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Abstract

Chlamydiae are obligate intracellular bacteria that infect a wide range of animal
hosts. For a successful infection, interaction with the host cell by use of the type 1l (T2),
type Il (T3), and type V (T5) secretion systems is needed to secure nutrients and
subvert the host innate-immune responses. While some the substrates and functions of
the T3 and T5 secretion systems are known, a comprehensive understanding of what
proteins constitute T2S substrates is largely lacking. Only one protein has been
confirmed to be a T2S effector in C. trachomatis, the protease CPAF. In this work, we
investigate the role of the T2SS and CPAF during C. trachomatis infection.

CPAF cleaves a defined set of mammalian and Chlamydia proteins in vitro. As a
result, this protease has been proposed to modulate a range of bacterial and host
cellular functions. However, it has recently come into question the extent to which many
of its identified substrates constitute bona fide targets of proteolysis in infected host
cells, rather than artifacts of post lysis degradation. Here we clarify the role played by
CPAF in cellular models of infection by analyzing Chlamydia trachomatis mutants
deficient for CPAF activity. We identified a mutant in Type Il secretion (T2S) that
accumulates unprocessed CPAF and two strains with nonsense, loss-of-function
mutations in cpa. HelLa cells infected with these mutants did not display cleavage of
previously reported CPAF substrates and lysates from HeLa cells infected with either
T2S- or CPAF- C. trachomatis did not possess any detectable in vitro CPAF proteolytic
activity. CPAF-deficient mutants displayed impaired generation of infectious elementary
bodies (EBs), indicating an important role for this protease in the full replicative potential

of C. trachomatis. HelLa cells infected with cpa mutant strains were not defective for



cellular traits that have been previously attributed to CPAF activity, including resistance
to staurosporine-induced apoptosis, altered NFkB-dependent gene expression, and
resistance to reinfection. However, these observations do not imply that previously
identified substrates are not targets of processing by CPAF in infected cells. We provide
evidence in live cells that CPAF-mediated protein processing of at least two protein
targets, vimentin filaments and the nuclear envelope protein Lamin-associated protein 1
(LAP1), a new CPAF substrate, occurs rapidly after the loss of the inclusion membrane
integrity, but before loss of plasma membrane permeability and cell lysis. We postulate
that CPAF plays a role late in infection, possibly during the stages leading to the
dismantling of the infected cell prior to the release of EBs during cell lysis.

We further show defects in T2S impact bacterial attachment to host cells,
intracellular growth, the properties of glycogen, and lytic exit. We sought to understand
of the basis of these phenotypes and identify additional substrates of the T2SS which
contribute towards them. We use label-free quantitative liquid chromatography-tandem
mass spectrometry (LC-MS/MS) for a comprehensive analysis of proteins present within
WT and T2S-defective C. trachomatis bacteria. In combination with immunofluorescence
analyses, we present evidence of a defined set of secreted proteins that associate with
glycogen in the inclusion during infection and propose this polymer functions in

regulating proteins secreted into the inclusion lumen.
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1. Introduction

To interact with the extracellular environment, bacteria have evolved numerous,
highly specialized secretory pathways to release bacterial proteins and DNA across the
cell envelope. Gram-negative bacteria have three principal layers that separate the
interior of the cell from the outside environment: the outer membrane (OM), the
peptidoglycan cell wall, and the inner or cytoplasmic membrane (IM) [1]. The molecular
machines required for translocation from the interior to exterior of Gram-negative
bacteria include the single OM spanning type V secretion system (T5SS) and the IM and
OM spanning type 1 secretion system (T1SS), T2SS, T3SS, T4SS, and T6SS (reviewed
in [2]). The substrates secreted by these various systems are required for bacterial
survival, adhesion, invasion and establishment of infection, and adaptation to varying
environments.

With the exclusion of secretion systems for one-step transport from the
cytoplasm to the outside of the bacterial cell, proteins located outside of the cytoplasm,
as well as substrates of the T2SS and T5SS, must first transit beyond the IM [3]. The
Sec or twin-arginine translocation (Tat) pathways translocate proteins in an unfolded or
folded state across the IM, respectively (reviewed in [4, 5]). Once in the periplasm,
proteins transported via Sec will fold prior to interaction with the T2SS, which exports
folded proteins from the periplasmic space to the exterior of the bacteria [6].

In the T2SS 12 to 15 gsp (general secretion pathway) genes are known encode
components of the secretion machinery [6], with several additional proteins required for
the assembly and proper localization of T2S components [7-10]. The use of the gsp
nomenclature is not universal. While the genetic organization of large operons

containing gspC-gspO is commonly found, some bacteria such as numerous
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Acinetobacter species, have T2S genes dispersed in smaller clusters throughout the
genome, similar to the organization of type IV pili (TFP) [6, 11, 12]. The pre-pillin
peptidase, GspO, can also be located near TFP encoding genes and its function shared
amongst the T2S and TFP systems, as is the case in Pseudomonas aeruginosa [13, 14].
The T2S and TFP systems are structurally similar and may be regulated in a comparable
fashion. Work by Roelofs et al. suggests a class of ATPases, found in both the T2SS
and TFP, bind to the signaling molecule cyclic diguanosine monophosphate (c-di-GMP);
they identify a c-di-GMP binding T2S ATPase in P. aeruginosa, PA14_29490, and
propose this may be a common regulation mechanism of some T2 and TFP systems
[15].

