayers every 24 hrs. A portion of the
harvested material was used for DNA extraction and quantification by qPCR detecting
chlamydial 16S. Data are represented by mean fold change + one standard deviation. Linear
regression was used to address statistical significance (**, P<0.0001).
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Both WT+pTmeB (1.29x10°IFUs) and AtmeB+pTmeB (1.19x10° IFUs) strains had fewer
progeny IFUs than WT+pCompAIl (1.52x10° IFUs); however, C. trachomatis
AtmeB+pCompAIl (4.28x10° IFUs) had significantly more infectious progeny than
WT+pCompAlII. Next, I collected chlamydial genomes for each strain from infected
cultures at 24 hpi across multiple passages (Figure 10C). Chlamydial genomes were
quantified by detecting 16S via qPCR. Both strains with increased levels of TmeB had
significantly fewer genomes after numerous passages compared to WT+pCompAll.
Conversely, AtmeB+pCompAll produced significantly more genomes compared to WT.
These data suggest that TmeB levels correlate with increased or decreased C. trachomatis

fitness for AtmeB+pCompAll or WT+TmeB and AtmeB+pTmeB strains, respectively.

Overexpression of trmeB negatively impacts C. trachomatis invasion. Similar to
the role of TmeA, one explanation for the TmeB-related fitness may be that TmeB has a
role during invasion. Invasion efficiency was directly examined for WT, AtmeB, and
WT+pTmeB strains. Hela monolayers were infected with equal IFUs by rocking at 4 °C to
allow chlamydial attachment, then shifted to 37 °C for 30 min to synchronize invasion.
Infections were fixed and differentially stained for internalized or extracellular bacteria.
There was no difference between C. trachomatis WT (79%) and AtmeB (80%) invasion
efficiency (Figure 11A); however, WT+pTmeB had significantly decreased invasion
efficiency (36.8%) compared to WT (73.5%) (Figure 11B) indicating the overabundance,

but not absence, of TmeB impacts invasion.

C. trachomatis AtmeB form larger plaques compared to WT. I next investigated
the impact of TmeB on overall chlamydial infectivity in vitro. I compared the ability of

WT, AtmeA-Ix, AtmeA-Ix+pTmeA, AtmeB, and AtmeB+pTmeB to form plaques in Vero
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Figure 11. Increased TmeB levels negatively impact C. frachomatis L2 invasion.

HeLa monolayers were infected for 1 hr at 4 °C with C. trachomatis L2 WT and (A) AtmeB
or (B) WT+pTmeB at an MOI of 20. Cultures were shifted to 37 °C for 30 min and then
paraformaldehyde-fixed. Inside-out staining was used to determine invasion where
external EBs were labeled with MOMP-specific antibodies, and internalized bacteria were
labeled using Chlamydia LPS-specific antibodies in subsequently permeabilized cultures.
Data are represented as the percentage of internalized chlamydiae for 10 fields of view with

means represented. Statistical significance was computed using Student’s t-test with
Welch’s correction (**, P<0.0001).
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cell monolayers. Cell cultures were infected with equal IFUs and overlayed with an agarose
media. In plaquing assays, clearings form in the monolayer from host cell death, and larger
clearings are associated with increased infectivity (196). On day 7 post-infection, I stained
the monolayers with neutral red solution (Figure 12A) and quantified the area of each
plaque (Figure 12B). C. trachomatis L2R lacks the native pL2 plasmid rendering it
avirulent. This strain was included as a negative control for cell-to-cell spread. Although
increased TmeB levels were associated with decreased invasion efficiency, the median area
of plaques formed by the AtmeA-Ix strain was 364 au and was similar to the median area
of WT plaques at 385 au. The AtmeA-Ix+pTmeA and AtmeB+pTmeB strains did form
slightly smaller plaques compared to WT with median areas of 330 au and 348 au,
respectively; however, the AfmeB strain formed significantly larger plaques with a median

area of 541 au.

C. trachomatis WTR outcompetes WT+pTmeB compared to WT. I also
investigated TmeB’s impact on chlamydial development using a co-infection assay. I
infected HeLa monolayers with equal IFUs of WTRf and WT strains or WTRI and
WT+pTmeB strains, each at an MOI of 1 to promote inclusion fusion between the two
strains. 24 hpi, [ harvested the cultures and enumerated Rif-resistant progeny (Figure 13).
When WTR was co-infected with WT+pTmeB, there were significantly more recovered
Rif-resistant progeny than co-infection with WT (2.17x107 and 1.2 x107 Rif-resistant IFUs,
respectively). These data suggest that C. trachomatis WTR could survive more efficiently
with WT+pTmeB than WT, indicating WTR may outcompete WT+pTmeB better than

WT.
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Figure 12. C. trachomatis L2 AtmeB form larger plaques compared to WT.

(A) Vero cell monolayers were infected with equal IFUs of WT, L2R, AtmeA,
AtmeA+pTmeA, AtmeB, or AtmeB+pTmeB in triplicate. The cultures were stained with
neutral red 7 days post-infection and imaged by brightfield microscopy. (B) Plaque areas
were quantified as arbitrary units (AU) for each strain using Image J analysis software
(n=446; L2R, n=25). Medians are represented by red bars. Statistical significance was
addressed using a Mann-Whitney U-test (*, p<0.05; **, p<0.01; **** p<0.0001) and
outliers were removed according to ROUT analysis Q=1%.

77



(7] * %k
-
L 2.5x107-
>
c
& 2x107-
(o]
a
= 1.5%107+
® 1
whd
2 1%107
Q
o
c  5%1064
g
A 0 '
= JEAE
A .s\\AQ
&L
"9$ &
‘8_-‘\&4
Q@

Figure 13. C. trachomatis 12 WTR outcompetes WT+pTmeB compared to WT.

HeLa cultures were infected in triplicate at an MOI of 1 for each strain with equal IFUs of
WTRIf and WT+pTmeB or WTRf and WT. Cultures were harvested 24 hpi and passaged
onto fresh monolayers in the presence of rifampin (5 ng/mL). Rifampin-resistant progeny
were enumerated by fluorescence staining of chlamydiae in fixed samples. Data are
represented as means with error bars at one standard deviation. Statistical analysis was
addressed using a Student’s t-test with Welch’s correction (**, p<0.002).
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C. trachomatis lacking both tmeA and tmeB produce a similar amount of
infectious progeny as WT. The lack of TmeA and the over-expression of TmeB are
associated with negative chlamydial development phenotypes. I wanted to investigate the
impact of deleting both effectors on chlamydial development. Dr. Wolf and Dr. Fields
successfully generated a double mutant strain, AtmeA/tmeB, using FLAEM to target the
entire TmeA/B operon for deletion. Immunoblot (Figure 14A) and qPCR (Figure 14B)
analysis confirm the absence of TmeA and TmeB in the AtmeA/B strain. A cross-reactive
band is detected at a slightly greater molecular weight than TmeB with TmeB specific
antibodies in immunoblots. This band likely represents a HelLa protein and varies in
intensity depending on the purity of the EB stock. Next, I compared progeny IFUs for C.
trachomatis WT, AtmeA-Ix, AtmeB, and AtmeA/B strains (Figure 14C). As previously
observed, the AtmeA-Ix (1.01 x10°IFUs) and AtmeB (3.08 x10°IFUs) strains had decreased
and increased progeny, respectively, compared to WT (1.67 x10° IFUs). The AtmeA/B

(1.91 x10° IFUs) strain had similar progeny as compared to WT.

C. trachomatis strains lacking both fmeA and tmeB or over-expressing tmeA
and fmeB produce fewer progeny genomes than WT. I quantified genomes across
multiple passages to more closely investigate the ability of AtmeA/tmeB double mutant to
produce progeny (Figure 15A). By passage four, the AtmeA-Ix and AtmeA/B strains had
significantly fewer genomes as compared to WT. AtmeB did not have significantly

different genomes compared to WT.

Genomes were also quantified across multiple passages from infected cultures for

a WT strain expressing additional TmeA and TmeB, WT+pTmeA/TmeB, to investigate
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Figure 14. C. trachomatis L2 lacking both tmeA and tmeB are not deficient in
producing infectious progeny.

(A) Equal quantities of material harvested from EBs was probed in immunoblots with
antibodies specific to TmeA and TmeB. HSP60 was used as a loading control for
chlamydiae, and proteins were visualized by chemiluminescence. (B) McCoy cells infected
in triplicate with equal IFUs of C. trachomatis L2 WT or AtmeA/tmeB were harvested at
24 hpi, and DNA was extracted for qPCR. Relative copy numbers for tmeA and tmeB were
assessed by signal normalized to chlamydial 16S (ND, none detected). (C) HeLa cultures
were infected in triplicate with equal IFUs of C. trachomatis L2 WT, AtmeA-Ix, AtmeB, or
AtmeA/tmeB to achieve an MOI of 0.1. Cultures were harvested for enumeration of progeny
EBs at 24 hpi. All inclusions were enumerated by fluorescence staining of chlamydiae in
fixed samples, and data are represented as mean with error bars at one standard deviation
of triplicate samples. Statistical analysis was addressed using a Student’s t-test with
Welch’s correction (*, p<0.02; **, p<0.001; ns, not significant).
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Figure 15. C. trachomatis 1.2 strains lacking both TmeA and TmeB or over-expressing
TmeA and TmeB produce fewer progeny genomes over multiple passages than WT.

HeLa monolayers were infected with C. trachomatis L2 (A) WT, AtmeA-Ix, AtmeB, or
AtmeA/tmeB; or (B) WT+pCompAlIl, WT+pTmeB, or WT+pTmeA+TmeB. Infected
cultures were harvested and passaged onto fresh HeLa monolayers every 24 hrs. A
portion of the harvested material was used for DNA extraction and quantification by
qPCR detecting chlamydial 16S. Data are represented as fold change from triplicate
biological and technical samples. Linear regression was used to assess statistical
significance (*, p<0.02;**, P<0.0001).
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whether increased TmeA would negate the effects of increased TmeB. This strain contains
the pCompAlI plasmid with the tmeA/tmeB locus under its native promoter (generated by
Maria Bodero). Although WT+pTmeB and WT+pTmeA/TmeB were infected with 2.5
times the starting inoculum as WT, after 5 passages, there were significantly fewer
genomes (Figure 15B). These data indicate that increased TmeA does not rescue the defect

associated with increased TmeB expression.

4.4. Discussion

The lack of physiological TmeB levels in the AtmeAd (“polar”) strain made it
challenging to identify specific contributions of TmeA independent of TmeB. The AtmeA-
Ix (“non-polar”) strain was generated by removing the FRAEM-associated selection
cassette via Cre-loxP genome editing and resulted in increased expression of TmeB. Using
this newly generated strain, I investigated whether the previously observed direct and
progeny IFU defects for AtmeA (143) remained consistent for AtmeA-Ix. The data presented
here indicate that AtmeA-Ix is more attenuated during development than ArmeA and suggest
that TmeA and TmeB have an inverse relationship since the lack of TmeA and excess

TmeB both negatively correlate with chlamydial fitness.

To ensure appropriate controls throughout the study, I first wanted to determine
whether Rif resistance or transformation with an empty pCompAll vector affected the
growth of C. trachomatis. Neither control strain impacted chlamydial development,
indicating that they would be suitable controls. Vector-only controls are also important to

use given the contributions of genes encoded by pL2 during chlamydial infection (197) and
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observations that ectopic expression of fluorescent proteins can impact fitness in some

bacteria (198).

Similar to AtmeA, the AtmeA-Ix strain also manifested a decrease in chlamydial
infectivity. These data are therefore consistent with the proposed role of TmeA in
chlamydial invasion. Although complementation was achieved when assessing direct IFUs
for AtmeA-Ix, progeny IFUs were not fully restored for the complementing strain (Figure
8B), unlike the AfmeA strain where complementation was achieved with both direct and
progeny IFUs (143). The AtmeA-Ix strain restored expression of tmeB; however, TmeB
levels were increased compared to WT (Figure 9A). Therefore, I wondered if the increased
expression of TmeB was causing adverse effects on chlamydial development and if this
was the reason the fmed complementing strain did not rescue the defect in progeny IFUs
for AtmeA-Ix. Direct comparison between the AtmeA and AtmeA-Ix strains for progeny
IFUs after a single or multiple 24 hr passages revealed that AfmeA-Ix had an increased
defect for production of infectious progeny (Figure 9B&C). These data suggest that non-

physiological levels of TmeB may be impacting C. trachomatis development.

To directly test the impact of non-physiological levels of TmeB, I generated WT
and AtmeB strains that expressed TmeB in excess using the pCompTmeB vector. In
experiments comparing progeny IFUs and progeny genomes over time, strains with
increased TmeB abundance had significantly decreased progeny, whereas the AtmeB strain
had significantly increased progeny compared to WT (Figure 14C). Interestingly, AtmeB
did not have increased genomes compared to WT across multiple passages (Figure 15A).
These data may suggest that AtmeB strains produce more EBs by 24hpi, but do not have

more overall progeny (RBs +EBs) compared to WT. Taken together, these data are
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consistent with TmeB levels inversely correlating with C. trachomatis fitness, where

increased TmeB has a negative effect.

Because TmeA is implicated in actin reorganization during invasion, I wanted to
determine the impact of TmeB on C. trachomatis invasion. Percent invasion assays
revealed that excess TmeB decreased C. trachomatis invasion; however, the deletion of
tmeB had no effect. One possible explanation for this effect is that excess TmeB is blocking
the secretion of other invasion-related effectors; however, the Slcl chaperoned effector,
TepP, is still secreted and phosphorylated by host kinases in the presence of excess TmeB
(Appendix 4). Although this does not rule out the possibility that the secretion of other
effectors is being blocked or altered, TmeB may likely be hindering an important invasion-
related event, such as actin reorganization. The AtmeB strain did not have a defect or
advantage during invasion; however, progeny IFUs relative to WT were increased,
indicating a developmental advantage. These data may indicate a role for TmeB after

invasion and during development by 24 hrs.

To look at the influence of TmeA and TmeB on overall C. trachomatis
development, including host cell exit, I utilized a plaquing assay. C. trachomatis exit cells
by host cell lysis or by extrusion. Larger plaques indicate greater cell to cell spread and
overall infectivity. Interestingly, AtmeB+pTmeB, with increased levels of TmeB, only had
a mild decrease in plaque area relative to WT (385 au and 348 au, respectively). Therefore,
unlike invasion, increased TmeB may provide an advantage late in development or increase
the occurrence of host cell exit by lysis. In contrast, the absence of tmeB was associated
with increased plaque area (541 au), which agrees with increased progeny IFU and genome

data (Figure 10B&C).

84



When two or more EBs co-infect the same host cell, their inclusions fuse, and the
bacteria maintain the same intracellular environment (199). Homotypic fusion between
inclusions requires C. frachomatis IncA, which is expressed mid-cycle ca. 10 hpi (200).
When WTR chlamydiae were co-infected with either WT+pTmeB or WT, more Rif
resistant progeny were recovered from WT+pTmeB co-infections. These data suggest that
WTRIf chlamydiae outcompete WT+pTmeB chlamydiae, which supports that an excess of
TmeB is associated with a developmental defect before host cell escape. These data may
also suggest that the effect of excess TmeB is specific to the chlamydiae and not to the
fused inclusion. If TmeB functions within the host cytosol, as predicted based on secretion,
I would expect WT R to be attenuated during development when infected with
WT+pTmeB raising the possibility that TmeB may function before inclusion fusion. The
inclusion becomes fusogenic with exocytic vesicles carrying nutrients like sphingomyelin
as early as 2 hpi (91, 92); therefore, TmeB may be disrupting similar early cycle events

like nutrient acquisition that require actin reorganization.

Collectively, these data indicate that TmeA and TmeB have an inverse relationship,
where C. trachomatis manifest defects in the absence of TmeA or the abundance of TmeB.
Therefore, I investigated C. trachomatis fitness when both effectors were deleted or over-
expressed. FLAEM was again utilized to delete the entire TmeA/B operon from C.
trachomatis. This double deletion strain represents one of the first double deletion mutants
in Chlamydia (in addition to AtmeA-Ix/tarp detailed in Chapter 5). Additionally, the
pCompAlIl plasmid was engineered to express both tmed and tmeB by their native
promoter. The AtmeA/tmeB strain produced similar progeny IFUs to WT chlamydiae at 24

hpi for a singular passage (Figure 14C). This is likely due to a culmination of the invasion
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defect associated with the loss of tmeA and an increase in progeny related to the loss of
tmeB; however, when progeny genomes were collected every 24 hrs across multiple
passages (Figure 15A), there were significantly fewer genomes by day four relative to WT.
These data may indicate a subtle defect during the first 24 hrs of development that is not
fully captured by a progeny comparison of a single passage. When progeny genomes were
collected for C. trachomatis WT+pTmeA+TmeB, there were also significantly fewer
genomes relative to WT, suggesting that TmeB has a dominant-negative effect on

development and is not negated by increased TmeA production.

Genes within operons are often functionally related (201); therefore, I hypothesized
that TmeA and TmeB were functionally related. Taken together, the data presented here
support this hypothesis and are consistent with C. trachomatis TmeA and TmeB being
inversely related. TmeA has been described as an important effector for C. trachomatis
invasion, and I have provided evidence here that TmeB is also involved in invasion since
abundant non-physiological levels of TmeB negatively impact invasion. TmeA and TmeB
are secreted during and after invasion and remain localized to plasma and inclusion
membranes, respectively, at 24 hpi. AfmeB strains invaded host cells as efficiently as WT
at 30 min pi; however, AfmeB strains repeatedly manifested an increase in production of

infectious progeny and formed larger plaques, supporting a role for TmeB beyond invasion.

I predict TmeB has a dominant-negative effect when expressed at high levels
because it functions to counteract the TmeA-mediated actin reorganization within the host
cytosol. With the surplus of TmeB, the invasion-promoting functions of TmeA may be
negated, and invasion efficiency is negatively affected. At native levels of expression, the

functions of TmeA and TmeB are likely finely balanced. TmeA promotes host actin
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remodeling during invasion, whereas TmeB may function to reverse signaling cascades,
thereby preventing spurious signaling in the host. A similar relationship has been found
between Salmonella effectors SopE2 and SptP. SopE2 promotes host actin remodeling by
activating the Rho-family GTPase Cdc42 (202), and SptP is a tyrosine phosphatase that
inhibits GTPase activity (146, 203). These effectors, along with others, work in concert to
promote Salmonella invasion and modulate host immune responses triggered by hijacked

cellular signaling pathways (204-206).
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CHAPTER 5: Chlamydia trachomatis TmeA Directly Activates N-WASP to Promote

Actin Polymerization and Functions Synergistically with TarP during Invasion

This chapter has been adapted from previously published work “Keb, G., Ferrell,
J., Scanlon, K. R., Jewett, T. J., & Fields, K. A. (2021). Chlamydia trachomatis TmeA
Directly Activates N-WASP to Promote Actin Polymerization and Functions

Synergistically with TarP during Invasion. mBio, 12(1), €02861-20. PMID: 33468693

Contributions: Dr. Fields established the AtmeA-Ix/tarp deletion strain, performed the
invasion efficiency assays and the BirA immunoblot analyses. J. Ferrell conducted the
BirA biotinylation experiments. K.R. Scanlon and K.R. Jewett performed the pyrene
assays. I conducted the progeny IFU comparisons, immunoprecipitations, APEX
biotinylation cloning and subsequent experiments, immunoblot analysis, and
transformation of cis-complementing C. trachomatis strains. Maria Bodero generated the
plasmid used for cis complementation in E. coli. Dr. Fields and I conceptualized and

authored the original manuscript collaboratively.