The T2S apparatus likely spans both the inner and outer membranes, with the
majority of the T2S components located in the cytoplasmic membrane or associated with
the cytoplasmic side of the IM. Four parts compose the T2SS: the inner-membrane
platform, the ATPase, the pseudopilus, and the outer-membrane complex (Fig. 1) [16,
17]. Unlike TFP, the pseudopilus in the T2SS remains confined to the periplasm. The
four minor pseudopilins (GspH, I, J, and K) contain an N-terminus that is processed by
the prepilin peptidase (GspO) prior to forming the pseudopilus tip [18]. Polymerization of
the pseudopilins, including processing and addition of major pilin subunits (GspG)
underneath the tip, requires the function of an ATPase, GspE [19, 20]. Interactions
between GspE and biotopic IM platform protein GspL [21-24], along with GspL and
GspG interactions [25], suggest GspL is the linker that allows for association between
the ATPase and the pseudopilus through the IM platform. The other components of the
IM platform form a complex and include the polytopic membrane protein GspF and the

bitopic protein GspM [26-29]. The OM protein GspD is connected to the IM platform
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through interactions with the transperiplasmic protein GspC [30, 31]. GspD is a member

of the secretin family and forms a ring shaped structure in the outer membrane [7].

OM

Periplasm

ATP ADP + P,

Figure 1: Schematic representation of the T2SS architecture. The inner
membrane platform components are in blue, the outer membrane complex proteins are
in orange, and the components of the pseudopilus are in purple. T2S substrates are first
translocated across the inner membrane using a Sec-dependent pathway. Once in the
periplasm, substrate recognition by GspC or GspD results in a signal transmitted to
GspE to induce ATP hydrolysis. Conformational changes in GspE, transferred to GspL,
aid in the formation and elongation of the pseudopilus, expelling the substrate through
the GspD pore.

Proper localization and assembly of the secretin channel is accomplished in
multiple ways. Some secretins, such as the P. aeruginosa HxcQ, are lipoproteins that
contain an N-terminal lipid anchor allowing for self-transport to OM [32]. Conversely,
additional proteins may be required for proper OM localization. Two distinct groups of
OM targeting lipoprotein chaperones (pilotins) for GspD have been identified: the PulS-
OutS family of proteins from organisms such as Klebsiella oxytoca and Dickeya dadantii
[33, 34], and the AspS/YghG-type pilotins found in species of Vibrio, enteropathogenic
Escherichia coli 0127:H6 str. E2348/69 (EPEC), and enterotoxigenic E. coli (ETEC) str.

H10407 [9, 10]. The GspAB-like complex may also be needed for correct secretin
3



assembly to occur; these proteins are believed to modify the organization of
peptidoglycan to allow space for the transport and assembly of GspD [8]. Interestingly,
mutations in gspA do not prevent the secretion of T2S substrates in numerous Vibrio
species, but do result in decreased amounts of secretin multimer assembled, suggesting
both GspAB and AspS may play a role in optimal GspD localization and assembly in
certain bacteria [8].

The proton motive force and ATP hydrolysis provide the energy for T2 protein
secretion [35, 36]. One mechanism for T2S involves the recognition by GspD or GspC of
a T2S substrate, followed by substrate entry into the secretion channel. Cycles of ATP
hydrolysis via GspE can convey conformational changes through the IM platform,
allowing for the assembly of the pseudopilus. The growing pseudopilus is hypothesized
to act as a piston and push the proteins though the secretin channel. Additional
information regarding the structural and mechanistic aspect of T2S has been covered in
numerous recent reviews [16, 17, 37].

1.1 Predicting and identifying substrates of the T2SS and their
role in pathogenesis

The T2SS was first described in Klebsiella and since then has been shown to be
conserved across numerous Gram-negative bacteria, including environmental,
mammalian, and plant pathogenic strains [6, 38]. Throughout years of study, multiple
methods have been employed to predict and identify proteins secreted by the T2SS.

These strategies and the various confirmed substrates will be discussed below.

1.1.1 Predicting T2S substrates
Substrates of the T2SS use the Sec and Tat machineries to first cross the

cytoplasmic membrane. The Sec pathway is thought to function as the major IM protein
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transport system and is widely conserved across all bacteria, even present in the
endoplasmic reticulum membrane of eukaryotic cells [5]. Two pathways of Sec-
dependent protein translocation have been identified: co-translational and post-
translational translocation [5]. Secretory proteins that reside in the periplasm or outer
membrane are typically targeted post-translationally by the SecA/SecB pathway, while
the co-translational signal recognition particle (SRP) targeting pathway is used by most
inner membrane proteins, including the T2S pseudopillins [3, 39]. Translocating folded
proteins across the IM using the Tat system allows for hetero-oligomeric complexes that
form in the cytoplasm to be transported when only one of the subunits possesses a Tat-
targeting signal peptide; folding in the cytoplasmic environment may also enable proteins
to acquire a cofactor or obtain metal ions before translocation into the periplasm [4, 40].
Bioinformatical approaches, in combination with studies that employ bacterial
strains containing mutations in either the Sec or Tat pathway, have been used to
generate a catalog of proteins and activities that occur outside of the bacterial
cytoplasm. Cleavable signal peptides present at the amino-terminal end of T2S
substrates allow for targeting to either of these IM translocase systems [39]. A tripartite
organization including a positively charged N-terminal region, followed by a hydrophobic
then C-terminal domain, is found in both types of signal peptides [39]. Unlike Sec, Tat
recognizes peptides that are longer and less hydrophobic and contain a distinctive
pattern of two consecutive arginines in the N-terminal region [41]. By elucidating the
structure of these signal sequences (ss), multiple groups have created computational
prediction programs to differentiate between Sec and Tat signal peptides, while also
discriminating these signals from possible transmembrane segments and lipoprotein

signal peptides [41-46]. Voulhoux and colleagues identified putative substrates of the Tat
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machinery by screening the genome of P. aeruginosa for the consecutive arginine motif
[47]. Subsequent studies confirmed Tat-dependent secretion of the known T2S
phospholipase C (PLC) proteins, PIcH and PIcN [47, 48]. In Legionella pneumophila
strains 130b and Lens, the PIcA protein also contains twin arginines in the signal peptide
and a portion of the secreted PLC activity is facilitated by the Tat system; Rossier and
Cianciotto hypothesize PIcA export by the Sec pathway may occur in the absence of the
Tat system [49].