5.1. Summary

C. trachomatis TarP and TmeA are both implicated in host actin reorganization and
EB invasion. The high degree of redundancy in host actin cytoskeletal rearrangement
pathways makes it difficult to identify specific and collective roles of T3SS effectors during
host cell invasion. Using FRAEM and FLAEM, single deletions have been made for both

tarp and tmeA, yielding C. trachomatis Atarp and AtmeA-Ix single deletion strains. This
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study further expands the FLAEM technique and has generated a double farp and tmeA
deletion strain, AtmeA-Ix/tarp. Here I present data using the single and double deletion
strains for fitness comparisons and other biochemical approaches. These data provide
evidence that the individual functions of TmeA and TarP impact separate pathways yet
converge to promote Arp2/3-mediated actin polymerization essential for efficient
chlamydial invasion. I also present evidence that TmeA is required for localization of N-
WASP to the site of EB entry into host cells and that TmeA directly binds and activates N-
WASP to promote actin polymerization. In a broader sense, identifying the role of TmeA
also narrows the scope of potential interacting partners for TmeB since I hypothesize the

function of TmeB is intimately linked to the role of TmeA (Chapter 4).

5.2. Introduction

Chlamydia trachomatis preferentially infects columnar epithelial cells and is
dependent upon invasion for intracellular survival. Entry into nonprofessional phagocytes
likely requires multiple and redundant entry mechanisms with active and inherent
manipulation of the host actin cytoskeletal network. Although manipulation of the
cytoskeleton plays an essential role during invasion and throughout chlamydial
development, the mechanisms initiating and maintaining these events are poorly
understood in the context of C. trachomatis infection. Previous studies have primarily
leveraged inhibitors to target host proteins during invasion, which has made it challenging
to identify the roles of individual effectors.

Actin is rapidly recruited to the site of chlamydial attachment (129), and in vitro
studies have shown that invasion of C. trachomatis is significantly impaired when actin
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polymerization or depolymerization is disrupted with either cytochalasin D or
jasplakinolide, respectively (reviewed in reference (120)). It has also been well established
that central host factors responsible for manipulating actin dynamics, such as Ras-related
C3 botulinum toxin substrate 1 (Racl), Wiskott-Aldrich syndrome protein family member
2 (WAVE2), and the Arp2/3 complex, play important roles during C. trachomatis
internalization (reviewed in reference (120)). Beyond invasion, the actin-based
cytoskeleton maintains chlamydial inclusion integrity during intracellular development
(152) and host cell exit (99).

Chlamydia initially adheres to the host plasma membranes via low-affinity
interactions such as those manifested between heparan sulfate proteoglycans and C.
trachomatis outer membrane proteins, such as OmcB (83). Subsequent high-affinity
interactions are established between chlamydial outer membrane proteins and host
receptors, such as integrin -1 (ITGB1) (84), epidermal growth factor receptor (EGFR)
(85), ephrin receptor A2 (EPHA2)(86), or platelet-derived growth factor receptor b
(PDGFRDb)(124). These high-affinity interactions can mediate chlamydial attachment
leading to receptor clustering and downstream actin remodeling, culminating in invasion
(86, 119, 129, 149). For example, C. trachomatis Ctadl binds to ITGB1 and induces
receptor clustering, activation of Erk1/2, and chlamydial internalization (84). The
individual activities of both EGFR (151) and EPHA2 (86) also contribute to chlamydial
entry. These receptors presumably represent separate, redundant doorways for Chlamydia
to cross the host’s plasma membrane barrier.

In addition to receptor-mediated endocytosis, actin-containing filopodia that form

distinct cup, tail, and ruffle structures have been noted during chlamydial invasion (88,
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129). Detailed structural and biochemical analyses have recently revealed that these
structures correspond to events associated with macropinocytosis-mediated entry and have
implicated novel contributions of the Bin/amphiphysin/Rvs (BAR) domain protein sorting
nexin 9 (SNX9), cell division control protein 42 (Cdc42), and neural Wiskott-Aldrich
syndrome protein (N-WASP) during chlamydial infection. Macropinocytosis is an actin-
dependent process where extended filopodia fuse with the plasma membrane to form fluid-
phase endocytic compartments termed macropinosomes (207). SNX9 contributes to
membrane curvature and can impact actin dynamics by recruiting Cdc42 and N-WASP
(208). All three host proteins are recruited to EB attachment sites, and infection of SNX9 -
/~ cells or pharmacologic inhibition of Cdc42 or N-WASP negatively impacts invasion (88).
These data indicate that Chlamydia may deploy effector proteins that manipulate
macropinocytosis to effect entry. In support of this notion, C. pneumoniae Cpn0678, a C.
trachomatis TmeA ortholog, binds directly to SNX9 to effect membrane curvature
associated with entry events (209).

The effectors TarP and TmeA are chaperoned by the same chlamydial protein, Sicl,
before secretion. These effectors are secreted during invasion and early entry events
through the T3SS. TarP has been well established as an effector capable of directly and
indirectly manipulating actin. TarP contains both globular- (G) and filamentous- (F) actin-
binding domains and can directly nucleate actin. Through interactions with the signaling
proteins Src and WAVE, TarP also leads to indirect actin polymerization by Racl
activation. C. trachomatis Atarp mutants have decreased levels of invasion-related
infectivity as compared to WT (132); thus, TarP plays an important role in early entry

events. Similarly, C. trachomatis deletion strains lacking tmeAd also have decreased
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invasion-related infectivity. Previous studies have shown that TmeA interacts with
AHNAK, a large host scaffolding protein, and inhibits actin bundling (143). However,
TmeA strains lacking the AHNAK binding domain still cause morphological changes in
host cells (137), raising the possibility of interacting partners in addition to AHNAK.
Because TarP and TmeA both play a role in manipulating the actin network, my
collaborators and I sought to further understand their mechanism(s) of action by
investigating whether they function independently from one another along separate
pathways or whether they functioned synergistically along a similar path. Here, we utilize
C. trachomatis mutant strains containing null deletions of zarp and tmeA to investigate the
contributions of individual effectors on these processes; furthermore, we use a mutant
strain containing gene deletions of both effectors simultaneously to analyze their collective
impact. The work presented herein provides evidence that TmeA and TarP have distinct
functions and ultimately work on separate pathways that converge in the activation of
Arp2/3 for actin polymerization. I also present data that support a role for TmeA in
recruiting N-WASP to the site of EB invasion and directly binding and activating N-WASP
to promote Arp2/3 complex activation. Taken together, these data support an appreciation
for the number of resources a pathogen with a minimal genome dedicates to overcome

critical obstacles for survival.

5.3. Results

Generation of a C. trachomatis AtmeA-Ix/tarp double deletion mutant. To begin
investigating the individual and cumulative effects of TarP and TmeA on invasion, Dr.

Fields generated a C. trachomatis deletion mutant lacking both effectors. Lateral gene
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transfer was used to introduce a tarp deletion into the AtmeA-Ix strain. This was achieved
by coinfecting Atarp, expressing penicillin G (PenG) resistance, and AtmeA-Ix, expressing
rifampin resistance (Rif). Cocultures were serially passaged without antibiotic selection
initially to allow adequate time for LGT to occur; then, selection was introduced to isolate
a mutant resistant to both PenG and Rif (Figure 16A). The isolated strain was deficient in
both tmeA and tarp, confirmed by qPCR (Figure 16B) and immunoblot analysis (Figure
16C). Notably, the deletion of TmeA and TarP did not affect the expression of the other
Slc1 chaperoned effectors, TmeB and TepP (Appendix 4).

C. trachomatis lacking tmeA and tarp are attenuated during development. To
compare the fitness of the double mutant strain to single mutants and WT, I utilized a direct
inclusion-forming unit assay. HeLa cells were infected with equal numbers of EBs for each
strain. 24 hpi inclusions were enumerated by fixing and staining the cultures (Figure 17A).
The AtmeA-Ix/tarp double mutant strain was significantly attenuated compared to WT and
the single mutant strains.

The areas of stained inclusions from infected cultures were quantified. Both AtmeA-
Ix and Atmed-Ix/tarp formed smaller inclusions (median = 139 pm? and 109 pm?
respectively) and while Atarp formed larger inclusions (median = 206 um?) relative to WT
(median =180 um?) (Figure 17B). I next enumerated infectious progeny from cultures
infected with equal IFUs 24 hpi. Atmed-Ix (3.22x10°IFUs) and AtmeA-Ix/tarp (3.38x10°
IFUs) produced significantly fewer progeny relative to WT (1.56 x10” IFUs), whereas

Atarp (1.68 x10” IFUs) produced a similar amount to WT (Figure 17C).
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Figure 16. Conformation of tarp tmeA double deletion mutant.

(A). Schematic for application of lateral gene transfer to generate AtmeA-Ix/tarp from
single mutant strains. Rifampin-resistant (Rif "), penicillin-sensitive (PenG®) AtmeA-Ix
lacking GFP was cocultured with penicillin-resistant (PenG"), rifampin-sensitive (Rif ®)
Atarp to allow lateral gene transfer between strains. Both PenG and Rif selection was
applied to isolate a GFP" strain lacking tmeA and tarp. LoxP sites are represented by red
bars, bla by black bars, and gfp by green bars. (B) McCoy cells were infected in triplicate
with equal IFUs of WT, AtmeA-Ix, Atarp, or AtmeA-Ix/tarp. C. trachomatis were harvested
24 hpi, and DNA was extracted for gPCR. Relative copy numbers of tarp, tmeA, and tmeB,
with technical triplicates, was assessed by signal normalized to 16S (ND, none detected).
(C) Immunoblot analysis of material from DG-purified WT or AtmeA-Ix/tarp EBs. SDS-
PAGE-resolved material was probed with antibodies specific for effectors TmeA, TmeB,
TarP, and TepP. MOMP was used as a chlamydial loading control, and proteins were
detected by chemiluminescence.
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Figure 17. C. trachomatis lacking tmeA and tarp are attenuated during development.

HeLa cells were infected using equivalent numbers of WT, AtmeA-Ix, Atarp, or AtmeA-
Ix/tarp strains at an approximate MOI of 0.1. At 24 hpi, cultures were methanol fixed and
stained to enumerate (A) chlamydial inclusions and (B) inclusion areas or (C) harvested
and passaged to enumerate progeny IFUs by fluorescent staining in fixed cultures 24 hpi.
(A&C) Data from mutant strains are represented as the mean + one standard deviation of
triplicate samples. Statistical significance was addressed using Student’s t-test with
Welch’s correction (*, p<0.05; **, p<0.005). (B) Median areas are represented by red bars
(N=100) and statistical significance was assessed using a Mann-Whitney U-test (***,
P<0.0007; **** P<0.0001). Outliers were removed using ROUT analysis with Q= 1%.
(D) HeLa monolayers were infected for 1 hr at 4 °C with WT or mutant strains at an MOI
of 10. Cultures were shifted to 37 °C for 30 min and then paraformaldehyde-fixed and
processed for inside-out staining to assess invasion efficiency. Data are represented as
mean values for the percentage of internalized chlamydiae for 10 fields of view and are
shown with error bars at one standard deviation. Statistical significance was addressed
using Student’s t-test with Welch’s correction (*, p<0.05; **, p<0.005).
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Next, the mutant strains were compared for their ability to invade host cells within
30 min (Figure 17D). Typically, at this time point, 50-80% of WT bacteria will successfully
invade. The infections were synchronized by infecting HeLa cells at 4 °C,
which allows attachment, then shifting the cultures to 37 °C for 30 min to allow invasion.
Cultures were then fixed and differentially stained for extracellular vs. intracellular
bacteria. 63.7% (= 8.8%) of WT EBs were intracellular by 30 min. Consistent with
previous findings, the invasion efficiency of the single mutant strains was 35% (+ 5.7%)
for AtmeA-Ix and 33.5% (£ 13.3%) for Atarp. In the absence of both TmeA and TarP, the
invasion defect was exacerbated where only 20% (+ 4.5%) of bacteria successfully invaded
at 30 min. These data indicate that TmeA and TarP function in an additive fashion to
promote efficient uptake of Chlamydia.

Proximity labeling identifies several proximal proteins to TmeA. Previous
studies have shown that the interaction of TmeA with AHNAK is not solely responsible
for TmeA’s effect on the actin cytoskeleton. When the AHNAK binding domain of TmeA
is deleted, ectopic expression of the truncated protein in HelLa cells still causes
morphological changes (137). Therefore, it is likely that TmeA has multiple functional
domains capable of manipulating the host actin network.

J. Ferrell has previously identified potential binding partners using BirA proximity
labeling (210). Proximity labeling has emerged as an efficacious approach for delineating
potential interacting partners of chlamydial effectors (180, 211, 212). He reasoned that
ectopic expression of a TmeA-containing chimeric protein in HeLa cells would provide a
nonbiased indication of potential interacting host proteins. TmeA was fused to the

promiscuous biotin ligase, BirA, and a similar fusion was created using TmeA lacking the
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membrane-localization domain (MLD) as a nonspecific control. Duplicate experiments
were performed where HeLa cells were transiently transfected via nucleofection with BirA
only, TmeA-BirA, or TmeAAmld-BirA and cultured in the presence of exogenous biotin
for 24 hrs. A portion of each sample was resolved via SDS-PAGE followed by probing
with streptavidin-horseradish peroxidase (HRP) in immunoblots to confirm ligase activity.
Nucleofection efficiency and localization of TmeA-containing fusion proteins were
confirmed by parallel staining of fixed cells with c-myc antibodies.

Purified biotinylated proteins were identified by mass spectrometry (MS). Common
contaminants such as keratin, heat shock proteins, and endogenously biotinylated proteins
were excluded from the results. Proteins identified in TmeA-BirA samples were designated
unique if they were also absent in BirA-only and TmeAAmld-BirA samples. A total of 12
unique host proteins were identified for TmeA-BirA samples (Table 4). As expected,
AHNAK and AHNAK2 were detected. Additional host proteins previously implicated
during C. trachomatis attachment or invasion, including ITGB1 (84), WASL/N-WASP
(88), EphA2 (86), and EGFR (85). Additional proteins included the amino acid transporters
SLC3A2 (CD98hc), SLC7AS (LAT1), and SLCIAS (ASCT2); cytoskeleton-associated
factors formin BP1 (FNBP1) and podocalyxin-like protein (PODXL); and the surface
receptor CD44.

To confirm the identified hits were specific to the TmeA-BirA samples and were
not background contaminants from MS, protein material was directly analyzed from
replicate BiolD experiments by immunoblotting with antibodies specific for each of these
hits (K. Fields). These analyses confirmed reproducible TmeA-dependent biotinylation of

receptors CD44, EphA2, EGFR, and the actin-associated proteins AHANK and N-WASP
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Table 4. MS Identification of Host Proteins Uniquely Proximal to TmeA-BirA

Uniprot

if;:ession Description® Score® Coverage® E?Sfiﬁﬁsd gﬁﬁi‘f ot r ?ﬁga‘)“
Q09666  AHNAK GN=AHNAK  6,349.70 72.41 209 302 5,800 6287
QS8IVF2  AHNAK2 GN=AHNK2  1,610.09 36.15 50 81 5,795  616.2
POS195  CD98 GN=SLC3A2 30922 23.81 9 13 630 68.0
P05556  Integrinbl GN=ITGBI 12399 852 5 5 798 88.4
P16070  CD44 GN=CD44 73.46 4.99 2 3 742 815
Q01650  LATI GN=SLC7AS 63.96 7.69 1 3 507 55.0
Q15758  ASCT2 GN=SLCI1A5 60.98 4.44 2 2 541 56.6
P00533  EGFR GN=EGFR 46.38 0.83 1 1 1210 1342
000592 Podocalyxin GN=PODXL 41.67 4.66 2 2 558 58.6
P29317  EphA2 GN=EPHA2 40.11 1.02 1 1 976 1082
Q96RU3  Formin BPI GN=FNBP1  39.77 1.62 1 1 617 713
000401  NWASP GN=WASL 34.67 7.72 1 3 505 54.8

4Uniprot gene names are provided as a common designation followed by the acronym

bConfidence score expressed as cumulative mass spectra for detected peptides.
“Percentage of respective protein represented by cumulative detected peptides.

dyalues correspond to the number of high-confidence peptides detected.

“Numbers correspond to the total number of peptides detected.

Numbers correspond to the total number of amino acids in the respective proteins.
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(Figure 18A). N-WASP has been implicated in association with sorting nexin 9 (SNX9)
during C. trachomatis invasion (88). SNX9 was also detected via immunoblot as
selectively biotinylated in the presence of TmeA-BirA. MS identified proteins that were
not confirmed by immunoblot include ITGB1, solute transporters SLC3A2, SLC7AS, and
SLC1AS, PODXL, and FNBP1.

Based on gene ontology (Table 5) and STRING (Figure 18B) (http://www.string-
db.org; 41) analyses, the identified proteins were clustered into functional classes relating
to amino acid transport or processes pertaining to cytoskeletal manipulations. SLC1AS,
SLC7AS, and SLC3A2 are membrane-associated solute transporters; thus, they appear in
multiple ontology categories. Collectively, the functional classes of these TmeA target
proteins suggest an impact on the host actin network.

The BirA BiolD method relies on ectopic expression of TmeA and identifies
proximal proteins over 24 hrs; therefore, I sought to identify TmeA targets in the context
of infection. I utilized the engineered ascorbate peroxidase, APEX2, which biotinylates
proximal proteins in the presence of biotin-phenol and hydrogen peroxide. Unlike BirA,
APEX2 is readily secreted through the T3SS and rapidly biotinylates proteins within
seconds once the reaction is catalyzed with hydrogen peroxide (180). I generated
expression plasmids for both TmeA-APEX and TmeB-APEX chimeric proteins and
introduced them into the respective null C. trachomatis strains. The established invasion
defect of AtmeA-Ix was utilized to determine whether TmeA-APEX was functional (Figure
19A). HeLa cells were synchronously infected with either the WT, AtmeA-Ix, or
AtmeA+tmeA-APEX, and the invasion percentage was quantified for each strain using

differential inside-out fluorescence staining 45 min post-infection.
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Figure 18. Detection of biotinylated host proteins via immunoblot.

(A) HeLa cells were mock-treated or nucleofected with TmeA-BirA, AmldTmeA-BirA, or
TmeB-BirA and cultivated for 24 hrs in the presence of biotin. Whole-culture material was
harvested, biotinylated proteins were isolated with Avidin beads, and eluates were
subjected to immunoblot analysis. HeLa lysate was also loaded as a control for antibody
specificity. Representative images from a single experiment are shown. BirA-containing
fusion proteins were detected with cMyc-specific antibodies. Host proteins were detected
using antibodies indicated (Table 3). (B) Reproducibly detected host proteins were
examined via STRING analysis and grouped according to ontology analysis. Yellow
corresponds to transmembrane transport, whereas the orange sphere reflects proteins
involved in cell movement.
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Table 5. Selected Enriched Gene Ontology (GO) Molecular Functions Identified Among
Host Proteins Targeted by TmeA-BirA

Term P-value®*  Specific targets

Amino acid transport 2.88¢-05 SLC7AS, SLC3A2, SLCI1AS

Organic acid 2.69e-05 SLC7AS, SLC3A2, SLC1A5S
transmembrane transport

Viral entry into host 1.11e-05 EphA2, EGFR, SLCIAS

Cell migration 4.28¢-05 EphA2, SLC7AS, EGFR, CD44, SLC3A2
Movement of cell or 2.97¢-05 EphA2, SLC7AS, N-WASP, EGFR, CD44,
subcellular component SLC3A2

8Calculated P-value using Fisher’s exact test and setting the false-discovery rate at <0.05.
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Figure 19. A TmeA-APEX fusion is functional when expressed in C. frachomatis and
biotinylates proximal proteins.

(A) The ability of TmeA-APEX to complement AtmeA-Ix invasion was tested by infecting
HeLa monolayers for 1 hr at 4 °C with WT, AtmeA-Ix, or AtmeA-Ix expressing TmeA-
APEX at an MOI of 10. Cultures were shifted to 37 °C for 45 min, paraformaldehyde-
fixed, then stained to assess invasion efficiency. Data are represented as the mean
percentage of internalized chlamydiae with error bars at one standard deviation. Statistical
significance was computed using Student’s t-test with Welch’s correction (*, P<0.003; **,
P<0.0001). (B) HeLa monolayers were mock-treated or infected for 24 hrs with WT and
AtmeA-Ix or AtmeB strains expressing TmeA-APEX or TmeB-APEX, respectively.
Biotinylation was catalyzed, then whole-culture material was harvested, biotinylated
proteins were isolated with Avidin beads, and eluates were subjected to immunoblot
analysis. HeLa lysates were loaded as a control for antibody specificity. Total biotin
content was probed using HRP-conjugated avidin.
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Expression of TmeA-APEX successfully restored infectivity of the AtmeA-Ix parent strain
and showed no significant difference in invasion compared to WT, thus indicating TmeA
was functional in the TmeA-APEX chimera. During initial experiments, I was unable to
generate a sufficient biotinylation signal at time points corresponding to invasion and entry
(30 min pi or 1 hpi) (data not shown); therefore, I examined the profile of biotinylated
proteins at 24 hpi. HeLa cells were infected with mock, WT, or TmeA/TmeB-APEX
strains, then 24 hpi, biotin-phenol was supplemented to the medium for 30 min before
catalyzation with hydrogen peroxide. Whole-culture material was collected, biotinylated
proteins were affinity precipitated with avidin resin, and recovered proteins were analyzed
via immunoblot or LC-MS/MS. Common contaminants such as keratin, heat shock
proteins, and endogenously biotinylated proteins were excluded from the LC-MS/MS
results. Proteins with a confidence score below 30 were also excluded, thereby setting an
established threshold of a 0.001 probability of peptide identification being random.
Consistent with functional TmeA-APEX activity, several uniquely biotinylated proteins
were detected in the presence of TmeA-APEX (Figure 19B&C). Immunoblots with
protein-specific antibodies revealed the unique presence of N-WASP, EGFR, and CD44,
but not SNX9, in TmeA-APEX material. This was an important cross-validation step in
identifying biotinylated proteins, especially since N-WASP had a low confidence score in
mass spectrometry results.

I also noticed a very prominent and reproducible band at ca. 250 kDa, representing
a uniquely biotinylated protein in the TmeA-APEX sample. To identify this protein, I cut
the associated region out of a Sypro stained gel, using WT as a control, and submitted it

for LC-MS/MS analysis. Negating contaminating proteins and confirming the protein by
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immunoblot with specific antibodies, I also identified IQGAPI1 as a proximal protein to
TmeA (Figure 19C). IQGAPI binds both Racl and Cdc42 and inhibits their intrinsic
GTPase activity, thereby stabilizing them in their GTP-bound form (213).

N-WASP interacts with TmeA and localizes with invading EBs. Both BirA and
APEX2 proximity labeling approaches reproducibly identified N-WASP as proximal to
TmeA. I wanted to determine whether TmeA interacts with N-WASP. FLAG-tagged (FT)
TmeA was ectopically expressed in HeLa cells, and anti-FLAG coimmunoprecipitation
experiments were done. SNX9 was used as a positive control with C. pneumoniae Cpn0678
for precipitation (209). 24 hrs post-nucleofection, whole-cell material was collected, and
FT proteins were precipitated. Immunoblots were used to detect host proteins precipitated
with TmeA-FT or TmeB-FT (Figure 20A). N-WASP coprecipitated with TmeA-FT, while
SNX9 did not, suggesting a direct TmeA-N-WASP interaction.

Next, | wanted to determine if N-WASP was recruited to the site of invading EBs
in a TmeA-dependent manner. HeLa cells were nucleofected to ectopically express N-
WASP tagged with green fluorescent protein (GFP), then infected 24 hrs post
nucleofection with either WT, AtmeA-Ix, or cis-tmeA. EBs were allowed to invade for
20 min, then cultures were paraformaldehyde-fixed, and EBs were stained for detection by
fluorescence microscopy (Figure 20B). Colocalization was also apparent using N-WASP-
specific antibodies, and indirect immunofluorescence indicated a peak colocalization of
TmeA and N-WASP at 20 to 30 min post-infection (data not shown). The dependence of
N-WASP recruitment on TmeA was determined by enumerating the number of invading
EBs associated with N-WASP and comparing WT, AtmeA-Ix, and cis-TmeA. Cis-

complemented TmeA expresses WT levels of TmeA and rescued the invasion defect
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Figure 20. TmeA interacts with N-WASP, and TmeA is required for N-WASP
recruitment to sites of invading EBs.

(A) FLAG-tagged proteins were immunoprecipitated from whole-cell lysates of HeLa cells
ectopically expressing TmeA-FT, TmeB-FT, or Cpn0678-FT for 30 hrs.
Immunoprecipitation from mock-treated lysates served as a negative control. The eluted
material was probed in immunoblots for tagged chlamydial proteins using anti-FLAG
antibodies. Host proteins were detected using antigen-specific antibodies, and HeLLa whole-
cell lysates were included as a positive control for these antibodies. (B) GFP-N-WASP
(green)-expressing HeLa cells were infected for 10 min with WT C. trachomatis (red) and
visualized by epifluorescence microscopy. The arrow indicates the field of view shown as
an inset in the merged image. Bar =5 um. (C). HeLa cells were cultivated for 20 min after
synchronous infection (in triplicate) with WT, AtmeA-Ix, or cis-tmeA strains. Monolayers
were stained for N-WASP and Chlamydia using specific antibodies, and the percentage of
colocalization was enumerated for ca. 100 randomly selected EBs. Data are represented as
the mean percentage of EBs exhibiting adjacent N-WASP localization. Error bars represent
one standard deviation. Statistical significance was computed using Student’s t-test with
Welch’s correction (*, P<0.04; **, P<0.002).
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observed in AtmeA-Ix strains (Appendix 5). When HeLa cells were infected for 20 min, N-
WASP colocalized with ca. 20% of WT and cis-tmeA EBs, whereas colocalization was <
4% for AtmeA-Ix (Figure 20C). These data indicate that TmeA interacts with and recruits
N-WASP during invasion.

Inhibitor assays reveal Cdc42 and Racl signal transduction pathways are
differentially related to TmeA and TarP. The exacerbated invasion defect manifested by
AtmeA-Ix/tarp is consistent with a synergistic model for TmeA and TarP during chlamydial
entry. The potential pathways regarding actin polymerization were next investigated using
pharmacologic inhibitors (Figure 21A). Host cells were treated for 15 min prior to infection
by rocking on ice for 1hr, then shifted to 37 °C for 45 min before fixation with
paraformaldehyde. The percentage invasion was determined by differential inside-out
staining for both treated and untreated monolayers comparing WT and mutant strains.
EIPA (5-[N-ethyl-N-isopropyl] amiloride), a Na'/H" exchange inhibitor, was used to block
macropinocytosis but does not disrupt receptor-mediated endocytosis (214). All strains
were susceptible to EIPA treatment and had significantly decreased invasion efficiency.
Cdc42 and Racl were inhibited with casin and EHop-016, respectively.

Interestingly, AtmeA-Ix invasion was not significantly affected in response to
Cdc42 inhibition, nor was it susceptible to N-WASP inhibition (Figure 21B). In contrast,
Atarp invasion was not impacted by Racl inhibition. All strains were susceptible to Arp2/3
inhibition by CK666. Where appropriate, cis-complemented strains were used to infect
drug-treated or untreated monolayers to confirm that the lack of inhibitor susceptibility was
due to a loss of TmeA or TarP (Appendix 6). In all cases, cis-complementation restored

susceptibility to the respective drugs. These data suggest that TmeA and TarP are uniquely
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Figure 21. C. trachomatis AtmeA-Ix is less susceptible to Cdc42 and N-WASP
inhibition, whereas Atarp is less susceptible to Racl inhibition compared to WT.

(A) Schematic representation of Arp2/3 complex activation by Cdc42 or Racl pathways.
(B) HeLa monolayers were infected for 1 hr at 4 °C with WT or mutant strains at an MOI
of 10. Infections were carried out in the absence (black bars) or presence (white bars) of
specific inhibitors. Pharmacologic disruption of macropinocytosis, Cdc42, N-WASP,
Racl, or Arp2/3 was achieved using 100 uM EIPA, 20 uM casin, 25 pM wiskostatin, 25
uM Ehop-016, or 200 uM CK666, respectively. Cultures were shifted to 37 °C and
maintained for 45 min, with or without drug, then paraformaldehyde-fixed and processed
for inside-out staining to assess invasion efficiency. Data are represented as mean values
for the percentage of internalized chlamydiae and are shown with error bars at one standard
deviation. Statistical significance was computed using Student’s t-test with Welch’s
correction (*, P<0.002; *** P<(0.0004; **** P<0.0001).

107



involved in Cdc42/N-WASP and Racl pathways, respectively, but their functions likely
converge with downstream activation of Arp2/3. Interestingly, susceptibility of the AtmeA-
Ix/tarp mutant strain to Racl, Cdc42, and N-WASP inhibition all mirrored the phenotype
of the Atarp strain. These results are consistent with TarP exerting a dominant, upstream
function during invasion.

TmeA promotes Arp2/3-mediated actin polymerization. Our collaborators
investigated whether the interaction with TmeA manifests as activation of N-WASP to
promote actin polymerization through N-WASP-mediated activation of Arp2/3. An
established in vitro assay leveraging pyrene-conjugated actin was employed to examine the
kinetics of actin polymerization (215) in the presence of selected proteins. G actin
spontaneously assembles into filaments in physiological buffers but is limited by the
instability of actin dimers and trimers, thus preventing rapid elongation (216, 217). Known
actin nucleators, such as TarP, display a shortened or nonexistent lag phase. GST-tagged
proteins were purified, and the tag was subsequently cleaved from TmeA to prevent the
possibility of GST dimerization. N-WASP!3!-3! Jacks the N-terminal EVH1 domain, which
facilitates expression in E. coli, but does not prevent auto-inhibition (218).

Analysis of proteins in Coomassie-stained material indicates a homogeneous
content for the respective proteins (Figure 22A). In Pyrenes assays, neither TmeA alone or
in combination with N-WASP!>!"3%! nor N-WASP!3!-5% and Arp2/3 complex without
TmeA resulted in polymerization kinetics differing from the actin-only control. The rate of
actin polymerization was enhanced when TmeA, N-WASP, and Arp2/3 complex were

combined with actin, indicating that TmeA stimulated N-WASP activity and thus led to
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Figure 22. TmeA activates N-WASP-Arp2/3-dependent actin polymerization, and
rates are further enhanced in the presence of TarP.

(A) Actin, TmeA, TarP, Arp2/3, and N-WASP!*!-3%! proteins employed in the pyrene actin
polymerization assay were resolved by SDS-PAGE and visualized by Coomassie blue
staining. (B) TmeA, Arp2/3, and N-WASP were added individually or in combination to
monomeric pyrene-labeled actin. A TmeA-mediated increase in actin polymerization after
the addition of polymerization buffer at 300 s was measured as the arbitrary fluorescence
intensity (arbitrary units [a.u.] over time [s]) with excitation and emission wavelengths of
365 and 407 nm, respectively. (C) Like the assay shown in panel B, with the addition of
the actin nucleating effector TarP. Enhanced pyrene actin polymerization was measured in
the presence of TarP and TmeA.

109



Arp2/3 complex activation and increased actin polymerization kinetics (Figure 22B). Our
collaborators next tested whether the addition of TarP could further enhance actin
polymerization kinetics. Indeed, the combination of TarP, TmeA, N-WASP, and Arp2/3
complex resulted in more rapid actin polymerization kinetics (Figure 22C); therefore, TarP

and TmeA can act synergistically to polymerize actin.

5.4. Discussion

The T3S chaperone Slcl directs the secretion of at least four effectors during
chlamydial entry into epithelial cells, including TarP, TepP, TmeA, and TmeB (111). It is
well established that C. trachomatis TarP influences actin polymerization directly via actin
nucleation/polymerization/bundling and in concert with host factors Racl and Arp2/3
(reviewed in (120)). Although TmeA is also required for chlamydial entry and impacts
actin dynamics, the molecular mechanisms manifesting the invasion function are less clear.
TmeA associates with the host plasma membrane via the membrane localization domain
(MLD; residues 40 to 80), which is functionally interchangeable with the MLD domains
of Yersinia and Pseudomonas effectors YopE and ExoS, respectively (137). The C
terminus of TmeA interacts with host AHNAK, and both TmeA and AHNAK localize
adjacent to invading EBs (137, 143). Although TmeA interferes with the F-actin bundling
activity of AHNAK, this activity is not responsible for the observed invasion defect
manifested by the AtmeA strain (143). A TargeTron gene disruption of zepp reportedly did
not impact invasion, yet data were not shown (136). I present evidence that supports a
working model whereby TmeA associates with the infection synapse formed between the

host cell and an invading EB and initiates Arp2/3-mediated actin polymerization
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Figure 23. Proposed model of C. trachomatis TmeA and TarP of Arp2/3-mediated
actin polymerization.

TmeA interacts with AHNAK and N-WASP. TarP interacts with Racl, G-actin, and F-
actin. Black arrows represent direct (solid) or indirect (dashed) interactions. Green arrows
represent activation, and red lines represent inhibition.
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independently of TarP (Figure 23). This model places TmeA downstream of chlamydial
attachment and indicates that TmeA is responsible for the direct activation of N-WASP to
promote entry. These data also formally exclude the possibility that TepP and TmeB are
essential for the invasion process (Appendix 4). Simultaneous to preparing this work, Faris
et al. (219) reported an N-WASP binding domain within TmeA and implicated TmeA-
dependent N-WASP activation of Arp2/3 during invasion of host cells by C. trachomatis.
The data presented here are in general agreement with but significantly extend those
observations.

Chlamydial invasion requires irreversible attachment of EBs followed by
cytoskeletal rearrangements to trigger entry. Cumulative evidence indicates that
manipulation of actin can be orchestrated both by activation of cell surface receptors and
directly via the action of secreted effector proteins (120). Interestingly, ectopically
expressed TmeA-BirA reproducibly resulted in biotinylation of CD44, EGFR, and EphA2
cell surface receptors. While the hyaluronic acid receptor CD44 has not been associated
with chlamydial infectivity, host cell RTKs EGFR (151, 220) and EphA2 (86) have been
implicated for C. trachomatis. EGFR and CD44 were also repeatedly biotinylated via
TmeA-APEX chimeric proteins; however, EphA2 was not. This may be indicative of a
temporal EphA2 interaction with TmeA. These receptors are activated in response to C.
trachomatis infection via tyrosine phosphorylation and are separately necessary for
chlamydial attachment and invasion. EphA2 (86) becomes activated within minutes of
infection, whereas EGFR(151) activation is not apparent until after ca. 2 hrs. Both receptors
later associate with the chlamydial inclusion, are essential for development, and inclusion-

localized EGFR also colocalizes with F-actin assembly (151). Disruption of RTK
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activation is not expected since the loss of TmeA did not alter tyrosine phosphorylation or
abundance of these receptors during entry or at later time points (data not shown). This
would agree with observations that EphA2 is upregulated during infection by the ERK
pathway (86).

PDGFRp and ITGB1 were not reproducibly detected by proximity labeling, both of
which have been shown to promote C. trachomatis attachment and entry (84, 124), yet
detection of amino acid transport proteins that are relevant to chlamydial infection was
apparent by BiolD. SLC3A2 (CD98hc) and SLC7AS (LATI1) form the heterodimeric
glycoprotein CD98, which is capable of regulating ITGB1 in epithelial cells (221). The C.
trachomatis adhesion Ctadl engages ITGB1 to promote attachment and entry (84), raising
the possibility that CD98 is relevant to Chlamydia infection. The glutamine transporter
SLC1AS5 (ASCT2) has not been implicated during entry but is essential for glutamine-
dependent survival of intracellular chlamydiae (222). One consideration to note is that
TmeA proximity to receptor and SLC proteins occurred in the absence of C. trachomatis
infection; yet, host protein labeling required localization to the plasma membrane since
they were not biotinylated in the presence of MLD-deficient TmeA-BirA. These data are
in contrast to labeling of AHNAK, which did not require the MLD, and raise the possibility
that these TmeA associations have spatial requirements. The potential relevance and role
of TmeA localizing near these proteins clearly requires further study.

The labeling of N-WASP also required the TmeA MLD in BirA proximity labeling
studies. I investigated a physical interaction of TmeA with N-WASP using
coimmunoprecipitation. Indeed, N-WASP coprecipitated specifically with FLAG-tagged

TmeA expressed in HeLa cells. I also investigated the relevance of this interaction during
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infection. In agreement with Faris et al. (219), I observed that N-WASP recruitment to EBs
(88) required TmeA and is transient during the entry process. I could not detect
colocalization of N-WASP with WT EBs 30 min post-infection (data not shown). The EB-
adjacent foci of N-WASP were most evident when bacteria associated with cell edges and
surface projections would be consistent with the proposed filopodial capture of Chlamydia
(88).