Various experiments have confirmed T2SS substrates are translocated outside of
the bacteria in a folded confirmation, however no common primary amino acid sequence
between substrates has been described [50, 51]. In Pectobacterium carotovorum and
Dickeya dadantii (formerly known as Erwinia carotovora and Erwinia chrysanthemi),
mutations in the last four residues at the C-terminal end of a polygalacturonase (PehA)
B-lactamase hybrid or in a single tryptophan residue in Cel5 are sufficient to prevent T2-
dependent secretion, respectively [52, 53]. Multiple, non-adjacent regions have been
found to be necessary for the secretion of the K. oxytoca pullulanase, P. aeruginosa
exotoxin A, and P. carotovorum PehA [54-57]. These regions vary in length and
composition, suggesting a structural signal brought together during substrate folding
may be recognized by the T2SS instead of a single portion of a protein.

The components of the T2SS required for exoprotein recognition vary based on
organism and substrate, but include GspD, GspC, and the pseudopillins (reviewed in
[6]). Recently, Pineau et al. used the D. dadantii pectate lyase Pell, along with the P.
carotovorum orthologue Pel3, to define structural motifs that interact with the T2SS [58].
They observed direct interaction between multiple domains of OutC (GspC) and OutD

(GspD) with an Fn3 domain of Pell that contains a loop region with a 3io-helix.
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Interestingly, the interaction between the PDZ domain of OutC and Fn3 was stronger in
the presence of the N1 domain of OutD, suggesting interactions with this domain of
OutD may increase the affinity of Fn3 to PDZ [58]. However, it remains unclear if a
common T2S targeting motif is used for the recognition of secreted substrates from the

milieu of proteins present in the periplasm.

1.1.2 T2S substrates: from enzymatic activity to identity

The T2SS secretes a wide variety of monomeric and oligomeric proteins,
including toxins and degradative enzymes. While the T2SS was first described as
exporting the Klebsiella pneumoniae pullulanase, a starch-debranching enzyme, the
presence of this extra-bacterial enzymatic activity was known for many years prior [38,
59]. Additionally, the presence of cholera toxin (CT) in cell-free Vibrio cholera culture
filtrate [60], the secreted pectinase and cellulase activities of D. dadantii [61], and
chlamydia-dependent proteasome-like degradation activity in Chlamydia trachomatis
infected cells [62] were all documented well before the proteins responsible were
identified as substrates of the T2SS [63, 64]. Similarly, preceding the identification of a L.
pneumophila strain with a mutation in the prepillin peptidase, PilD, several proteins were
known to be secreted into the extracellular media [65, 66]. Identifying type Il secretion
genes and constructing strains deficient in secretion has allowed for observable
enzymatic activities to be linked to substrates dependent on T2S in humerous bacteria.

By using homology searches with the T2S genes from organisms such as V.
cholerae, E. coli, and P. aeruginosa, numerous T2S genes in other bacteria have been
identified and subsequently mutated to determine if the system is functional. A similar
homology search has been used by multiple groups to identify potential T2S substrates.

In A. baumannii, AgspD and AgspE1l mutants grew similarly to WT on LB agar, but failed
7



to grow on minimal agar in which olive oil was the sole carbon source [12]. Other
bacterial strains defective in T2- dependent lipase secretion show similar phenotypes,
and the presence of extracellular lipase activity was observed nearly 20 years ago in the
related organism Acinetobacter calcoaceticus [67, 68]. Sequence searches using P.
aeruginosa lipA and lipB identified homologous genes in A. baumannii; LipA was further
shown to be secreted by the T2SS [12]. Prior knowledge regarding the types of
enzymatic activities that occur in similar bacteria is often a jumping point toward
identifying potential T2 exoproteins. For example, chitinase production in other
Vibrionaceae [69] prompted the observation of chitinase activity in V. cholerae, the
identification of the chiA gene, and the use of a gspE mutant to verify dependence of

ChiA on the T2SS for extracellular transport [70].

1.1.3 Proteomic and genetic approaches to identify T2S exoproteins
Recent work has focused on proteomic approaches to capture a broader picture
of the T2 secretome. For example, by comparing the supernatants of WT to T2SS
deficient M2AgspD::kan cultures, the secretome of Acinetobacter nosocomialis strain M2
was determined [11]. Using two-dimensional difference gel electrophoresis (2D-DIGE)
analysis coupled with capillary-liquid chromatography-nanospray tandem mass
spectrometry for protein identification, the authors identified and characterized three
T2S-dependent effectors in detail: a metallopeptidase (CpaA), an ortholog to the A.
calcoaceticus lipase LipA, and newly characterized lipase, LipH [11]. Comparable
approaches have been used to identify secreted proteins in human and plant pathogens,
along with non-pathogenic environmental bacteria. Some of bacteria in which proteomic
approaches have identified novel T2S substrates include: A. baumannii [11, 12], A.

nosocomialis [11], Burkholderia pseudomallei [71], Burkholderia glumae [72, 73], V.
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cholera [74, 75], Ralstonia solanacearum [76, 77], Pseudoalteromonas tunicate [78], and
L. pneumophila [79]. These substrates have a wide variety of functions, not all of which
are known, and are required for processes such as: biofilm formation, nutrient
acquisition, adherence to cell surfaces, suppression of host innate immunity, and

extracellular respiration, just to name a few.