Proximity labeling using a TmeA-APEX fusion expressed in Chlamydia was also
used to confirm the association of TmeA and N-WASP in the context of infection.
Although the fusion protein complemented the AtmeA-Ix invasion defect, abundance and
sensitivity issues confounded our efforts to capture potential TmeA-N-WASP proximity
during the 15- to 20-min window of the invasion process. Experiments were therefore
performed at 24 hpi when TmeA-APEX would be present in abundance. Under these
conditions, N-WASP was detected in biotin-labeled fractions. Interestingly, these APEX
data suggest that TmeA can maintain or reestablish an interaction with N-WASP during
later stages of infection. Developing inclusions are enveloped in dynamic actin cages that
act as scaffolds and confer stability (152, 223). Neither the N-WASP nor downstream actin
branching protein complex Arp2/3 are required for this actin coat assembly (223), yet N-
WASP and actin polymerization are later needed for subsequent host cell exit via the
extrusion mechanism (99). Extrusion is a complex process involving both host factors and
chlamydial T3S effectors (reviewed in (120)). TmeA is also secreted during late-cycle
development (139), where the MLD would target this pool of TmeA to the plasma

membrane. Indeed, a split GFP technique revealed accumulation of TmeA at the plasma
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membrane of infected cells harboring mature inclusions (224). Therefore, this pool of
TmeA may contribute to extrusion via activation of N-WASP.

Macropinocytosis is a newly appreciated mechanism for internalization of
chlamydiae that requires N-WASP activity (88). We chose to examine pharmacologic
inhibitors previously implicated in macropinocytotic internalization of C. trachomatis (88),
and our comparative sensitivity data reinforced working models and provided interesting
new insights. Invasion of single and double tmeA and farp mutants were susceptible to
EIPA comparable to the WT. This observation is consistent with our model since EIPA
inhibits macropinocytosis by lowering submembranous pH, preventing signal transduction
through both Cdc42 and Racl (225). Mutant strain invasion efficiency was also similarly
reduced compared to that of the WT in the presence of CK666 and supports the proposed
model (219) of converging TarP and TmeA functions at Arp2/3. Strains lacking farp or
tmeA lost sensitivity to inhibition with Ehop-016 and wiskostatin, respectively. Hence,
Racl function is important for TarP-mediated invasion, whereas TmeA-mediated invasion
functions through N-WASP.

All strains, except those which lacked only tmeAd, were susceptible to the Cdc42
inhibitor casin. A role for Cdc42 in C. trachomatis entry was initially ruled out based on a
lack of robust colocalization of Cdc42 with invading EBs, the absence of Cdc42 detection
using coprecipitation with the CRIB domain of PAK1, and insensitivity of chlamydial entry
to overexpression of dominant-negative Cdc42 (226). However, Ford et al. (88) noted early
colocalization of GFP-Cdc42 with invading EBs and a modest sensitivity of invasion to
casin, raising the possibility that Cdc42 has a transient role. The data presented here are

consistent with the latter case. The robust level and extended duration of Racl activation
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(226) could indicate a comparatively more extensive role of Racl in chlamydial infection.
Cdc42 localization or activity was not examined because the pyrene assay data indicate
TmeA bypasses the need for Cdc42 in N-WASP activation. The observation that drug
sensitivity of the double mutant always mirrored that of the Atarp mutant strain may
indicate a dominant role for TarP during entry. However, AtmeA-Ix and Atarp mutant
strains are equally deficient for entry in the absence of inhibitor; thus, additional work is
required to delineate the comparative roles of these effectors.

Faris et al. (219) identified a specific domain of TmeA (residues 118 to 126),
resembling the GBD ligand motif found in the enterohemorrhagic Escherichia coli effector
EspFu, responsible for interacting with the GBD domain of N-WASP. They surmised that
this interaction leads to activation of N-WASP and subsequent Arp2/3-dependent actin
polymerization. The EspFu GBD ligand motif associates with the N-WASP GBD domain
similarly to Cdc42 (227). EspFu has therefore been proposed to mimic the N-WASP-
activating activity of Cdc42 by inducing conformational changes necessary for N-WASP
activation of Arp2/3-dependent actin polymerization (227). I present direct evidence that
TmeA is sufficient to activate N-WASP, raising the possibility that TmeA also acts as a
Cdc42 mimic. In vitro reaction mixtures containing TmeA combined with N-WASP and
Arp2/3 resulted in elevated rates of pyrene fluorescence indicative of actin polymerization.
This polymerization was synergistic with TarP’s endogenous actin polymerization activity.
Therefore, TmeA’s interaction with N-WASP is sufficient to activate association with
Arp2/3 and contributes in an additive fashion with TarP to the actin polymerization

necessary to promote C. trachomatis invasion.

116



Finally, SNXO9 is another essential component of macropinocytosis-mediated entry
and has been implicated in the invasion of both C. trachomatis (88) and C. pneumoniae
(209). Although SNX9 was detected in BirA proximity labeling experiments via Western
blotting, I did not see evidence of an interaction of TmeA with SNX9. C. pneumoniae
Cpn0678 and C. trachomatis tmeA lack homology but are encoded in the same genomic
locus positioned immediately upstream of tmeB (138). Cpn0678 binds directly to SNX9
(209). In my hands, FLAG-tagged Cpn0678, but not TmeA, coprecipitated with SNXO.
This is consistent with primary sequence analysis indicating that TmeA lacks the apparent
proline-rich motifs found in Cpn0678 that mediate the interaction with SNX9. The proline
content of TmeA 1is 4.3% with residues spaced throughout the protein, whereas Cpn0678
contains 12.2% proline with 3 proline-rich repeats spanning residues 137 to 213. Cpn0678
did not appear to interact with N-WASP or AHNAK, and these data emphasize an instance
where chlamydial species are functionally divergent. SNX9 was associated with host
membrane curvature during C. pneumoniae invasion (209) and filopodial capture during
C. trachomatis infection (88). Based on electron microscopy data, Faris et al. (219)
indicated a requirement of TmeA in filopodia formation. This observation would be
consistent with robust induction of surface structures induced by chlamydial infection at a
high multiplicity of infection (MOI) (129). Still, it is unclear how this fits with data
indicating that Chlamydia hijacks existing macropinocytosis filopodia instead of inducing
the de novo assembly of the structures (228). Perhaps functionally distinct protrusions are
being manifested when Chlamydia associates with host cells.

TmeA and TarP represent two chlamydial effectors that have an intimate and

complex relationship. Efficient TarP-mediated entry requires the C-terminal filamentous-
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actin binding domain most prominently and the tyrosine-containing repeat domain to a
lesser extent (132). The overt role of TmeA during invasion involves activation of N-
WASP to promote Arp2/3-dependent actin polymerization. Overall, these data support the
notion that TmeA and TarP have distinct functions yet synergistically promote chlamydial
invasion by facilitating actin polymerization associated with the macropinocytosis
pathway. Moreover, this study demonstrates how markerless gene deletion via FLAEM
can be leveraged to generate multi-mutant strains. Previous work has revealed situations
where non-physiological levels of expression via trans-complementation schemes can
complicate data (143). Cis-complementation overcomes this confounding challenge, and I
further demonstrate the efficacy of cis-complementation using allelic replacement in this
study. Therefore, this work establishes how evolving and improving genetic approaches

now facilitate detailed molecular dissection of effector function in Chlamydia.

CHAPTER 6: Chlamydia trachomatis TmeB Functions Antagonistically to TmeA

and Inhibits Arp2/3-Mediated Actin Polymerization

Contributions: R. Hayman performed experiments with pharmaceutical inhibitors
testing percent IFU recovery. K. Fields conducted invasion assays. K.R. Scanlon and K.R.

Jewett did pyrene actin polymerization assays. All other experiments were done by myself.

6.1. Summary

This chapter aims to investigate the function of TmeB and identify host targets and

potential interacting partners. I have previously found that increased TmeB levels has a
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negative effect on C. trachomatis invasion and development (Chapter 4). In this chapter, I
present evidence that the Arp2/3 complex may be a target for TmeB and that TmeB

decreases the rate of Arp2/3-mediated actin polymerization.

6.2. Introduction

Chlamydia trachomatis TarP, TepP, TmeA, and TmeB all share a common
chaperone and are secreted by the T3SS during invasion. TmeA and TarP are directly
involved in manipulating the actin cytoskeleton, and TepP has been associated with
regulating early immune responses. TmeB is the least characterized of the known Slc1-
chaperoned effectors. I have previously shown that TmeB negatively impacts chlamydial
development (Chapter 4); however, the function of TmeB is still unknown. The goal of
work in this chapter was to determine the host pathways and proteins being targeted by

TmeB and determine the role of TmeB.

C. trachomatis strains over-expressing tmeB have a similar invasion, and progeny
phenotypes to C. trachomatis lacking tmeA (Chapter 4). One function of TmeA is to
promote Arp2/3-dependent actin polymerization through interaction with N-WASP
(Chapter 5). The Arp2/3 complex is comprised of 7 different subunits. ARP2 and ARP3
resemble actin monomers and give the complex its name (229). The remaining 5 subunits
are ARPC1-ARPCS. The complex has little activity on its own, but when engaged by
nucleation promoting factors (NPFs), like N-WASP, WAVE, and cortactin, the complex is
activated and can form a new “daughter” filament at a 70° branch angle from the “mother”

filament.
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Actin polymerization can be regulated at many stages along signal transduction
pathways involving Rho-family GTPases. For example, N-WASP activation is regulated
upstream by the GTPase Cdc42, whereas several NPFs regulate Arp2/3 activation. The
Arp2/3 complex can also be negatively regulated by proteins such as glia maturation factor
(GMF), Coronin, and Arpin. These inhibitors promote an “open” conformation of Arp2
and Arp3 preventing the formation of an actin nucleation site (230). I hypothesize that
TmeB functions along an actin-related pathway, similar to TmeA, and negatively regulates

actin reorganization.

I utilized a general approach to investigate signaling pathways that commonly
exploit phosphorylated tyrosine residues for regulation to narrow down potential TmeB
targets. Biochemical techniques, such as pyrene actin polymerization assays were
employed to more precisely investigate the function of TmeB. I found evidence that
supports a role for TmeB in negatively targeting actin polymerization and that TmeB

interacts with the Arp2/3 complex to inhibit Arp2/3-mediated actin polymerization.

6.3. Results

Host proteins are differentially phosphorylated in the absence of C.
trachomatis TmeB. During C. trachomatis L2 infection, global changes occur in the
profile of phosphorylated host proteins (231). Because differential tyrosine
phosphorylation is a common mechanism for regulating signal transduction pathways
through receptor tyrosine kinases like EGFR and EphA2, I reasoned to use this profile to

indicate relevant TmeB targets. I infected HeLa cell cultures with mock, WT, AtmeA-Ix, or
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AtmeB for 20 min by rocking. Cultures were then harvested for protein and separated by
two-dimensional (2-D) gel electrophoresis. Tyrosine phosphorylated proteins were probed
by immunoblot with phospho-tyrosine specific antibodies, and proteins were detected by
chemiluminescence (Figure 24A). Images of the blots were analyzed for intensity and
uniqueness using PDQuest 2-D analysis software (BioRad). Multiple spots were identified
as unique between the AfmeB and control samples. I cut out spots of interest from 2-D
protein gels stained with the phosphoprotein gel stain ProQ Diamond in parallel
experiments. LC-MS/MS was used to identify proteins within each of the spots. Cofilin

was the only protein identified with sufficient confidence from the areas sampled.

Cofilin is an actin severing protein. In its phosphorylated state, cofilin is inactive,
and when dephosphorylated, cofilin is active. Next, I directly looked at the phosphorylation

state of cofilin in response to infection with mock, C. trachomatis WT, AtmeA-Ix, or AtmeB
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Figure 24. Levels of phosphorylated cofilin are decreased in the absence of TmeB.

Whole culture material from HeLa cells infected with mock, WT, AtmeA-Ix, or AtmeB at
an MOI of 1000 for 20 min at 37 °C was harvested and used for (A) two-dimensional
analysis or (B) immunoblot. (A) Phosphorylated proteins were detected in two-
dimensional blots using phosphotyrosine-specific antibodies. (B) The presence or absence
of phosphorylated cofilin was detected using cofilin and phosphorylated-cofilin (cofilin-P)
specific antibodies. MOMP was used as a loading control for infection.

(Figure 24B). HeLa cultures were infected at 37 °C for 20 min. Harvested proteins were
probed in immunoblots with cofilin or phospho-cofilin specific antibodies and detected by
chemiluminescence. In AtmeB infected cultures, there were decreased levels of
phosphorylated cofilin compared to the other strains; however, these data were difficult to
repeat consistently. The low reproducibility of these data may suggest a dynamic balance

between active and inactive cofilin.

Susceptibility of C. trachomatis TmeB mutant strains to pharmacologic
inhibitors. Cofilin is downstream of the Racl pathway. Racl activation stimulates PAK
and LIMK phosphorylation which ultimately results in cofilin phosphorylation and the
inactive state. Pharmacological inhibitors were employed to investigate Rac1 signaling and

TmeA related pathways. Hela cells were pretreated with the inhibitors for 15 min prior to
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infection. The monolayers were then infected with C. trachomatis WT, AtmeA-Ix, AtmeB,
WT+pTmeB, or AtmeA/B by rocking for 1 hr at 37 °C. The AtmeA-Ix and WT+pTmeB
strains have increased levels of TmeB (Chapter 4), while AtmeA/B lack both TmeA and
TmeB. Inhibitors were left on cultures for 2 hrs, then washed off and replaced with standard
media. 24 hpi, primary inclusions were enumerated by fluorescent staining of fixed
cultures. Percent recovery was calculated by comparing treated cultures with untreated
cultures (Figure 25). In 1 pg/mL cytochalasin D (actin), 50 uM NSC (Racl), and 7.5 uM
Wiskostatin (N-WASP) treated cultures, AtmeA-Ix and WT+pTmeB (both expressing
overabundant TmeB), were more susceptible to treatment relative to WT based on
decreased recovery. AtrmeB and AtmeA/B were equally as susceptible or less susceptible
compared to WT for all inhibitors. After treatment with 40 pM CK-636 (Arp2/3), the

WT+pTmeB strain no longer exhibited increased susceptibility compared to WT.
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Figure 25. C. trachomatis WT+pTmeB is more susceptible than WT to actin, Racl,
and N-WASP inhibition, but not Arp2/3 inhibition.

HeLa monolayers were pretreated or not with drug inhibitors for 15 min, then infected for
1 hr at 37 °C with WT or mutant strains at an MOI of 0.5. Inhibitors remained on the
cultures for 2 hpi and then were washed off. Pharmacologic disruption of actin
polymerization, Racl, N-WASP, or Arp2/3 was achieved using 1 pg/mL Cytochalasin D,
50 uM NSC, 7.5 uM wiskostatin, or 40 pM CK-636, respectively. Cultures were fixed 24
hpi, and inclusions were fluorescently labeled. Data are represented as mean values for the
percentage of inclusions in treated cultures compared to untreated cultures shown with
error bars at one standard deviation. Statistical significance was computed using a
Student’s t-test with Welch’s correction (*, P<0.05; ***, P<0.001).

These data agree with the notion that TmeB may function along Racl or N-WASP related
actin polymerization pathways and the loss of susceptibility to inhibitor at Arp2/3 suggests

Arp2/3 as a potential target for TmeB.

C. trachomatis TmeB may interact with the Arp2/3 complex. To investigate a
potential interaction between TmeB and Arp2/3, I utilized FLAG-tagged (FT) TmeB
secreted from C. trachomatis (TmeB-FLAG; Figure 26A) or ectopically expressed in HeLa
cells (pTmeB-FLAG; Figure 26B&C) and tested whether Arp2/3 could be pulled down
concomitantly. First, I transformed AtmeB with pPBOMBTmeB-FLAG, where TmeB was
inducible by a fet promoter. After transformants were clonally isolated, I maintained
chlamydiae in the presence of aTc for two passages to induce expression of TmeB-FLAG.

Then HeLa cultures were infected at an MOI of 2 and harvested for protein 24 hpi. FT
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proteins were precipitated using anti- FLAG resin and probed in immunoblots with FLAG
- or protein-specific antibodies. I detected an Arp2/3 cross-reactive band with WT samples;
however, I noticed a higher MW band in the TmeB-FLAG samples with greater intensity
than WT. I was unable to determine which band corresponded to Arp2/3 due to inadequate
protein abundance.

To overcome this obstacle, I ectopically expressed TmeB-FLAG in HeLa cells.
Whole -culture protein was harvested 30 hrs post nucleofection. TmeA-FLAG was used as
a positive control for NWASP pull down. C. pneumoniae (Cpn) 0677-FLAG and 0678-
FLAG were used as additional non-specific controls. I detected a very faint Arp2/3 band
for TmeA-FLAG, TmeB-FLAG, and Cpn0677-FLAG samples. This interaction is likely

through N-WASP for TmeA-FLAG and Cpn677-FLAG. TmeB-FLAG did not precipitate

a-Arp2/3 complex
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Figure 26. FLAG-tagged TmeB precipitates with the Arp2/3 complex.

(A) FLAG-tagged proteins were immunoprecipitated with anti-FLAG resin from whole-
culture lysates of HeLa cells infected with C. trachomatis WT or TmeB-FLAG 24 hpi.
Uninfected HelLa lysate was used as an antibody control. Proteins were probed in
immunoblots with antibodies specific for FLAG-tag or the Arp2/3 complex. (B & C) HeLa
cells were transfected to ectopically express TmeA-FLAG, TmeB-FLAG, Cpn0677-
FLAG, or Cpn0678-FLAG for 30 hrs. Whole-cell material was harvested, and FT-proteins
were precipitated with anti-FLAG resin. HeLa lysate was probed as a positive antibody
control for host proteins, and Mock samples were used as a negative control.

with N-WASP, which suggests an interaction with Arp2/3 may be independent of N-
WASP.

C. trachomatis TmeB decreases the rate of actin polymerization. I hypothesized
that TmeB functions antagonistically from TmeA; therefore, a possible role for a TmeB
interaction with the Arp2/3 complex is to prevent Arp2/3-mediated actin polymerization.
Collaborators T. Jewett and K. Scanlon utilized an established in vitro assay leveraging
pyrene-conjugated actin to examine the kinetics of actin polymerization (215) in the
presence of selected purified proteins. G actin spontaneously assembles into filaments in
physiological buffers but is limited by the instability of actin dimers and trimers, thus
preventing rapid elongation (216, 217). Known actin nucleators, like TarP, increase
elongation rate, resulting in increased fluorescence intensity (232). GST-tagged proteins

were purified, and the tag was subsequently cleaved to prevent the possibility of GST
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dimerization. Analysis of proteins in Coomassie-stained material indicates a homogeneous
content for the respective proteins (Figure 27A). In Pyrenes assays, the combination of the
Arp2/3 complex proteins and the VCA domain of N-WASP resulted in polymerization
kinetics greater than the actin-only control. Notably, the addition of TmeB decreased the
rate of polymerization to more closely resemble actin-only (Figure 27B). These data
suggest that TmeB can function to inhibit actin polymerization mediated by activated N-
WASP and the Arp2/3 complex.