1.1.4 T2S chaperones

Similar to the T3SS, certain T2 substrates require additional proteins for their
secretion. Within bacteria, molecular chaperones are proteins that assist in the folding or
unfolding of individual proteins or protein complexes and can aid in preventing protein
degradation or aggregation; chaperones are found in both the bacterial cytosol and
periplasm. The first T2S chaperones were identified as being required for the secretion
of extracellular lipases. These chaperones, termed Lif for lipase-specific foldases, have
since been described in Pseudomonas, Burkholderia, Aeromonas, and Acinetobacter,
among others [12, 67]. Lifs supply the steric information necessary for the proper folding
of lipases, but as they contain a hydrophobic N-terminal membrane anchor they cannot
be secreted by the T2S machinery [72].

Periplasmic formation of disulfide bonds is also known to be important for the
secretion of certain T2 exoproteins [80, 81], including cholera toxin from V. cholera [82]
and enterotoxin Il from E. coli [83]. While disulfide bond formation is not universally
required for the secretion of substrates [84], it can be important to maintain the
extracellular enzymatic function of an exoprotein [85, 86]. Additionally, not all substrates
contain intramolecular disulfide bonds [51, 85].

Recent studies have shown that T2S-dependent lipases are not the only proteins

that require chaperones. Two of the three T2 secreted proteins identified by Harding et
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al. in A. nosocomialis were adjacent to proteins that were demonstrated to be required
for their secretion [11]. Consistent with studies in other Acinetobacter spp. [12, 67], one
of these two T2S proteins was the lipase LipA, whose secretion is dependent on LipB
[11]. However, this study was the first to identify a T2S chaperone (CpaB) required for
the secretion of a protease (CpaA) [11]. Analysis by Domain Enhanced Lookup Time
Accelerated (DELTA) BLASTp identified a domain from the SRPBCC superfamily in
CpaB, members of which contain a deep hydrophobic ligand-binding pocket and are
predicted to have chaperone activity. Furthermore, by searching ORFs that contain a
predicted N-terminal transmembrane domain and are adjacent to known T2S effectors
from other bacteria, the authors identified several putative T2S effector chaperones [11].

While the bulk of previously identified T2S chaperones are located adjacent to
their proposed effectors, the LipC lipase from P. aeruginosa requires the presence of
LipB, a protein that is located elsewhere in the genome downstream of a different lipase,
LipA [87]. Chaperone-effector interactions have been used in other secretion systems,
such as the T3SS from C. trachomatis [88], to identify new effector proteins. In
combination with the new bioinformatical approach taken by Harding et al. to identify
chaperones, similar biochemical approaches may be used to identify novel T2

chaperone-effector complexes.

1.1.5 Challenges faced in identifying secreted proteins during
intracellular infection

The T2SS is important for bacterial survival in a diverse set of environments. In
some bacteria, multiple T2SS are present and secrete proteins in response to varying
conditions [89-92]. For example, a second T2SS present in P. aeruginosa, HcX,

secretes low molecular weight alkaline phosphatases in response to phosphate limitation
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[91]. Similarly, Yersinia ruckeri and Yersinia enterocolitica both possess the Ytsl and
Yts2 T2SSs; the activation of the Ytsl system occurs at temperatures below that of a
human host, indicating its secreted substrates may be important for environmental
survival [89]. The L. pneumophila Lsp T2SS is also required for optimal low temperature
growth and it is proposed the peptidyl-prolyl cis-trans isomerase, PpiB, functions as an
isomerase or chaperone for the T2S apparatus and/or its substrates at these
temperatures [93-95].

Establishing the conditions under which various secretion systems are active
poses a challenge towards identifying their substrates. However, as showcased by L.
pneumophila, secretion of effectors and their contribution to infection is also dependent
on the specific host. In the environment, Legionella infects and grows in amoebae
belonging to the Acanthamoeba, Naegleria, and Hartmannella genera [96]. Of the
numerous secreted effectors analyzed, the metalloprotease ProA, RNase SrnA, and
glycerophospholipid:cholesterol acyltransferase PlaC, are required for intracellular
infection of Hartmannella vermiformis and Naegleria lovaniensis, but not for
Acanthamoeba castellanii infection [97, 98]. In contrast, a nttA mutant exhibited reduced
survival in A. castellanii, but was not defective for growth in H. vermiformis or N.
lovaniensis [97]. ProA directly processes PlaC and is required for its activity [99].
Intriguingly, even though both ProA and PlaC are important for intracellular growth in H.
vermiformis and N. lovaniensis, a proA mutant or proAplaC double mutant is more
defective in growth compared a plaC mutant in N. lovaniensis; all three mutants are
similarly impaired for growth in H. vermiformis [97]. This suggests ProA may be active
beyond processing PlaC in certain hosts.

Many of the T2S substrates in L. pneumophila were identified by comparing the
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supernatant of WT and Isp mutants [79, 100]. Unlike facultative intracellular organisms,
analysis of secreted proteins in obligate intracellular bacteria is complicated by the need
to separate extra-bacterial proteins present in the vacuole and/or host cytosol from those
remaining inside the bacteria. In Coxiella burnetii the introduction of host cell-free growth
medium has enabled mass spectrometry approaches to identify proteins present in
culture supernatants [101-103]. However, it is probable only a subset of substrates are
secreted in an environment lacking host-cell feedback. An axenic medium that supports
some metabolic activity of C. trachomatis has also been developed, however bacterial
growth and the secretion of proteins has yet to be assessed under these conditions
[115]. If conditions where secretion is active are identified, this approach still will not
identify substrates secreted over time during the lifecycle. As discussed later, new
methods for genetic manipulation, combined with indirect immunofluorescence and

proteomics, have advanced the discovery of secreted proteins in Chlamydia.

1.1.6 The role of T2S and its substrates: survival and pathogenesis
Functional T2SSs have been identified in human and animal pathogens, along
with numerous plant pathogenic species. The genera that infect humans are:
Acinetobacter, Aeromonas, Burkholderia, Chlamydia, Escherichia, Klebsiella, Legionella,
Pseudomonas, Stenotrophomonas, Vibrio, and Yersinia [11, 12, 33, 37, 56, 64, 91, 104-
113]. These bacteria facilitate disease at diverse anatomical locations, including the
lungs, gastrointestinal tract, genital tract, and bloodstream. For each of these genera,
mutations in genes of the T2SS or in confirmed effectors impacts growth and/or
virulence in animal models of disease [71, 79, 89, 109, 114-123]. For example, in a
modified experimentally-induced leukopenic mouse model of A. baumannii infection, a

AgspD mutant and a strain containing the deletion of a T2 lipase LipA, were out

12



competed by the WT strain and exhibited colonization defects in the liver and spleen
[12]. All three strains grow similarly in LB broth, suggesting a role for lipases and T2S in
the in vivo environment. In a murine acute pulmonary infection model, mice intranasally
inoculated with an A. nosocomialis AgspD mutant displayed significantly lower bacterial
burdens in the lung and spleen, providing further evidence for the role of T2S in
Acinetobacter pathogenesis [11].

The T2SS is also required to cause disease in flowers, fruit, rice, and vegetables
[61, 124-126]. To begin and sustain a successful infection, Xanthomonas oryzae pv.
oryzae (Xoo) must first degrade the plant cell wall. Ethyl methane sulfonate (EMS)
mutagenesis identified Xoo strains with mutations in gspD and gspF that did not secrete
the cell wall degrading xylanase, resulting in infection defects in both rice and tomato
leaf models [127].

Not all T2S genes are required for secretion. In A. baumannii, AgspN strains
grew similarly to WT on LB agar and on minimal agar with olive oil as the sole carbon
source, the latter suggesting lipase secretion remains intact [12]. Consistent with these
observations, in a mouse pulmonary infection model the AgspN mutant showed no
virulence defects in survival or competition assays, compared to the parental strain
[128]. This observation is congruent with studies in K. oxytoca where Gsp proteins B, H,
and N are not required for pullulanase secretion [29].

The number of substrates secreted by various T2SSs ranges from 1 in Klebsiella
to over 20 in L. pneumophila, with most secreted proteins having an enzymatic activity.
In plant pathogens, T2-dependent degradative enzymes are common as they release
carbohydrates and nutrients necessary for bacterial growth and survival. Some of the

cell wall degrading enzymes secreted are polygalacturonases, cellulases, xylanases,
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and pectate or pectin lyases [90, 127, 129]. Correspondingly, in human pathogens T2
secreted enzymes include: phosphatases [92], proteases [11, 64, 130, 131], lipases [12,
73, 86, 87], chitinases [69, 70], phospholipases [99, 132-136], and even an RNAse [137]
and DNase [120]. Another class of T2S exoproteins are outer membrane surface-
anchored proteins that are either lipoproteins or associated with lipopolysaccharides
[138]. Well known toxins such as the aerolysin from Aeromonas spp [36, 51], heat-liable
enterotoxin from E. coli [84, 139, 140], exotoxin A from P. aeruginosa [48, 136], and
cholera toxin from V. cholerae are also secreted by the T2SS [63, 96, 141]. Further
studies are required to ascribe functions to novel T2-depending proteins that have been

identified using proteomic approaches.

1.2 Protein secretion during Chlamydia infection

Chlamydiae represent a group of obligate intracellular bacteria that can infect a
wide range of eukaryotic hosts; in particular, C. trachomatis infects both the ocular
epithelia and the urogenital tract epithelia of humans[142]. Despite antibiotic regimens
and sexually transmitted disease (STD) prevention education, C. trachomatis remains
the most common notifiable disease in the United States, with the Centers for Disease
Control and Prevention reporting over 1.5 million cases of infection in 2015, representing
a 5.9% increase in the rate of reported cases since 2014 [143]. The continued rise in
Chlamydia cases is concerning considering infections are long lasting if untreated and
are often asymptomatic. Untreated urogenital infections can result in serious
complications, including chronic pelvic pain, pelvic inflammatory disease, ectopic
pregnancy, and infertility[144]. Understanding how Chlamydia manipulates its host to
develop and maintain a specialized replicative niche will aid in the development of new

methods for treatment and control of Chlamydia disease.
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C. trachomatis has a complex biphasic developmental cycle that takes place
within a parasitophorous vacuole termed the inclusion (Fig. 2). Infection begins when the
infectious form of the bacteria, the elementary body (EB), attaches to a host cell. Once

internalized, EBs differentiate to the reticulate body (RB) form and replicate. Prior to

release and reinfection, RBs revert asynchronously back to EBs[145].