C. trachomatis WT+pTmeB form smaller inclusions than WT. One potential
implication for Arp2/3 during C. trachomatis development beyond invasion is vesicle
fusion. Vesicle fusion is primarily regulated by Rab GTPases and SNARES, but actin

patches have been demonstrated as preferred docking sites for vesicles trafficking to other
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Figure 27. TmeB decreases the rate of N-WASP-Arp2/3-dependent actin
polymerization.

(A) Actin, the Arp2/3 complex, the VCA domain of N-WASP, and TmeB proteins
employed in the pyrene actin polymerization assay were resolved by SDS-PAGE and
visualized by Coomassie blue staining. (B) TmeB, Arp2/3 complex proteins, and VCA
were added individually or in combination to monomeric pyrene-labeled actin. A TmeB-
mediated decrease in actin polymerization compared to Arp2/3 + VCA + actin after the
addition of polymerization buffer at 300 s was measured as the arbitrary fluorescence
intensity (arbitrary units [a.u.] over time [s]) with excitation and emission wavelengths of
365 and 407 nm, respectively.

intracellular pathogen containing vacuoles like Coxiella burnetii (233). Therefore, I wanted
to investigate whether excess TmeB disrupted inclusion area, which may suggest decreased
lipid acquisition. HeLa cells were infected with C. trachomatis WT or WT+pTmeB and
maintained in either RPMI (Figure 28 A) or DMEM media (Figure 28B). DMEM is a more
minimal media, so the effects of nutrient deprivation were predicted to be more robust.
Cultures were fixed and fluorescently stained for inclusions 24 hpi. Areas were quantified
for 100 chlamydial inclusions. There was no significant difference between C. trachomatis
WT and WT+pTmeB inclusions areas in RPMI media (173 um? and 153 pm?
respectively); however, there was a significant difference when grown in DMEM media
(118 um? and 84 pm?, respectively).

The effect of TmeB during infection of a mammalian host irn vivo. Previous
studies have shown that the C. trachomatis effector TmeA is important for infection in a

murine model. During in vitro studies, the deletion of TmeB has provided a fitness
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advantage to C. trachomatis in some instances (Figure 12B and 14C); thus, I wanted to
determine if TmeB was also important during infection of a mammalian host. Groups of 5-
week-old estrus synchronized mice were infected with 5x10° IFUs of either C. trachomatis
L2 WT, AtmeB, AtmeB+pTmeB, or Cis-tmeB (Figure 29). Mice were intravaginally
swabbed beginning at day 3 post-infection and every 4 days after. Shed IFUs were applied
to a fresh monolayer of McCoy cells and infected by centrifugation. Infected monolayers
were fixed and stained for IFUs 24 hpi. The overexpression of TmeB has been
demonstrated to negatively affect C. trachomatis development in vitro (Chapter 4);
therefore, trans-complemented TmeB Chlamydia was not an appropriate control for murine

studies. I generated a cis-complemented tmeB strain to overcome this obstacle, where the
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Figure 28. C. trachomatis WT+pTmeB form smaller inclusions than WT.

HeLa cells were infected using equivalent numbers of WT, or WT+pTmeB at an
approximate MOI of 0.1. Cultures were maintained in (A) RPMI or (B) DMEM. At 24 hpi,
cultures were methanol fixed and stained to enumerate areas from 100 chlamydial
inclusions. Medians are represented by a red line and one standard deviation by dashed
lines. Statistical significance was assessed using a Mann-Whitney U test (**, P<0.005;
wFxk P<0.0001). Outliers were removed according to ROUT analysis with Q=1%.
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Figure 29. C. trachomatis 1.2 tmeB mutant strains in a murine model.

Groups of 5 (A&B) or 6 (C) female C3H/HeJ mice were infected intravaginally with 5x10°
IFUs and shed IFUs were enumerated beginning at day 3 and every 4 days following. (Left)
Data are represented in bar graphs as means + standard deviation. (Right) Dot plots
represent shed IFUs for each animal in the corresponding experiment. Overlapping dots
may represent multiple animals at point zero (C; WT D23 & D27, n=5).

entire tmeA/tmeB locus was restored by allelic exchange in the ArmeB mutant strain. Due
to the variability of WT L2 infection in mice, I was unable to draw any clear conclusions
about the impact of TmeB from these data. One general trend that I noticed was that both

WT and TmeB mutant strains had decreased shedding between day 11 and day 15.
6.4. Discussion

C. trachomatis secrete the membrane-associated effectors A and B early during
invasion, and they remain localized at the plasma and inclusion membranes, respectively,
during later development (138, 139). TmeA and TmeB are encoded by a bicistronic operon
and share the common chaperone Slcl. TmeA is directly involved in chlamydial invasion
by promoting N-WASP/Arp2/3-mediated actin polymerization and functions
synergistically with TarP. 1 found that TmeB overexpression negatively impacts

chlamydial development (Chapter 4); however, the role of TmeB has remained an open
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question. I present data that supports TmeB's interaction with the Arp2/3 complex and

functions to inhibit Arp2/3-dependent actin polymerization.

Chlamydial invasion has been shown to promote the phosphorylation of many host
targets (231). For example, C. trachomatis induces phosphorylation of EGFR and EphA2,
which are required for chlamydial invasion and development (86, 151). I examined the
global tyrosine phosphorylation profile of infected cells to see if any targets were
differentially tyrosine-phosphorylated in the absence of TmeB. I identified cofilin as a host
target that has decreased phosphorylation in the absence of TmeB. Phosphorylated cofilin
is inactive, but when dephosphorylated, it functions to severe filamentous actin. These data
suggest at native TmeB levels, cofilin favors the phosphorylated or inactive state. Data
from these experiments were not robust in reproducibility, and the change in cofilin status
was not observed at 24 hpi (data not shown); however, if cofilin activity is related to the
function of TmeB, I speculate that it may be a result of the available pools of G-actin.
Inhibition of actin polymerization by TmeB may cause an increase in the available G-actin
and simulate negative feedback to promote the inactive form of cofilin. Cells contain
multiple proteins to regulate the size and pool of actin monomers (234), so this is one of

many explanations for the observed effect.

Many microbial species require cofilin activation and subsequent inactivation to
remove the physical barrier of the actin network to complete invasion. Several parasites,
such as Plasmodium, Acanthamoeba, Trypanosoma, and Leishmania, encode their own
cofilin isoforms to regulate the actin cytoskeleton during invasion. Furthermore, HIV-1
induces rapid cofilin inactivation and actin polymerization for stability during attachment,

followed by cofilin dephosphorylation during entry (reviewed in (216)). Upon Legionella
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infection in WT macrophages, cofilin loses its basal phosphorylation status and is
accompanied by an increase in the F-actin to G-actin ratio, which promotes fusion of the

Legionella-containing vacuole with the lysosome (244).

Racl is a GTPase upstream of cofilin; therefore, we investigated the susceptibility
of TmeB mutant strains to pharmacologic inhibitors of Racl, actin, Arp2/3, and N-WASP.
TmeB is not required for C. trachomatis invasion (Figure 11A), so drug inhibitors were
left on cells for 2 hpi, and inclusions were examined at 24 hpi. C. trachomatis AtmeA-Ix
and WT-+pTmeB were more susceptible than WT to every inhibitor except Arp2/3, and this
trend correlates with increased levels of TmeB. These data raise the possibility that Arp2/3

is a target for TmeB.

I directly investigated an interaction between FLAG-tagged TmeB and Arp2/3 by
immunoprecipitation. I was unable to capture robust levels of TmeB-FLAG from infected
cultures, which limited protein abundance. I detected a single band in WT infected cultures
and a doublet in TmeB-FLAG infected cultures. These data may indicate an interaction but
were overall unconvincing. I utilized a second approach with ectopically expressed

pTmeB-FLAG to increase protein abundance and include more controls.

I detected N-WASP in pTmeA-FLAG and pCpn0677-FLAG precipitated protein
samples. An interaction of Cpn0667 with N-WASP has not been described, so these data
are novel. I also noticed weak bands for the Arp2/3 complex and IQGAP1. I did not detect
an interaction with cofilin for any of the proteins. Because protein abundance was low, |
cannot confidently rule out the possibility that these bands represent background and are

not specific.
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IQGAPI can form a complex with Cdc42 and Rac through a domain similar to the
catalytic domain of GTPase-activating proteins (GAPs); however, it does not contain
GTPase activity (235, 236), and therefore stabilizes activated Racl and Cdc42. IQGAP1
seems to function at the interface of many cellular processes and includes binding sites for
factors such as actin (237), extracellular signal-regulates kinase-2 (ERK2)(238),
calmodulin (213), myosin essential light chain (239), B-catenin (240), and E-cadherin
(241); therefore, IQGAP1 may be an intermediate factor in a broad range of TmeA and

TmeB mediated effects.

Actin pyrene assays more directly support an interaction between TmeB and the
Arp2/3 complex. These experiments utilized the VCA domain of N-WASP (also found in
WAVE). The VCA domain consists of a verprolin-homology region that binds G-actin, a
central cofilin-homology region, and an acidic region that mediate binding to the Arp2/3
complex. The VCA domain is sufficient to polymerize branched actin filaments and
functions to bring an actin monomer to the trimer formed between Arp2/3 and actin,
creating a nucleus for new filament formation. TmeB decreased the rate of VCA/Arp2/3-
mediated actin polymerization. Because TmeB did not precipitate with N-WASP and does
not contain a known actin-binding domain, TmeB is likely directly targeting the Arp2/3
complex or a specific subunit of the complex. Inclusion area data agree with the notion that
inhibition of actin polymerization by TmeB negatively effects C. trachomatis
development. I predict this effect is a result of nutrient acquisition that requires dynamic

actin interactions at the inclusion membrane.

Salmonella Type 111 secreted effectors SopB, SopE2, and SptP are important for

bacterial invasion and have also been associated with immune responses during
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mammalian infection (204, 206); therefore, I wanted to determine if TmeB was important
during murine infection. Across 3 replicate experiments, AtmeB did not display any
consistent trends in shed IFUs at later timepoints. One consistent pattern was the decrease
in shed IFUs for all strains between day 11 and day 15 and likely correlates with activation

of the adaptive immune response in mice (242).

CHAPTER 7: Summary and Future Directions

Over 100 million people are infected each year with sexually transmitted
Chlamydia trachomatis, an obligate intracellular bacterium (243). In the United States, C.
trachomatis infection continues to be the number one reported bacterial sexually
transmitted infection (8). More than 70% of infections are asymptomatic and asymptomatic
infections are still associated with detrimental effects to female reproduction, such as
infertility (13). Reproductive pathology is initiated and sustained by infected epithelial
cells (19). In the absence of an efficacious vaccine, a basic understanding of how the
bacteria invade host cells and maintain infection is an increasingly important area of

research.
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The type III secretion system (T3SS) is a vital virulence factor for C. trachomatis
(244). Anti-host proteins are secreted through the apparatus into the host cytoplasm. The
translocated membrane-associated effectors A and B (TmeA and TmeB) are secreted
within 1 hr of invasion and are encoded by a bicistronic operon (139). TmeA and TmeB
share a common bacterial chaperone, Slcl, with the effectors TarP and TepP. TarP is a
well-characterized effector and modulates the actin cytoskeleton (131). TepP has been
associated with host immune responses (111). The goal of the work presented here was to
further characterize the contributions of TmeA and TmeB during host cell invasion and

chlamydial development and determine if they were functionally related.

As an obligate intracellular pathogen, C. trachomatis has evolved redundant
pathways to invade host cells (245). Chlamydia bear some inherent infectious properties
since EB envelopes alone can enter into non-phagocytic cells and avoid lysosomal fusion
(246). Although this pathway occurs with low efficiency, chlamydial surface proteins can
mediate invasion independent of type III secretion and represent one mode of entry (91,

200, 247).

Although they are not absolutely essential for invasion, type III secreted effectors
(T3SE) contribute to entry efficiency, chlamydial fitness, and have essential contributions
during development. C. trachomatis strains that lack the effectors TmeA or TarP are
attenuated during invasion compared to WT (132, 143). Furthermore, in the absence of
chlamydial transcription and translation, inclusions (the chlamydial intracellular niche) are
not able to fuse with trafficking vesicles to acquire nutrients, and are eventually targeted
by lysosomes (103). The requirement of chlamydial protein synthesis for development

suggests Chlamydia actively manipulate the host cell through the secretion of effectors.
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Whether initiated by chlamydial ligands binding to host receptors or active
stimulation by secreted effectors, chlamydial entry depends on signal transduction
cascades following Rho family GTPase activity and culminate in the activation of the
Arp2/3 complex (226, 248). The Racl/WAVE2/Abil/Arp2/3 pathway is required for C.
trachomatis invasion, but not Cdc42 or RhoA (226). The Racl GTPase protein acts on
Abil and WAVE?2 to activate Arp2/3. The precise mechanism of Racl activation is not
entirely understood; however, it is likely a result of TarP interactions with GEFs. Racl
activation may also result from Chlamydia interactions with host surface proteins similar
to Listeria monocytogenes InlB signaling. L. monocytogenes InlB plays a key role in
modulating actin reorganization during invasion into various cell types. InlB interacts with
its receptor, Met, and stimulates Rac signal transduction (249). InlB also binds gC1qR,
which stimulates the tyrosine phosphorylation of signaling proteins, the activation of
phosphatidyl-inositol 3-kinase (PI3K), and ultimately activation of the Arp2/3 complex

(250, 251).

Multiple studies have highlighted additional host factors as being necessary for C.
trachomatis invasion and actin reorganization. For example, Ephrin A2 (EphA2) is a host
surface receptor that facilitates C. trachomatis adherence and entry (86). During invasion,
EphA2 is strongly upregulated, yet it is depleted from the surface membrane and
accumulates around the inclusion. EphA2 and its ligand Ephrin-Al act at the cross-talk
between PI3K, MAPK, Src family kinases, RhoA, and Rac1l (252). EphA2 activation and
recruitment of PI3K are also required for chlamydial replication. The epidermal growth
factor receptor (EGFR) is also important for C. trachomatis attachment and development

(151). C. trachomatis increases the phosphorylation of EGFR, and the inhibition of EGFR
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results in smaller inclusions, decreased intracellular calcium mobilization, and prevents the
accumulation of F-actin around the inclusion (151). Healthy inclusions are encased in a
network of F-actin and intermediate filaments that confer stability and prevent leakage of

inclusion contents into the host cytoplasm (152).

The C. trachomatis effector TmeA was previously associated with actin remodeling
by inhibiting the actin-bundling activities of host AHNAK (143). TmeA may interact with
AHNAK to allow transient actin reorganization events; however, domain analysis studies
also indicated that TmeA has additional functions affecting the cytoskeleton independent
of AHNAK (137). I hypothesized that TmeA had additional functions that were important
for C. trachomatis invasion and that TmeA was functionally related to TmeB based on

their shared operon and timing of secretion.

Previous attempts to delete C. trachomatis tmeA utilized fluorescence-reported
allelic exchange mutagenesis (FRAEM), which replaces targeted genes with a selection
cassette encoding antibiotic resistance and green fluorescent protein (GFP) (143, 163). This
method resulted in the deletion of trmeA but also decreased expression of downstream tmeB
(143). The Fields Lab and I predicted that the FREAM-selection cassette was exhibiting a
polar effect and accounted for the lack of tmeB expression. To overcome this obstacle, we
utilized Cre-/loxP genome editing to remove the selection cassette, flanked by loxP sites,
while transiently expressing Cre recombinase in C. trachomatis. We named this method
floxed-cassette allelic exchange mutagenesis (FLAEM). The resulting strain contained a
markerless tmeA deletion with a single /oxP scar sequence and is referred to as, AtmeA-Ix.
This strain restored expression of tmeB; however, we noticed that TmeB levels were

increased compared to WT strains (Figure 6B).
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In the AtmeA-Ix strain, the TmeA start and stop codons remain intact with a 33 bp
scar sequence intervening. The TmeB start codon is a noncanonical GUG, which also
remains unchanged (Figure 5C). The mechanism resulting in increased TmeB is unknown.
One possibility may be that the deletion of the tmed sequence (969 bp) increases the
affinity of ribosomes to the ribosomal binding site (RBS) of TmeB. Because TmeA and
TmeB share the same promoter region, the TmeA RBS remains on the transcript. One
future approach could be to investigate the effect of deleting the DNA sequence associated
with the TmeA RBS; however, because the TmeA stop codon remains intact, I do not
anticipate that ribosomes are simply not releasing the transcript and continuing to translate

TmeB.

Furthermore, if ribosomes did not recognize the stop codon of TmeA and continued
to translate the intervening transcript region before the TmeB start codon, the TmeB start
codon would be out of frame. Another approach would be to replace tmeA with a sequence
encoding antibiotic resistance of ca. 900 bp since the increased size of the FRAEM
selection cassette may be responsible if TmeB expression was decreased due to lesser
affinity of ribosomes. For example, tmeAd could be replaced with bla only (ca. 850 bp)
instead of gfp-bla. This approach would be laborious without the aid of fluorescent
reporting and would only rule out one possibility to explain variability in tmeB expression;

therefore, I did not pursue these approaches.

I noticed that the tmeA deletion strain overexpressing TmeB, AtmeA-Ix, was
developmentally attenuated compared to the AtmeA strain, which lacked TmeA and TmeB.
This observation led me to investigate whether TmeB abundance negatively affected C.

trachomatis development and invasion. By utilizing C. trachomatis L2 WT and AtmeB
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strains over-expressing TmeB, I concluded that indeed, increased TmeB abundance
decreased invasion efficiency (Figure 11B). I also found that the AfmeB mutant strain had
increased developmental fitness compared to WT, indicated by increased ability to produce
infectious progeny (Figure 14C) and increased ability to spread in plaquing assays (Figure
12B). Together, these data indicate that the presence of non-physiologic levels of TmeB
has a dominant-negative effect on C. trachomatis development. Although increased plaque
size associated with the ArmeB strain could indicate a preference to exit host cells by lysis
compared to extrusion, I suspect that larger plaques are associated with a developmental

advantage based on the observation that AtmeB chlamydiae produce more infectious
progeny.

I was surprised that the ArmeB+pTmeB strain did not have a greater defect in
plaque area since AtmeB+pTmeB produced fewer infectious progeny (Figure 10B) and
genomes (Figure 10C) compared to WT, and the WT+pTmeB strain had decreased
invasion efficiency (Figure 11B). One limitation of this study is the lack of antibiotic use.
I did not include antibiotics in the agarose media because they would have degraded during
the 7-day incubation at 37 °C. Therefore, it is possible that the pCompTmeB plasmid was
lost during the course of the experiment. This event is unlikely because the native L2
plasmid is typically lost during FRAEM (163), and maintenance of the pCompAlII plasmid
becomes essential for virulence, yet this is still an important consideration. Another
explanation of these data is that TmeB increases the propensity of chlamydiae to exit by
lysis. This effect may compensate for decreased invasion efficiency and support that AtmeB
forms larger plaques due to an increase in progeny. Collectively, these data may indicate a

role for TmeB after invasion and during a later stage of development, such as exit.
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Experiments investigating the rate of extrusion with fluorescent chlamydiae would provide

a greater understanding of a potential TmeB-related exit phenotype.