Figure 2: C. trachomatis developmental cycle. Chlamydiae convert between
two morphologically and functionally discrete forms, the elementary body (EB) and the
reticulate body (RB). The basic life cycle starts with the attachment and internalization of
the EB (blue arrow-[146]). Once the EB is internalized, EBs will differentiate to RBs
(peach arrow), the replicative form of the bacteria. The inclusion will grow as the RBs
replicate and at later stages of infection asynchronous transition of RBs back into EB will
occur. At the end of infection, the inclusion and host cell will lyse and released EBs can
target a new cell.

As an intracellular pathogen, successful infection requires interaction with the

host cell to secure nutrients and subvert the host innate-immune response [147]. Even
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though the Chlamydia genomes are relatively small (~1Mb), studies predict 10-15% of
the genome encodes effector proteins that can be secreted from the bacteria into the
inclusion membrane, inclusion lumen or host cytosol [148-150]. C. trachomatis uses
multiple secretion mechanisms to access the host cytosol, including the nonflagellar type
Il secretion (nfT3S) and the T5S systems. The T3S system and its substrates are vital
for Chlamydia survival and pathogenesis and are known to interfere with host cellular
processes such as cytoskeletal rearrangements, organelle trafficking, and signaling
(reviewed in [151]). The C. trachomatis genome also encodes for homologues of
components required for a T2SS that can work in concert with the Sec system [150].
Previous work by our laboratory and work presented here shows the T2S system in C.

trachomatis is functional and important for intracellular survival and replication [64, 152].

1.2.2 Genetic tools for studying Chlamydia

The obligate intracellular nature of Chlamydia combined with the complex life
cycle complicates elucidating the role of individual proteins to pathogenesis. Strategies
for the identification of Chlamydia secreted proteins are varied, but include identifying
effectors based on host-derived effector protein modification during infection, detecting
secreted proteins during infection using immunolocalization assays, and
immunoprecipitation and mass spectrometry approaches to identify effectors complexed
with chaperones [88, 153-159]. Verification of and screening for T3 effectors has been
accomplished using various heterologous T3SSs combined with the localization of the
effector outside the bacteria, although studies have also used small molecule inhibitors
INP0400 and N '-(3,5-dibromo-2-hydroxybenzylidene)-4-nitrobenzohydrazide (compound
1) to block secretion during C. trachomatis infection [160, 161]. While inhibitors of the

T2SS have yet to be identified, the compound arylomycin C16, an inhibitor that targets
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signal peptidase I, has been successfully used to block the Chlamydia general secretory
pathway [157, 162, 163].

Recent progress in molecular genetic manipulation of Chlamydiae facilitates
characterization of specific genes (reviewed in [164]). Major advances in the genetic
toolbox include the introduction of systems for group Il intron insertions to disrupt open
reading frames and plasmid-based transformation protocols allowing for the expression
of genes during the Chlamydia life cycle [165-168]. Mueller et al. recently described the
use of fluorescence-reported allelic exchange mutagenesis (FRAEM) for targeted
genomic sequence deletion and allelic exchange; they successfully used this approach
to delete the open reading frames trpA, ctl0063, ctl0064, and ctl0065 [169]. The use of
the chemical mutagen ethyl methanesulfonate (EMS) has been used to create mutant
libraries containing an array of point mutations in the Chlamydia genome. These libraries
have been used for forward and reverse genetic applications [152, 170-173]. The
generation of a diverse range of alleles for genetic analysis, including not only loss- or
gain-of-function mutants, but also the potential to generate weak nonlethal alleles, is an
advantage of chemical mutagenesis as it allows for the study of essential genes [64, 88,
152, 171, 172]. This last approach is key, as it is unlikely a section system will be able to
be knocked out in its entirety.

In light of the recent advances allowing for the genetic manipulation of
Chlamydiae, Bauler and colleagues devised a method of verifying protein access to the
host cytosol by constructing a shuttle vector system that allows for the expression of
candidate secreted effector proteins that have been tagged with various reporters [174].
The fusion of the known secreted proteins to a C-terminal FLAG tag, glycogen synthase

kinase (GSK) tag, or the adenylate cyclase (CyaA) gene and subsequent assays
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allowed for the confirmation that known effectors IncD and the CPAF access the host
cytosol; however, CPAF’s location was only verified by immunofluorescence with anti-
FLAG antibodies, it was not fused to GSK or CyaA [174]. Secretion of some effector
proteins in the intracellular pathogen C. burnetii has been confirmed with the use of B-
lactamase (BlaM) translational fusions [175]. This approach, adapted by Mueller and
Fields for C. trachomatis to verify the secretion of effectors CT694 and CT695, opens
the possibility of screening for secreted proteins in the context of Chlamydia infection

[176].

1.2.3 The Chlamydial protease/proteasome-like activity factor CPAF
Proteasome-like activity was first detected in the cytosol of Chlamydia infected
cells as corresponding with the degradation of host transcription factors RFX5 and USF-
1 [62]. This degradation was observed to be dependent on Chlamydia protein synthesis
and could be inhibited by the proteasome inhibitor lactacystin; other proteasome and
protease inhibitors were not effective against this activity [62]. Using column
chromatography, Zhong et al. purified two protein bands responsible for the protease
activity and matched the sequence of both bands to a protein encoded by CT858
(CTLO233), designated CPAF for chlamydial proteasome-like activity factor [177].
CPAF is a serine protease that is synthesized as a 70kDa proprotein prior to
processing into two shorter polypeptides: a 35kDa CPAFc and a 25kDa CPAFnN
fragment, corresponding to the C-terminal and N-terminal halves of the protein,
respectively [178]. Both polypeptides remain complexed together (CPAFc/n) and two of
these complexes dimerize to form the catalytically active molecule (CPAFc/n:CPAFc/n)
[156, 178]. Activation of CPAF occurs in three steps. Transient dimerization between two

CPAF zymogens allows for cleavage between Met242 and Arg243, stabilizing the
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formation of the homodimer and freeing the activation switch. Conformational changes
then bring together the water-mediated catalytic triad, allowing for cleavage after Met264
and release of a portion of the inhibitory segment present within each CPAFc/n complex.
The remaining inhibitory peptide portion is released following cleavage at Ser283 [179].
The sequence of this inhibitory peptide has been used to help define the role of CPAF in
Chlamydia pathogenesis [180, 181], however it can have off-target effects [182].