Progeny experiments enumerating IFUs also highlighted the difficulty in detecting
subtle fitness differences between C. trachomatis strains. It was beneficial to quantify
genomes after multiple passages to amplify the differences between bacterial strains. For
example, the ArmeAB deletion mutant appeared to generate relatively equal infectious
progeny compared to WT (Figure 14C). Interestingly, the AtmeAB double deletion mutant
did have significantly fewer progeny genomes after 4 passages than WT (Figure 15A),
which may result from a subtle invasion defect that is not easily detected after a single

developmental cycle.

The observation that C. trachomatis strains lacking TmeA and overexpressing
TmeB invade less efficiently and produce fewer progeny supports my hypothesis that these
effectors function antagonistically. The levels of these effectors are likely closely balanced
by C. trachomatis. Although AtmeB appears to have a developmental advantage in vitro,

TmeB may play a role in vivo or more complex environments.

Because the function of TmeB was utterly unknown, I reasoned that if TmeB works
antagonistically to TmeA, identifying additional TmeA targets would narrow the scope of
potential targets for TmeB. TarP is a well-characterized effector protein, so I wanted to
determine the relationship of TmeA to TarP and utilize established invasion pathways, such
as Racl signaling, to investigate additional host targets of TmeA. I assumed that three
potential outcomes were possible to describe the relationship between TarP and TmeA

during invasion. (i) TmeA and TarP function on two independent pathways; (i1) TmeA and

141



TarP function at different steps along the same pathway; (iii) or TmeA and TarP function

on different branches of the same pathway (Figure 30).

Using percent invasion assays, we found that the AtmeA-Ix and Atarp strains were
similarly deficient, yet the double mutant manifested a compounded defect and
significantly fewer invading IFUs at 30 min post-infection (Figure 17D). This suggested
that TmeA and TarP may function independently or on different branches of the same path.
Because signal transduction pathways involving Racl and Cdc42 converge at Arp2/3
activation, I predicted that TmeA and TarP likely functioned on individual branches of the
same pathways and ultimately resulted in actin polymerization to facilitate invasion;

however, the question remained of where TmeA was interacting.
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Figure 30. A schematic representation of the possible relationships between TmeA
and TarP.

TmeA and TarP may function on separate (left), the same (middle), or different branches
of the same pathway to promote actin polymerization (right).

Through BirA (J. Ferrel) and APEX proximity biotinylation assays, I identified
CD44, EGFR, IQGAPI1, and N-WASP as proximal proteins to TmeA (Figure 19). I
confirmed an interaction between N-WASP and TmeA through immunoprecipitation
assays. I also found that N-WASP transiently localizes at the site of EB entry during
invasion in a TmeA-dependent manner. N-WASP is a nucleation promoting factor (NPF)
and mediates Arp2/3 complex activation. Under resting conditions, N-WASP exists in an
autoinhibited conformation. Interactions between the GTPase-binding domain (GBD) and
the C region of the VCA domain obscure the regions that are required for Arp2/3 activation.
Regulatory proteins bind the WASP-homology-1 (WH1) domain and modulate activation.
Autoinhibition is also regulated by the binding of lipid second messenger molecules, Cdc42
to the GBD, and SH3 proteins to the proline-rich region. These factors can function
individually or collaboratively to stimulate N-WASP activation (253). Simultaneous to the

preparation of this work, Faris et al. found that TmeA may bind N-WASP at the GBD to
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prevent the autoinhibited conformation and promote activity(219); therefore, TmeA may

act as a Cdc42 mimic.

During actin polymerization, or actin nucleation, G-actin binds to the fast-growing
barbed end of an actin filament or the slow-growing pointed end. Spontaneous actin
polymerization must overcome a significant kinetic hurdle; therefore, actin regulators like
formins, for linear actin filaments, and the Arp2/3 complex, for branched actin networks,
facilitate this process (reviewed in (254)). Signal transduction pathways regulate NPFs.
The best-studied pathways involve Class I NPFs, N-WASP and WAVE activation by Rho-
family GTPases Cdc42 and Racl, respectively.

We utilized pharmacological inhibitors to investigate the relationship of TmeA and
TarP to Cdc42 and Racl signal transduction pathways for Arp2/3 activation (Figure 21).
C. trachomatis AtmeA-Ix were less susceptible to inhibition of Cdc42 and N-WASP
compared to WT. I expected that AtmeA-Ix would be more resistant to N-WASP inhibition
due to the predicted interaction of TmeA with N-WASP. Cells infected with C. trachomatis
lacking TmeA would likely have less N-WASP activation, so treatment with the N-WASP
inhibitor is not expected to affect invasion significantly. However, it was interesting that
AtmeA-Ix chlamydiae were also less susceptible to Cdc42 inhibition compared to WT. First,
Cdc42 was not considered a significant factor in C. trachomatis invasion (226), yet these
data suggest otherwise. Also, N-WASP is downstream of Cdc42, so I would expect that if
Cdc42 activity were important for WT invasion, it would also be important upstream of N-

WASP in the absence of TmeA.

I found that C. trachomatis TmeA was in proximity to IQGAP and may interact

directly or indirectly. Therefore, the AtmeA-Ix chlamydiae may be more resistant to Cdc42
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inhibitor treatment because TmeA may be involved in IQGAP1-Cdc42 signaling. This is a
complex and exciting area of research since little is known about the molecular

mechanisms Chlamydia uses to orchestrate cytoskeletal remodeling.

An important consideration for our inhibitor assays is that the ArmeA-Ix strain
contains increased levels of TmeB compared to WT. This makes it difficult to draw
conclusions about the role of TmeA alone. These studies would be improved with the
addition of C. trachomatis WT overexpressing TmeB. In Figure 25, I present data from an
experiment looking at percent IFU recovery instead of percent invasion. These data show
similar susceptibility to N-WASP inhibitors for the AfmeA-Ix strain compared to WT,
which are incongruent with what was found during percent invasion assays. Although these
experiments are similar, they investigate two different time windows making direct
comparisons between the two difficult. Instead, these data should be used as indicators of

significant pathways during C. trachomatis invasion that require additional investigation.

Pyrene actin polymerization assays were useful to investigate the functions of
TmeA and TmeB on actin polymerization more directly. I present evidence that TmeA
increases the rate of N-WASP/Arp2/3-mediated actin polymerization and that TmeB
decreases the rate of N-WASP/Arp2/3-mediated actin polymerization (Figures 22 and 27).
These data fit a model where TmeA and TmeB function to regulate actin polymerization
positively and negatively, respectively. Negative control of actin polymerization is an
important aspect of bacterial pathogenesis. Many organisms have mechanisms for
inhibiting actin or breaking down actin-dense regions. A central host protein involved in
these processes is cofilin. When activated, cofilin severs filamentous actin, controls

filament turnover, and regulates the pool of G-actin within the cell (255). When
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phosphorylated, cofilin is inactivated. In yeast, cofilin is distributed throughout the cell but
is specifically enriched at the cortical layers underneath the plasma membrane (256, 257).
A variety of signaling molecules regulate cofilin. Activated RhoA can stimulate cofilin
phosphorylation through ROCK and LIMK, while Cdc42 and Racl promote cofilin

phosphorylation through PAK and LIMK (reviewed in (258)).

Salmonella typhimurium intricately regulates actin dynamics through employment
T3SEs. In one proposed model (reviewed in (259)), SopE, SopE2, and SopB inactivate
cofilin through Cdc42/Racl-LIMK signals leading to F-actin stabilization and
polymerization (202, 260-262). Meanwhile, SipA and SipC, actin-binding proteins,
promote localized F-actin assembly (263, 264). Subsequently, Slingshot proteins, a family
of phosphatases that also bind actin, mediate cofilin activation and increase treadmilling
actin filaments at the site of entry to promote membrane protrusions and ruffling (265).
Then, cofilin is downregulated by LIMK activation to facilitate final engulfment of the
bacteria (251). Finally, a cofilin-independent mechanism is used to disassemble actin

which involves other unidentified proteins (reviewed in (259)).

For C. trachomatis serovar D, CT166 is implicated in preventing Rho family
protein activation by catalyzing their glucosylation (266) and ultimately promote the active
state of cofilin. These data indicate that Chlamydia also have mechanisms for negative
regulation of actin. I found evidence to suggest that C. trachomatis L2 TmeB is involved
in the phosphorylation state of cofilin (Figure 24). This function is likely the result of
indirect cofilin stimulation since cofilin and TmeB do not appear to interact in
immunoprecipitation assays (Figure 26). C. trachomatis may stimulate cofilin activity

during invasion to breakdown actin barriers, and subsequently stimulate cofilin
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inactivation via phosphorylation to restore the stability of actin structures at the plasma
membrane. The function of Rho-family GTPases and cofilin during C. trachomatis
invasion are not well understood; thus, these data begin to reveal important factors during

this process and shed light on an area requiring future study.

Beyond bacterial invasion, Rho-family GTPases are implicated in immune
signaling. For example, during Staphylococcus aureus infection, Racl signaling was
needed for TLR2-mediated activation of nuclear factor-xB (NF-«kB) (267). Therefore, the
overall effect of TmeA and TmeB activity could influence multiple cell signaling pathways
and these effectors may have roles in addition to promoting entry. In APEX proximity
labeling experiments, I found that TmeA is proximal to N-WASP at 24 hpi, well after
invasion; therefore, this interaction may be important for later developmental events.
Additionally, the AtmeB strain did not invade host cells differently compared to WT in
percent invasion assays (Figure 11A); however, this strain did create larger plaques and
produced more infectious progeny. Two important developmental events that may be
affected by the functions of TmeA and TmeB after invasion are vesicle fusion and

extrusion.

Actin structures surround the chlamydial inclusion; however, it must be temporally
accessible to intercept and fuse with trafficking vesicles from the Golgi to acquire nutrients
(92, 268). Chlamydia scavenge lipids such as cholesterol, sphingomyelin,
phosphatidylcholine, phosphatidylinositol, and cardiolipin which are incorporated into the
outer membrane of both EBs and RBs (269, 270). Chlamydia trafficking to the peri-Golgi
region and interception of host cell lipids requires chlamydial protein synthesis (103).

Vesicle fusion is regulated in part by Rab GTPases and SNARE proteins and multiple
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studies have described chlamydial 33interactions with Rab proteins. WASH has surfaced
in recent years as another an interesting host factor involved in the pinching off of vesicles
and formation of acting patches for vesicle fusion (233). WASH is an Arp2/3 NPF and
coats specific vesicles with F-actin (reviewed in (271)). WASH was not detected in my FT
precipitation assays (data not shown). In my proposed model, TmeB functions to inhibit
Arp2/3-mediated actin polymerization, so it may be that a minimum level of actin
polymerization is required for efficient vesicle fusion, and AtmeB strains are more efficient
during these processes and result in greater numbers of progeny. Furthermore, WT+pTmeB
bacteria formed smaller inclusions as compared to WT bacteria (Figure 28). These data are
consistent with Arp2/3-mediated actin polymerization being required for vesicle fusion.
One study I think would be beneficial to this area of research is determining if lipids, iron,
and other nutrients differentially accumulate at inclusions of C. trachomatis AtmeB, and
WT+pTmeB mutant strains. Microscopy localization assays with nutrient-specific

antibodies could be used to determine this effect.

Extrusion is another developmental step that may have implications for effectors
involved in Rho-family signal transduction pathways. Rho GTPases, N-WASP, actin, and
myosin regulatory light chain (MLC2) are important for pinching and releasing extruded
inclusions (99, 272). In vitro, extrusion and host cell lysis occur at an equal ratio (99);
however, extrusion has not been observed in vivo. Extrusion events may happen at different
stages of infection and in response to diverse host environments. This may allow the
regulation of excessive local inflammatory events in response to host lysis (273). For C.
trachomatis L2, extruded inclusions also provide a protection strategy for surviving uptake

by phagocytic cells and may sustain the chlamydiae until dissemination to new mucosal
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tissues (274, 275). Quantifying release by extrusion for TmeA and TmeB strains with

fluorescent bacteria would greatly contribute to this area of research.

To corroborate our in vitro data, I investigated the relevance of TmeB during in
vivo infection. Multiple models have been used for chlamydial infection including mouse,
guinea pig, and nonhuman primate. I used a mouse model for genital tract infection. C.
trachomatis infection in mice is used to study the ability of the strain to cause infection;
however, this model is not established to study pathogenesis. C. trachomatis infection in
mice does not ascend to the upper genital tract and thus does not elicit severe pathology,
such as hydrosalpinx, fluid-filled regions of the uterine horns (276, 277). Innate immunity

is sufficient to clear C. trachomatis infection in mice (278).

I chose this model to determine the ability of C. trachomatis to invade, establish
infection, and maintain infection. Due to the high variability of C. trachomatis 1.2 infection
in mice, I was unable to draw any conclusions about the contributions of TmeB in
establishing and maintaining infection. This study would be greatly improved by utilizing

a mouse genital infection model with C. muridarum.

C. muridarum naturally infects mice in the wild and is a causative bacterium for
mouse pneumonitis (279). The C. muridarum genital tract model is the most commonly
used animal model for chlamydial infection to study immune responses and disease (280).
Mice typically resolve C. muridarum infection within 3-4 weeks. C. muridarum differs
from C. trachomatis in multiple ways regarding pathogenesis. C. muridarum encode three
genes with similarities to large clostridial toxins, while C. trachomatis only encodes a
partial copy of the cytotoxin (105). Unlike the urogenital Chlamydia, the LGV serovars are

deficient in both active sites of the toxin and thus are the only serovars that can be infected
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at high multiplicity of infection without toxicity to the host cells (281, 282). A high
inoculum of C. trachomatis IFUs are required for murine infection, and yet is it common
that not all animals will become infected. In murine models, this is an important distinction
because the toxin is associated with C. muridarum resistance to y- interferon-induced

GTPases in murine cells.

FRAEM mutagenesis has not been established for C. muridarum and is complicated
by plasmid tropism. C. muridarum cannot be transformed by the C. trachomatis plasmid
and vice versa (283). Fortunately, the Fields Lab is developing a method for generating
homologous tmeA and tmeB deletions in C. muridarum. These strains will be utilized in
future studies to better understand the impact of TmeA and TmeB on chlamydial infectivity

in a mammalian host and pathogenesis.

In conclusion, the data presented here support my hypothesis that TmeA and TmeB
are functionally linked and have important roles during invasion and development. I
utilized novel genetic approaches in C. trachomatis and ultimately found an additional
function of TmeA in promoting Arp2/3-mediated actin polymerization through N-WASP
and that TmeB may counteract this effect by inhibiting Arp2/3-mediated actin
polymerization. Because TmeB was not found to interact with N-WASP, I predict actin
inhibition is accomplished through an interaction with the Arp2/3 complex. Additional
studies will reveal what subunits are involved in this interaction and further elucidate the

temporal and spatial role of Arp2/3 during C. trachomatis development.

I present a model incorporating the previously discussed cell signaling pathways
with the C. trachomatis Slcl chaperoned effectors (Figure 31). This model highlights the

redundant pathways stimulated by Chlamydia that cooperatively culminate in actin
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remodeling. First, Chlamydia stimulates receptor-mediated signaling, such as PI3K and
Src kinase activation. These factors, along with TarP and TepP, result in the activation of
Rho Family GTPases. TarP and TmeA function downstream of these signals more directly
to facilitate actin polymerization. TmeB negatively regulates actin polymerization, likely
in a manner that has spatial requirements to inhibit actin polymerization. I also propose a
model of TmeA and TmeB functions after invasion and later during development where
TmeA may contribute to the stability of the host cell and inclusion, and TmeB may be

involved in nutrient acquisition, exit, and regulation of host immune responses (Figure 32).
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Figure 31. Proposed model of C. trachomatis effectors TmeA, TmeB, TarP, and TepP
interacting with host actin signaling pathways.

Chlamydia induce actin polymerization through stimulation of host cell receptors, such as
receptor tyrosine kinases (RTKs) and integrins, and by secreting effector proteins through
the type III secretion system. The secreted effector TepP (purple) interacts with Crk I/I
and may promote Rac1 activation through Rho GTPase guanine exchange factors (GEFs).
TarP (orange) promotes Racl activation by interacting with Vav2 and other Rho GTPase
GEFs. TarP also directly binds G-actin and nucleates actin to promote polymerization and
binds F-actin to promote actin bundling. TmeA (blue) localizes to the plasma membrane
and stimulates N-WASP activation, likely through a direct interaction, to promote actin
polymerization. TmeA also interacts with AHNAK and inhibits actin bundling. TmeB
(green) decreases actin polymerization which may be through an interaction with the
Arp2/3 complex whereby TmeB prevents activation of the complex. TmeB also localizes
to the inclusion membrane after invasion and may have additional function. Solid lines
represent direct interactions, dashed lines represent indirect interactions. Question marks
represent uncharacterized mechanisms.
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Figure 32. Proposed model of potential roles of C. trachomatis TmeA and TmeB
during early, mid, and late development.

After invasion, TmeB localizes to the inclusion membrane. At non-physiological levels,
TmeB may inhibit the formation of actin patches around the inclusion and disrupt fusion
with nutrient-containing vesicles that are trafficked from the Golgi apparatus. At 24 hpi,
TmeA is in proximity to CD44, EGFR, and N-WASP where it may promote actin
polymerization and stabilize the host cell membrane or the inclusion actin cage. Later
during development, TmeB may play a role in host cell exit by promoting exit via extrusion
or destabilizing the cortical actin network. It is likely that TmeB also plays a role in
regulating intrinsic immune signaling by destabilizing the actin network and promoting the
inactivation of Rho family GTPases. Green arrows represent positive regulation, red lines
represent negative regulation. Solid lines represent established pathways, dashed lines
represent proposed pathways.
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APPENDICES

APPENDIX 1. List of Abbreviations

DG: Density gradient

EB: Elementary body

EGFR: Epidermal growth factor receptor

EphA2: Ephrin type-A receptor 2

Hpi: Hours post-infection

Hr: Hour

IFU: Inclusion forming unit

IL: Interleukin

ITGB1: Integrin beta-1

LGV: Lymphogranuloma venereum

Min: Minute

MLD: Membrane localization domain

MOI: Multiplicity of infection

N-WASP: Neural Wiskott-Aldrich Syndrome protein

PID: Pelvic inflammatory disease

PNM: Polymorphonuclear monocyte
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Rac: Ras-related C3 botulinum toxin substrate 1

RB: Reticulate body

RT: Room temperature

Sec: Second

SNX9: Sorting nexin 9

STD: Sexually transmitted disease

STI: Sexually transmitted infection

TarP: Translocated actin recruiting phosphoprotein

TepP: Translocated early phosphoprotein

TmeA: Translocated membrane-associated effector A

TmeB: Translocated membrane-associated effector B

UGT: Upper genital tract
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APPENDIX 2. Complete List of Materials

Catalog .

Reagent Company Number Details

Anhydrotetracycline . 50 ng/mL final

hydrochloride (aTc) ACROS Organics 233131000 concentration. Dissolved in
DMSO.

Anti-FLAG M2 Affinity Gel =~ Sigma-Aldrich A2220-1ML

Aurum Total RNA Mini Kit ~ BioRad 732-6820

Biotinyl-triamide Chemodex B0270 For APEX assays.
Dissolved in anhydrous
DMSO

Bovine Serum Albumin 12659 Fraction V, low heavy
metals

Bromophenol Blue EMD Bx1410-7

CaCl, Buffer EMD Millipore 10 mM Tris pH 7.4, 50
mM Calcium Chloride
Dihydrate

Calcium Chloride Dihydrate ~ Sigma C7902-500G Suitable for cell culture

Carbenicillin Teknova C2110 50 pg/mL final
concentration

Complete Solubilization For 20 mL: 6 mL SDS

Solution (CSS; 3x) (20% w/v), 2.4 mL 2-
mercaptoethanol, 6 mL
glycerol (100%), 3.75 mL
Tris pH 6.8 (1 M), 1.85 mL
ddH;0, bromophenol blue

Cycloheximide Sigma 7698-1G 1 pg/mL final
concentration

Deoxynucleotide Solution New England BioLabs N0447S

Mix (dNTP)

DMEM Gibco 11995-065

DMSO ATCC 4-X Sterile filtered cell culture
tested

DMSO anhydrous Invitrogen D12345 For Biotinyl-triamide
reconstitution

DTT (DL-Dithiothreitol) VWR Life Science M109
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Materials Continued

Catalog .

Reagent Company Number Details

EDTA (Ethylenediamine MP 152521

Tetraacetic Acid)

FLAG Peptide (3x) Sigma-Aldrich F4799

Gentamicin Reagent Gibco 15750-060

Solution

Gibson Assembly Master New England BioLabs E2611L

Mix

Glutamic acid Sigma G8415-100G L-Glutamic acid

Glycerol VWR Life sciences 0854-1L

Halt Protease Inhibitor ThermoScientific 78425

Single Use Cocktail

Hanks' Balanced Salt Gibco 24020-117

Solution (HBSS) (1x)

HI (Heat Inactivated) FBS Gibco 10438-026

(Fetal Bovine Serum)

High Capacity Neutravidin ThermoScientific 29202

Agarose Resin

Hydrogen peroxide solution =~ Sigma H1009

iTaq Universal SYBR Green BioRad 1725121

Supermix

Laemmli Buffer (6x) For 10 mLs: 1.2g SDS, 4.7
mL glycerol, 1.2 mL 0.5 M
Tris pH:6.8, 2.1 mL water,
0.93 g DTT, bromophenol
blue

LE Quick Dissolve Agarose =~ GeneMate E-3110-125

McCoy Cells ATCC CRL-1696

Monarch Plasmid Miniprep New England BioLabs T1010L

Kit

MOWIOL 4-88 Reagent Calbiochem 475904
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Materials Continued

Catalog .

Reagent Company Number Details

NaCl (Sodium Chloride) Fisher Scientific BP358-10

NaH,PO, Sigma S3139-250G Sodium phosphate
monobasic

Na,HPO, Sigma S5136-500G Sodium phosphate dibasic

Neutral Red VWR Life Science E470-5G >90%

Nonidet P 40 (NP40) Sigma Life Science 74385-1L

Substitute

NP40 Buffer (Nonidet P 40 Sigma 74385 50 mM tris pH 7.5, 150

Substitute) mM NaCl, 1 mM EDTA,
0.5% or 0.05% NP40

4D-Nucleofector Lonza

Penicillin G sodium salt Sigma P3032

Pro-Q Diamond Invitrogen P33301

phosphoprotein gel stain

Q5 High-Fidelity DNA New England BioLabs MO0491S

Polymerase

QIAfilter Plasmid Maxi Kit Qiagen 12262

Quenching Solution 10 mM sodium ascorbate,
10 mM sodium azide, 5
mM Trolox in PBS

ReadyPrep 2-D Starter Kit BioRad 1632105

ReadyStrip IPG Strips BioRad 163-2001 pH 4-7

(7 cm)

ReadyStrip IPG Strips BioRad 1632015 pH 4-7

(11 cm)

Rifampicin Alfa Aesar J60836 5 ng/mL final
concentration

RIPA Buffer 50mM Tris HCI, pH7.4;
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Materials Continued

Reagent

Company

Catalog
Number

Details

RIPA Buffer (Modified)

RPMI 1640 Medium (1x)

SE Cell Line Solution
Selection Media

Sepharose 4B
Sodium L-ascorbate
Sodium deoxycholic acid

SDS (Sodium dodecyl
sulfate)

Sodium orthovanadate
(Vanadate)
Spectinomycin

dihydrochloridepentahydrate,

Sucrose

Sucrose-Phosphate-
Glutamate Buffer (SPG)

SYPRO Ruby Protein Blot
Stain
T4 Polynucleotide Kinase

T4 DNA Ligase

Gibco

Lonza

Sigma
Sigma Life Science
Sigma

Sigma-Aldrich

Sigma

Alfa Aesar

Sigma

Lonza

New England Biolabs

New England Biolabs
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11875-093

PBC1-02250

4B200-100 mL

11140-50G

D-6750

L4509

S6508-10G

J61820

S1888-1KG

50565

M0201S

M0202S

50mM Tris HCI, pH7.4;
150mM NaCl, 0.1%
SDS,0.5% sodium
deoxycholate, 10 mM
sodium azide, 10mM
sodium ascorbate, SmM
Trolox, 5% Triton X-100,
1% SDS

Containing 2mM L-
glutamine

RMPI 10% FBS, 1 pg/mL
cycloheximide, 500 pg/mL
spectinomycin, and 50
ng/mL aTc

200 mM stock solution in
ddH,O

100 pg / mL Final
concentration. Cell culture
grade.

Bioreagent suitable for cell
culture

37.5g sucrose, 1.25 g
Na2HPO4, 0.18 g
NaH2PO4, 0.36 glutamic
acid for 500 ml tissue
culture grade ddH,O



Materials Continued

Reagent Company lszizll;)egr Details

TCA (Triachloroactic acid) Sigma T6399-500G

Tris Amresco 0497-5KG Ultrapure grade

Trolox Millipore 648471 Solubility steps are
described in (180) Note 4.

Trypsin-EDTA (1x) Gibco 25200-056 0.25%

Tween 20 Amresco M147-1L

Water (Cell Culture) Sigma W3500-500ML  Sterile-filtered,

Zwittergent 3-14 Detergent Milipore 693017-5GM
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APPENDIX 3. Detailed Protocols

3.1. Direct IFU Counts

1. Seed 2x10° HeLa cells in 24-well plates in triplicate for each strain with RPMI

+10% RPMI. Incubate at 37 °C + 5% COx2 for 24 hrs or until confluent.

2. Quantify EB concentration within laboratory stock using acridine orange stain.

a.

Spike in acridine orange at 1:1000 to EB stock. Incubate at room
temperature for 2 min.

Add the stained solution to 1 well of a 24-well plate containing a 12 mm
coverslip.

Spin the plate at 900 xg for 15 min to adhere EBs to the coverslip.
Remove the inoculum and mount the coverslip on a slide.

Count the EBs in 10 fields of view using an epifluorescence microscope

with a 100x oil immersion objective.

3. Prepare an equal number of EBs per strain in 15 mL conical tubes with HBSS to

achieve an MOI of 0.5 per well.

4. Aspirate growth media from each well and apply 1 mL of HBSS inoculum per

well.

5. Centrifuge the plate at 900 xg for 60 min at 20 °C using a swinging bucket rotor.

6. Aspirate the inoculum and add 1 mL RPMI + 10% FBS per well. Incubate the plate

at 37 °C for 24 hrs.
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10.

11.

12.

13.

14.

15.

Aspirate the media from each well and add 300 pL MeOH. Incubate at room
temperature for 8-10 min.

Aspirate the MeOH and wash each well 3 times with 1 mL PBS

Block each well with 1 mL TBST + 5% BSA for 1 hr at room temperature with
gently rocking.

Aspirate the blocking solution and add 1 mL per well TBST + 5% BSA containing
anti-HSP60 (mouse) primary antibody diluted at 1:500. Incubate the plate at room
temperature for 1 hr with gentle rocking.

Aspirate the solution and wash each well 3 times with 1 mL of PBS.

Add 1 mL per well TBST + 5% BSA containing anti-mouse AlexaFluor-594
secondary antibody diluted at 1:250. Protect the plate from light and incubate at
room temperature for 1 hr with gentle rocking.

Aspirate the solution and wash each well 3 times with 1 mL per well PBS.

Store the plate (protected from light) at 4 °C until ready to image.

Quantify the inclusions using the Celllnsight CX5 High-Content Screening

platform (ThermoFisher Scientific).
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3.2. Progeny IFU Enumeration

10.

11.

Seed HeLa cells in two 24-well plates at 2x10° cells per well in RPMI + 10% FBS.
Incubate at 37 °C for 24 hrs or until confluent. One plate will be used for a titer
plate and one plate will be passaged.

Make inoculum solutions by adding approximately equal IFUs to HBSS ina 15 mL
conical tube to infect duplicate confluent HeLa monolayers at an MOI of 0.1-0.5.
Aspirate RPMI growth media from each well and add 1 mL of inoculum. Centrifuge
the plates at 900 xg for 1 hr at 20 °C.

Aspirate the inoculum and add 1 mL per well RPMI + 10% FBS.

Incubate the plates at 37 °C + 5% CO:z for 24 hrs.

Fix and stain the titer plate according to Appendix 3.1. Steps 7-15.

Harvest the remaining plate by mechanically scraping the well and transferring the
contents into a 2 mL epitube. Spin the tube at >21,000 xg in a 4 °C microcentrifuge
for 30 min to pellet the harvested material.

Aspirate the supernatant and resuspend the pellet in 1 mL HBSS. Spin the material
at 200 xg in a 4 °C microcentrifuge for 5 min to pellet HeLa cell debris.

Pull the supernatant into a fresh 1.5 mL epitube. Serially dilute the material in
HBSS (102-107). Apply 1 mL per well of serially diluted inoculum to fresh HeLa

cell monolayers in a 24-well plate.

Centrifuge the plate at 900 xg for 60 min at 20 °C. Incubate the plates at 37 °C for
24 hrs.
Fix and stain the plate according to Appendix 3.1. Steps 7-15.
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3.3. Quantifying Genomes over Multiple Passages and Penicillin Sensitivity Assay

1. Seed HeLa cells in 6-well plates at 1x10° cells per well. Incubate the cells at 37 °C
+ 5% CO:z for 24 hrs or until confluent.

2. Make up inoculum with approximately equal IFUs in a 15 mL conical tube in HBSS
for an MOI of 0.5.

3. Aspirate RPMI growth media from each well and add 1 mL of inoculum to each
well. Centrifuge the plates at 900 xg for 1 hr at 20 °C.

4. Aspirate the inoculum and add 1 mL per well RPMI + 10% FBS containing
appropriate antibiotics but not cycloheximide.

5. Incubate the plates at 37 °C + 5% COz for 24 hrs.

6. Harvest the remaining plate by mechanically scraping and transfer the contents into
a 2 mL epitube. Spin the tube at >21,000 xg in a 4 °C microcentrifuge for 30 min
to pellet the harvested material.

7. Aspirate the supernatant and resuspend the pellet in 1 mL HBSS. Spin the material
at 200 xg in a 4 °C microcentrifuge for 5 min to pellet the HeLa cell debris.

8. Pull the supernatant into a fresh 1.5 mL epitube. Mix by flicking.

9. Transfer 800 uL into a new tube for NaOH DNA extraction

Note: If the DNA is not extracted from EBs on the same day it is harvested, the EBs

may be pelleted at >21,000 xg, resuspended in SPG and frozen at -80 °C.

a. Pellet the EBs at >21,000 xg in a 4 °C microcentrifuge. Aspirate the

supernatant.
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b. Resuspended the pellet in 200 pL of 0.5 M NaOH. Incubate at room
temperature for 2 mins.

c. Add 200 pL of Tris-Cl pH 8.0 and mix by gently pipetting.

d. Add 400 pL of phenol-chloroform to the tube and vortex for 1 min.

e. Spin the tube in a room temperature microcentrifuge at >21,000 xg for 20
min.

f.  Pull 200 pL of the aqueous phase (Top) into a fresh epitube.

g. Use 2 puL of the aqueous phase in a qPCR reaction with iTaq Universal
SYBR green supermix (Bio-Rad) and 16S specific primers (Table 2).

10. Dilute the remaining 200 pL of supernatant in HBSS to infect fresh Hela

monolayers at an MOI of 0.5.

Note: Typically a dilution of 1:500 or 1:200 is sufficient; however, the key is to
dilute the supernatant so that inclusions remain detectable in subsequent infections
with an MOI of ~0.5 for WT strains. An MOI of less than 0.3 will not provide enough

material for reliable detection by gPCR after DNA extraction.

11. Infect the plates by centrifuging at 900 xg for 1 hr at 20 °C.
12. Aspirate the inoculum and add 1 mL per well RPMI + 10% FBS. Incubate the plates
at 37 °C + 5% CO: for 24 hours.

13. Repeat Steps 6-12 for 4-6 more passages.
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3.4. 2D Gels

1. Seed HeLa cells at 2x10° per well of a 24-well plate in RPMI + 10% FBS. Incubate
at 37 °C with 5% COxz for 24 hrs or until confluent (2 wells per strain per 11 cm
strip).

2. For experiments investigating invasion, serum starve the cell layers for 4 hours
before infection.

a. Remove the media from the confluent monolayer.

b. Wash the monolayer once with serum free RPMI.

c. Add 1 mL per well of serum free RPMI and incubate for 4 hours at 37 °C with
5% COa.

3. Prior to infection, make up enough lysis solution for 150 pul per well. Add Halt
Protease Inhibitor (ThermoFisher Scientific) containing EDTA and freshly thawed
vanadate (200 mM) at 1/100 in ice-cold water. Keep on ice until ready to use.

4. To infect, use enough EBs to achieve an MOI of 1000 and dilute with SPG for a
final inoculum volume of 200 pl/well. Remove media from the cell monolayers and
add 175 pl of inoculum to each well. Incubate the plate at 37 °C for 30 min with
gentle rocking.

5. Aspirate the inoculum from the monolayers and wash twice with ice-cold PBS.

6. Set the plates on ice in the hood and add 150 pl lysis solution to each well. Using a
p-1000, scrape the cell layers to detach. Transfer the lysate to 2 mL epitube and
keep on ice.

7. Clean the samples by chloroform- methanol extraction.
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a. Pre-chill a microcentrifuge to 4 °C.

b. Add 600 pl of MeOH to each sample and vortex well

c. Add 150 pul of Chloroform to each sample and vortex well

d. Add 450 ul ddH20 to each sample and vortex well

e. Centrifuge at 12,000 RPM for 5 min at 4 °C.

f. Discard the top phase and keep the bottom phase including the white disk that
sits at the interface of the two layers.

g. Add 450p] MeOH and vortex well

h. Centrifuge at 12,000 RPM for 5 min at 4 °C.

i. Discard the supernatant. Dry the pellet for 10 min.

J-  Gently resuspend the two pellets in in 93 pl ready prep resuspension buffer
(BioRad), then pool together for a total of 186 ul per sample.

8. The remaining steps were done according to the ReadyPrep 2-D Starter Kit

Instruction Manual (BioRad, Cat # 163-2105).

9. Rehydrating the IPG Strips and Isoelectric focusing.

a. Near the end of the day, remove IPG strips from the -20 °C freezer and allow
to thaw on bench (20 min). Label the plastic part at the end of the strip with a
sample ID.

b. Get a clean IEF focusing tray (do not clean the tray with EtOH) and dispense
the protein sample evenly along one lane the length of the strip (left to right).

Note: It helps to prop the long edge of the tray onto something so that the
lane is slightly tilted, and the protein sample pools nicely along the edge of

the lane.
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c. Gently peel the plastic backing off the IPG strip using forceps. Lay the strip gel
side down onto the protein sample avoiding any air bubbles. Ensure that the
positive and negative ends of the strips correspond to the positive and negative
electrodes of the tray. Allow to rehydrate for 30-45 min, then overlay each strip
completely with mineral oil to prevent drying.

d. Place the focusing tray into the Protean IEF cell aligning the positive and
negative electrodes again and close the cover.

e. Program the cell for passive rehydration (approx. 12 hrs) and select the
appropriate focusing program according to the length of the strip. (For 7cm
strip: step 1; 250 V for 20 min with linear ramp. Step 2; 4000 V for 2 hr with
linear ramp. Step 3; 4,000 V for 10,000 V-hr with rapid ramp. For 11 cm strip:
Step 1; 250 V for 20 min with linear ramp; Step 2; 8000 V for 2.5 hr with linear
ramp: Step 3; 8000 V for 20000V-hr with rapid ramp.) The cell temperature
should be 20 °C, with the maximum current of 50 pA/ strip.

f. After focusing, strips can be used immediately for separation in the second
dimension or the excess mineral oil can be blotted off and the strips can be
stored at -80 °C until ready to use.

10. Equilibrate the strips

a. Remove the strips from the rehydration tray and place on a dry piece of filter
paper gel side up. Using a wet piece of filter paper, gently blot off any excess
oil. If using strips from the freezer, allow to thaw for 10 min.

b. Prepare equilibration buffers as described (ReadyPrep 2-D Starter Kit

Instruction Manual).
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C.

c.

Place the strip, gel side up, into a clean well of the rehydration tray. Add 2 mLs
of equilibration buffer I and gently rock for 15 min.

Empty off the equilibration buffer by tipping the tray over the blunt edge and
flicking the tray. Note: if you tip over the curved edge the strips will slip out of
the tray.

Add 2 mLs of Equilibration buffer II to each strip and incubate for 15 min with

gentle rocking, then decant the equilibration buffer.

11. Run the strips in the second dimension. Precast gels or hand poured gels can be

used for this step so long as the gel comb is long enough to fit the strip and that the

gel is poured without the stacking phase.

a.

Remove the comb and the plastic strip along the bottom of the gel cassette. Use
a piece of filter paper to blot out the excess water from the comb.

Remove the IPG strip from the rehydration tray. Wash the strip by dipping it
into a cylinder of running buffer to remove excess equilibration buffer.

Place IPG strip on the gel cassette gel side up. Gently move the strip into the
center of well until it is touching the gel.

Cut a piece of filter paper small enough to fit in the ladder position. Drop 5 pl
of protein ladder onto the filter paper and load the paper into the gel.
Microwave the overlay agarose until boiling in the microwave.