CPAF is conserved amongst the Chlamydiaceae and processing into the
CPAFc/n is observed in clinical isolates [156, 178, 183]. Cellular fractionation and
immunofluorescence confirmed CPAF is localized to the host cell cytosol during infection
[177] and requires the Sec translocation machinery to access the bacterial periplasm
[163]. Prior to the introduction of methods for genetic manipulation of Chlamydia, CPAF
was proposed to cause of number of effects on the infected host cell. Many of these
connections were based on phenotypes observed during infection and corresponding
cleavage or degradation of host and bacterial proteins by CPAF. For example,
downregulation of major histocompatibility complex (MHC) class I, MHC class II, and
CD1d antigen presentation was believed to be due to CPAF-mediated degradation of
RFX5 and USF1, along with direct processing of the heavy chain of CD1d by CPAF,
leading to its degradation by the host proteasome [178, 184]. Recent evidence suggests
CPAF remains active during standard protein harvesting procedures and that some of
the substrates previously thought to be cleaved by CPAF during infection are mostly
cleaved during sample preparation [182]. However, many of the previously observed
Chlamydia-host interactions still occur under conditions where CPAF is not active,
opening up exciting opportunities to discover CPAF-independent manipulation

mechanisms.
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1.2.4 C. trachomatis accumulates extra-bacterial glycogen in the
inclusion lumen

Glycogen is a polysaccharide that contains branched glucose (Glc) units and is
known to be a major energy reserve in both eukaryotes and bacteria. In accordance with
numerous other bacteria, Chlamydia possess the genes required for glycogen
biosynthesis (Fig. 3) [185] [150]. The pathway begins when glucose-1-phosphate
(Glc1P) is converted to ADP-glucose (ADP-GIc) via the ADP-Glc pyrophosphorylase
GIgC. The glycogen synthase, GlgA, can use both ADP-GIc and host-derived UDP-Glc
as a substrate to form a linear chain of a1,4-linked Glc molecules [186]. The linear
molecules are branched through a1,6-glucosidic bonds introduced via the branching
enzyme GIgB, increasing the solubility of glycogen. Glycogen catabolism to Glc1P
utilizes the debranching enzyme GlgX, along with the glycogen phosphorylase GigP.
The phosphoglucomutase MrsA can convert Glc1P to GIc6P, the latter of which can be
imported into the bacteria using the hexose phosphate transporter UhpC [186].
Curiously, GIc6P is thought to be the main energy source of EBs, as opposed to RBs
which use ATP [187]; however, multiple proteomic studies suggest the GIc6P importer
UhpC is up to five-fold more abundant in RBs, compared to EBs [188, 189]. This
discrepancy is not fully understood.

In addition to glycogen inside the bacteria, both C. trachomatis and C. muridarum
are unique in their ability to accumulate extra-bacterial glycogen within the inclusion
lumen during infection; this occurs before glycogen appears in EBs and a timepoint (16-
20 hpi) when very few EBs are present within the inclusion [186, 190, 191]. Previous
studies by our laboratory hinted that glycogen enzymes may act outside of the bacteria

as mutations in the branching enzyme, GlgB, led to the accumulation of glycogen
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Figure 3: Glycogen biosynthesis and breakdown. GIc1P is converted to ADP-
Glc using the enzyme GIgC. Linear glycogen chains are then formed by the glycogen
synthase GIgA using both ADP-glucose derived from the bacteria and UDP-glucose
imported from the host cell. These linear chains are insoluble until they are branched by
GlgB. During catabolism, the debranching enzyme GlgX and the phosphorylase GlgP
generate Glc1P. MrsA converts GIc1P to Glc6P which can be imported by the bacteria
using UhpC.
granules within the inclusion lumen; the granules are thought to be composed of linear,
insoluble glycogen. Additionally, these glgB mutant strains did not differ in the production
of infectious progeny compared to WT, suggesting bacterial lysis was not the source of
the extra-bacterial glycogen [152]. Further studies confirmed the localization of various
glycogen enzymes: Lu et al. localized GIgA outside of the bacteria, while Gehre et al.
expanded this observation to include GIgX [159, 186]. Using a heterologous Shigella
flexneri assay, Gehre et al. fused the N-termini of various C. trachomatis glycogen

enzymes to a calmodulin-dependent adenylate cyclase from Bordetella pertussis and

tested for the ability of the fusion enzymes to be secreted in the supernatant [186]. Their
21



work supports secretion of GIgA, GlgB, GlgX, GlgP, and MrsA (but not GIgC) into the
inclusion lumen via the type Il secretion system [186]. Build-up of glycogen in the
inclusion is also accomplished by the bulk translocation of glycogen from the host
cytoplasm [186]. When host-glycogen is imported into the inclusion, the host glycogen
synthase, Gysl, is also localized within the inclusion lumen [186].