Using a pipette, quickly overlay the hot agarose over the IPG strip. Be careful
not to trap any air bubbles. If air bubbles do occur, use forceps to gently push
them out.

Let the agarose solidify 5-10 min, then proceed to run the gel as normal.
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3.5. Percent Invasion Assay

1. Seed HeLa cells in a 24-well plate with 12 mm coverslips at 2x10° cells per well.

2. Prepare inoculum by adding approximately equal density gradient purified EBs for
an MOI of 20 to a 15 mL conical with HBSS.

3. Aspirate the growth media from each well and add 1 mL per well of inoculum.
Infect the plate by rocking on ice for 1 hr, then incubate the plate at 37 °C for 30
min.

4. Fix the cultures with 4% paraformaldehyde for 20 min. Aspirate the
paraformaldehyde and wash each well 3 times with PBS.

5. Block the monolayers by adding 1 mL per well PBST + 5% BSA to each well and
incubate at room temperature for 1 hr with gentle rocking.

6. Aspirate blocking solution and label extracellular EBs by adding 1 mL per well
PBST + 5% BSA containing mouse anti-LPS (Chlamydial) at a dilution of 1:1600.
Incubate at room temperature for 1 hr with gentle rocking.

7. Aspirate the solution from each well and wash 3 times with 1 ml PBS.

8. Add 1 ml per well of PBST + 5% BSA containing anti-mouse AlexaFluor-594
diluted at 1:500. Incubate at room temperature for 30 min with gentle rocking.
Protect the plate from light for the remaining steps.

9. Aspirate the solution from each well. Permeabilize the cells by adding 300 puL of
0.1% Triton X-100 (Sigma) and incubate for 20 min at room temperature.

10. Aspirate the solution from each well and wash 3 times with 1 mL PBS.
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11.

12.

13.

14

15.

Add 1 mL PBST + 5% BSA to each well and incubate for 1 hr at room temperature
with gentle rocking.

Aspirate the blocking solution and add 300 pL PBST + 5% BSA containing anti-
MOMP (rabbit) 1:5000. Incubate the plate at room temperature for 1 hr with gentle
rocking.

Add 300 uL PBST + 5% BSA containing anti-rabbit AlexaFluor-488 at 1:500 to

each well and incubate for 1 hr at room temperature with gentle rocking.

. Aspirate the solution from each well and wash 3x with 1 mL PBS.

Quantify internal (green fluorescent only) and external (red and green fluorescent)
EBs using an epifluorescence microscope for 10 fields of view. The percentage EB
internalization is calculated using the formula ([total EBs — external EBs] / total red

EBs) x 100 = percent (%) invasion.
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3.6. N-WASP Localization

1. Seed HeLa cells in a 24-well plate with 12 mm coverslips at 2x10° cells per well.

2. Prepare inoculum by adding approximately equal density gradient purified EBs for
an MOI of 20 to a 15 mL conical with HBSS.

3. Aspirate the growth media from each well and add 1 mL per well of inoculum.
Infect the plate by rocking on ice for 1 hr, then incubate the plate at 37 °C for 20
min.

4. Fix the cultures with 4% paraformaldehyde for 20 min. Aspirate the
paraformaldehyde and wash each well 3 times with PBS.

5. Permeabilize the cells by adding 300 pL of 0.1% Triton X-100 (Sigma) and
incubate for 20 min at room temperature. Wash each well 3 times with PBS.

6. Block the monolayers by adding 1 mL per well PBST + 5% BSA to each well and
incubate at room temperature for 1 hr with gentle rocking.

7. Aspirate blocking solution and label EBs by adding 1 mL per well PBST + 5% BSA
containing rabbit anti-MOMP at a dilution of 1:5000. Incubate at room temperature
for 1 hr with gentle rocking.

8. Aspirate the solution from each well and wash 3 times with 1 ml PBS.

9. Add 300 pL per well of PBST + 5% BSA containing anti-rabbit AlexaFluor-594
diluted at 1:500. Incubate at room temperature for 30 min with gentle rocking.
Protect the plate from light for the remaining steps.

10. Aspirate the solution from each well and wash 3 times with 1 mL PBS.
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11. Add 300 pL PBST + 5% BSA containing mouse anti-N-WASP at a dilution of
1:150. Incubate the plate at room temperature for 1 hr with gentle rocking.

12. Aspirate the solution from each well and wash 3 times with 1 mL PBS

13. Add 300 uL PBST + 5% BSA containing anti-rabbit AlexaFluor-488 at 1:500 to
each well and incubate for 1 hr at room temperature with gentle rocking.

14. Aspirate the solution from each well and wash 3x with 1 mL PBS

15. To mount coverslips onto slides:

a. Add 3 pL of Mowiol (Calbiochem) onto a glass slide.

b. Using forceps, dip the coverslip in ddH20 then tap the edge on a kimwipe
to remove excess water. Carefully put the edge of the slide in the Mowiol
and slowly lower the slide into the oil cell side down.

c. Tap the center of the slide gently a few times to encourage air bubbles out.
Allow the slides to harden on the bench top overnight protected from light.

16. View the slides using an epifluorescence microscope with an oil immersion 100x
objective.
17. Localization was blindly scored by viewing labeled EBs (red), then looking for

localized green fluorescence that was above background.
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3.7. Nucleofection

10.

11.

12.

. Pre-warm the Cell Line Solution to RT and RPMI + 10% FBS to 37 °C.

Trypsinize a flask of 70-80% confluent HeLa cells.

Resuspend the trypsinized cells in RPMI + 10% FBS for a final volume of 10
mLs. Quantify cell density using a hemocytometer.

Transfer 1x10° to 5x10° cells into a sterile 15 mL conical tube.

Pellet the cells at 90 xg for 10 min at room temperature.

During the spin, add 100 pl of SE cell line solution and 2 —5 pg DNA to a 1.5
mL epitube. Flick to mix.

Turn on the Nucleofector and select the cell line for the experiment program.

. When the spin is done, quicky aspirate off the media, resuspend the pellet in the

DNA solution, and transfer the mixture into a Lonza cuvette.

Load the cuvettes into the nucleofector and start the protocol. Once complete,
quickly add 1 mL of RPMI + 10% FBS to each cuvette.

Remove the contents of each cuvettes with a plastic pasture pipette and dilute
in a final volume of 12 mLs RPMI + 10% FBS.

Transfer 2 mLs/well in a 6-well plate.

Incubate for 24-48 hrs at 37 °C + 5% COa.
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3.8. Apex Biotinylation

The apex biotinylation procedure is described in detail by Olson et al (180).

1. Seed HeLa cells in a 6 well plate (1x10° cells per well) using DMEM supplemented
with 10% FBS.

2. Once cells are confluent, remove media and add 2 mLs per well of HBSS inoculum
containing enough EBs to achieve an MOI of 2. Infect by spinning the plates at 900
xg for 1 hr at 20 °C.

3. Replace the inoculum with 2 mLs per well DMEM + 10% FBS + 50 ng/mL aTec.
Incubate the plates at 37 °C for 24 hrs.

4. Add the biotin-phenol (1.5mM final concentration) to each well 30 minutes before
desired reaction time and incubate for 30 min at 37 °C + 5% CO..

5. During the incubation, prechill PBS, lysis buffer, and 1.5 mL epitubes on ice.
Prepare H202 and quenching solutions and keep at RT.

6. To catalyze the biotin labeling reaction, aspirate the media from each well and add
2 mL per well of 3 mM H20:1n sterile PBS. Incubate the samples at RT for 1 minute
with gentle rocking.

Note: It is possible to do two plates at a time. If there are more than 2 plates, 1
find it best to stagger the infection/ biotinylation times by 15 minutes.

7. After the labeling step, aspirate the H202 solution and immediately quench the

reaction three times with 1 mL / well washes using the quenching solution
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10.

11.

12.

(Appendix 2). During the washes, gently rock the plates for 15-30 seconds and
aspirate off the solution between washes.
Place the plates on ice and add 166 pl of Modified RIPA buffer (Appendix 2)
containing protease inhibitors to each well. Scrape the cell layers in 3 different
directions to lyse then tilt the plate and scrape the lysates into a pool at the bottom
of the well.

Note: I find it helpful to make a slant in the ice using the bottom of a tip box

before setting my plates on ice.
Collect the lysates from each plate into 1.5 mL epitubes. Incubate the lysates on ice
for 1 hr.
During the incubation, equilibrate the neutravidin beads and pre-chill a
microcentrifuge at 4 °C. Vortex the beads and add 20 pl of bead slurry toa 1.5 mL
screw cap tube with a rubber gasket for each sample. Wash each tube of beads 3x
with 1 mL lysis buffer by adding 1 mL to each tube, rotating on a rotisserie rocker
at 4 °C for 5 min, spinning down the beads at max speed for 10 sec, remove the
supernatant, and repeat.
Remove the insoluble fraction from the cell lysates by spinning them at 17,000 xg
for 3 min. Transfer the supernatant (soluble fraction) onto the equilibrated
neutravidin beads. Incubate on a rotisserie rocker at 4 °C overnight.
Add 50 pl 3xCSS to the insoluble fraction (pellet) and heat at 95 °C for 5 min.
Vortex to mix. Store this fraction at -80 °C or use immediately for Western blot

analysis.
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13.

14.

15.

16.

17.

The next day, spin down the neutravidin resin using a pre-chilled microcentrifuge
at max speed for 10 sec at 4 °C.
Move the supernatant (unbound fraction) into a new tube. This fraction can be
saved for TCA or acetone precipitation and be used for western blot analysis.
Wash the neutravidin resin 3x 1 mL per sample with RIPA buffer containing
protease inhibitors. During each wash, rotate the samples for 5 min at 4 °C on a
rotisserie rocker.
To elute the proteins, pellet the neutravidin resin by spinning the samples at max
speed for 10 sec then remove as much of the supernatant as possible. Add 30 ul of
3x CSS directly to the beads. Heat beads at 95 °C for 5 min.
For identification of biotinylated proteins using mass spectrometry, proteins are run
into a 12% SDS-PAGE gel for 15 min at 200 V, stained with Sypro Ruby protein
blot stain (Lonza), and cut into lanes. The University of Kentucky Proteomics Core
performed digestion, preparation, and analysis of samples using Mascot data
analysis software. A TSQ Vantage triple quadrupole mass spectrometer was used
for liquid chromatography with tandem mass spectrometry (LC-MS/MS) protein
identification.
Note: The Proteomics Core will cut out the specified samples for you, however,
I like to cut out my own gel slices. Use tubes that are specified for mass
spectrometry such as Eppendorf safe lock tubes. These tubes are also provided
by the Proteomics Core. Regular epitubes will not work. Use a fresh surgical
blade to cut the desired region from the gel. Cover any area outside of the gel

tray with plastic wrap, such as the UV imager, to avoid contamination.
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3.9. FLAG-Tag Immunoprecipitations

1. Before starting, pre-chill PBS, lysis buffer, and 1.5 mL epitubes on ice.

2. Remove plates from incubator and set on ice.

3. Aspirate off culture media and wash each well with 2 mLs ice-cold sterile PBS.
Aspirate to remove.

4. Add 166 pl of 0.5% NP40 lysis buffer (Appendix 2) containing Halt Protease
Inhibitor Cocktail (ThermoFisher Scientific) and vanadate 1/100 to each well.

5. Scrape cell layer with a cell scraper in three different directions, then gently
scrape the lysate down to pool in the bottom of the well.

6. Transfer and combine the lysates from each plate into a 1.5 mL epitubes.

7. Incubate on ice for 1 hr. Pre-chill a refrigerated microcentrifuge to 4 °C.

8. During the incubation, equilibrate Sepharose 4B beads by washing 3 times with
lysis buffer.
a. Vortex the beads to create a slurry.
b. Add 20 pl of the bead slurry to a 1.5 mL epitube with a rubber stopper in the

cap, to prevent the sample from leaking.
c. Add 1 mL of lysis buffer and rotate on a rotisserie rocker for 5 min at 4 °C.
d. Pellet the beads by spinning at max speed for 10 sec. Remove lysis buffer
without disturbing the beads and repeat two more times.

9. After incubation, centrifuge the cell lysates at 17,000 xg for 3 min at 4 °C to

remove the insoluble fraction. Transfer the soluble fraction onto the equilibrated

Sepharose 4B beads to preclear the lysates.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Incubate the lysates on a rotisserie rocker at 4 °C for 1 hr.
Add 50 pl of 3x CSS to the insoluble fractions. Heat at 95 °C for 5 min and vortex
to mix. Store the insoluble fractions at -20 °C.
While the cell lysates pre-clear. Equilibrate the anti-FLAG M2 resin as described
in Step 8.
Remove the Sepharose 4B beads from the lysate by centrifuging at max speed for
10 sec. Remove the supernatant without disturbing the bead pellet and transfer
onto the equilibrated anti-FLAG M2 affinity resin. Incubate on a rotisserie rocker
at 4 °C overnight.
The next day, pellet the anti-FLAG M2 affinity resin by centrifuging the samples
at max speed for 10 sec at 4 °C in a pre-chilled microcentrifuge.
Transfer the unbound fraction into a new tube. This fraction can be saved for
TCA or acetone precipitation if desired for analysis by western blot.
Wash the anti-FLAG M2 affinity resin 3 times with 1 mL 0.05% NP40 Wash
Buffer, containing protease inhibitor and vanadate.

Note: The Wash buffer has a lesser concentration of detergent and should not

be confused with the lysis buffer.
Removes as much wash buffer from the beads as possible, then add 100 pl ice-
cold PBS and 4 ul 3x FLAG peptide (Sigma-Aldrich) to the tube. Incubate on a
rotisserie rocker for 1 hr.
Pellet the beads by spinning the samples at max speed for 10 secs. Transfer the
supernatant into a new tube. Add 20 pl of 6x Laemmli buffer. Heat at 95 °C for 5

min.
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3.9. Plaque Assay

1. Seed 1x10° Vero cells per well in a 6-well plate using RPMI supplemented with
10% FBS.

2. The next day, autoclave 0.5 g of Quick Dissolve agarose in 10 mL of cell culture
grade water using a sterile 20 mL glass vial.

Note: Fill a beaker with water and autoclave alongside agarose so that
when the agarose comes out of the autoclave you have a "water bath"
ready to go.

3. While agarose is in the autoclave, infect Vero cells with approx. 100 EBs per well
at 900 xg for 1 hr in HBSS.

4. During infection pre-warm 90 mLs RPMI + 10% FBS in a sterile plastic bottle to
40 °C.

5. Once the agarose comes out of the autoclave, move the vial to the "water bath"
and transport to the lab. Place the "water bath" into the hood. The "water bath"
will cool quickly. This is okay because you do not want the agarose to be too hot
when adding the media, but the warm water will keep it from solidifying while
you wait for the infection to complete.

6. After the infection, remove inoculum from each well. Work quickly at this step.
Add 90 mLs of prewarmed media to the agarose, mix, and add 4 mLs per well of
agarose containing media. Let the agarose solidify for 15 min before moving the
plates back into a 37 °C incubator.

7. Plaques will form after 5-7 days.
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8. To Stain plaques with Neutral red:

a. Dissolve 120 mg /2mL of Neutral red in sterile PBS Warm to 37 °C.

b. Autoclave 0.55 g Quick dissolve agarose in 50 mL cell culture water.

c. After autoclaving, add the warm neutral red solution to the agarose at a
1/100 dilution (0.06% final concentration).

d. Overlay 2 mL per well of neutral red agarose to cell layers.

e. Incubate plates at 37 °C for 3 hrs.

f. After staining, gently remove the agarose layers with forceps. Loosen the
edges, tilt the plate up, and gently peel back the agarose starting from the
top.

g. Count the plaques by eye or using the Celllnsight CX5 High-Content

Screening platform (ThermoFisher Scientific).
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APPENDIX 4. Loss of TmeA and Tarp Does Not Indirectly Impact Invasion via

Effects on TepP or TmeB
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(A). Tyrosine phosphorylation of TarP and TepP was assessed in whole-culture material
harvested 45 min after infections with equivalent IFUs of WT or strains lacking, tarp, tmeA,
tmeA and tarp or tepp. SDS-PAGE-resolved material was probed with anti-
phosphotyrosine-specific antibodies to visualize phosphor-TarP and TepP, while tubulin
and MOMP were detected as loading controls for host and chlamydial material,
respectively. (B). Pure WT EBs or HeLa cell monolayers infected with WT and mutant
strains at an MOI of 100 for 1 hr were subjected to Triton X-114 detergent extraction.
Proteins in detergent (Det) and aqueous (Aq) phases were concentrated, and fractions were
probed in immunoblot analysis with TmeB- and TepP-specific antibodies. Material was
probed for Scc2 and MOMP as aqueous and detergent controls, respectively. (C). HeLa
monolayers were infected for 1 h at 4 °C with WT or strains lacking tmeB or tepp at an
MOI of 10. Cultures were shifted to 37 °C for 30 min and then paraformaldehyde fixed and
processed for inside-out staining to assess invasion efficiency. Data are represented as
mean values for the percentage of internalized chlamydiae with standard deviations. No
statistically significant differences were noted with Student’s t-test with Welch’s
correction.

182



APPENDIX 5. Cis Complementation of TmeA
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Cis-complementation of AtmeA-Ix restores WT levels of TmeA and invasion efficiency.
(A) Protein from equivalent IFU of DG-purified WT, AtmeA-Ix, and cis-tmeA EBs was
concentrated and resolved for immunoblotting to compare relative levels of TmeA. TmeA
was detected via specific antibodies, and detection of C. trachomatis Hsp60 was used as a
loading control. (B) The ability of cis-tmed to complement the AtmeA-Ix invasion
phenotype was tested by infecting HeLa monolayers for 1 h at 4 °C with the WT, AtmeA-
Ix, or cis-tmeA at an MOI of 10. Cultures were paraformaldehyde fixed and processed for
inside-out staining to assess invasion efficiency after 45 min of incubation at 37 °C. Data
are represented as the percentage of internalized chlamydiae with standard deviations.
Statistical significance was computed using Student’s t-test with Welch’s correction (*,
P <0.003; **, P<0.0001)
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APPENDIX 6. Complementation of Mutants Restores Invasion Efficiency and WT

Sensitivity to the Respective Inhibitors

Rac 1 Cdc42 N-WASP
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Complementation of mutants restores invasion efficiency and WT sensitivity to the
respective inhibitors. Invasion assays were carried out in the absence (black bars) or
presence (white bars) of drugs, and levels of invasion for the WT were compared to the
respective null mutants cis-complemented with full-length farp or tmeAd. Assays were
carried out with 25 uM Ehop-016 (Rac1) for cis-tarp and 20 uM casin (Cdc42) or 25 uM
wiskostatin (N-WASP) for cis-tmed. Data are represented as mean values for the
percentage of internalized chlamydiae and are shown with standard deviations. Statistical
significance was computed using Student’s t-test with Welch’s correction (***, P <0.0004;
*akx P <0.0001)
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