Chlamydia possess a conserved 7.5 Kb plasmid that encodes eight open reading
frames. Plasmid encoded protein Pgp4 is a known transcriptional regulator of
chromosomal genes, including glgA [192, 193]. Plasmid-free organisms have been
created in C. muridarum by curing the plasmid with novobiocin treatment [190] and
naturally occurring plasmidless strains have been isolated from clinical samples of C.
trachomatis [194]. One notable phenotype of plasmid-free C. muridarum and C.
trachomatis strains is the lack of glycogen within the inclusion lumen, presumably due to
the downregulation of glgA in the absence of Pgp4 [190, 191, 195]. The plasmid is
dispensable for C. trachomatis and C. muridarum growth in vitro. However, in vivo
studies have shown the plasmid is required for upper genital tract pathology in mice
during C. muridarum infection and for the ability of C. trachomatis to colonize and
sustain an infection in the mouse genital tract [191, 196]. Numerous plasmid-regulated
chromosomal genes may contribute towards the growth of Chlamydia in vivo and further
studies are needed to delineate the individual contribution of glgA, and therefore
glycogen, to this phenotype.

In this work, we investigate the role of the only confirmed T2S substrate, CPAF,
during C. trachomatis infection, use quantitative proteomics to identify proteins that
accumulate in a C. trachomatis T2S-mutant strain, and propose a new function for

glycogen within the inclusion lumen.
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2. Reassessing the role of the secreted protease CPAF
in C. trachomatis infection through genetic approaches?

2.1 Introduction

The obligate, intracellular bacterial pathogen Chlamydia trachomatis primarily
infects epithelial cells of the urogenital tract and the conjunctiva, leading to sexually
transmitted diseases and conjunctivitis [197]. Disease is often associated with immune
damage resulting from chronic inflammation due to repeated and recurring infections. In
women, this can result in severe sequelae such as pelvic inflammatory disease, ectopic
pregnancies and infertility [198]. Similarly, recurrent and untreated C. trachomatis
conjunctival infections can lead to trachoma, a prominent cause of blindness worldwide
[199].

C. trachomatis infection begins with the attachment and entry of elementary
bodies (EB), the invasive form of Chlamydia, onto epithelial cells. Upon entry, the EB
form transitions into the replicative reticulate body (RB) form, and establishes a
parasitophorous vacuole (“inclusion”) that avoids fusion with lysosomal compartments
[197]. At mid-to-late stages of infection, RB replication becomes asynchronous to
generate more RBs and intermediary forms that transition back to the EB form. By the
end of the cycle, bacteria within the inclusion are released to infect neighboring cells.
The process of exit from infected cells can occur through a lytic phase, where there is a

programmed dismantling of the inclusion membrane that precedes loss of plasma

1 Parts of Chapter 2 are reused and edited with permission from the following published
research paper: Snavely EA, Kokes M, Dunn JD, Saka HA, Nguyen BD, Bastidas RJ, et al.
Reassessing the role of the secreted protease CPAF in Chlamydia trachomatis infection through
genetic approaches. Pathog Dis. 2014;71(3):336-51. doi: 10.1111/2049-632X.12179.
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membrane integrity, and a non lytic, “extrusion” exit mechanism that leads to the
exocytosis of the entire inclusion or inclusion fragments [200].

To modulate host cellular functions, Chlamydia employs a type Il secretion (T3S)
system to translocate “effector” proteins that mediate cell invasion, re-routing of lipid
transport, and manipulation of signaling pathways important in immunity [148]. In
addition, some Chlamydia virulence proteins contain “classical” signal peptides and
presumably use the Sec system to cross the bacterial cytoplasmic membrane [163].
How these signal peptide-containing proteins are further translocated from the bacterial
periplasmic space to the inclusion lumen and eventually across the inclusion membrane
is unclear. Potential delivery pathways include: outer membrane vesicles, which have
been observed and purified during C. trachomatis infection, [201, 202] and Type Il
secretion (T2S), which in Gram-negative bacteria is required to secrete a subset of
folded proteins across the outer membrane [203]. One prominent example of a protein
that may follow this secretion pathway is the chlamydial protease-like activity factor
(CPAF), a serine protease [177]. Late in infection, CPAF localizes to the inclusion lumen
and the host cell cytoplasm as assessed by immunofluorecence microscopy and
subcellular fractionation [204, 205]. CPAF can cleave in vitro two transcription factors
(RFX5 and USF1) required for the expression of antigen presentation molecules (MHC),
the pro-apoptotic factors Bim and Puma [177, 206], p65/RelA, a transcription factor
required for NFkB signaling [207], intermediate filaments, [208, 209], the adherence
junction protein nectinl [210], the MHC-like lipid presentation protein CD1d [184], the
pro-inflammatory mediator HMGB1 [211], the mitotic cell cycle regulator CyclinB1 [212],
securin [213, 214], the Golgi tethering factor Golgin 84 [214], and PARP — a mediator of

DNA-damage during apoptosis [215].
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Because of CPAF’s apparent preference for proteins important in host immunity
and signaling, it has been proposed that CPAF-mediated proteolysis represents a core
strategy employed by Chlamydia to modify host-signaling pathways and usurp the
cellular machinery for its own benefit [216, 217]. Additional functions of CPAF may
include death of the infected host cell, as ectopic over expression of CPAF in
mammalian cells initiates a host cell death pathway that mimics the necrotic cell death
observed at the end of the Chlamydia life cycle [215]. Similarly, Chlamydia proteins,
including early and midcycle T3S effectors, have also been reported to be targets of
CPAF-mediated processing [218, 219]. We postulated cleavage of early effectors plays
a role in protection from re-infection [218, 219]. CPAF is also thought to process the
abundant outer membrane protein OmcB [220], which may represent a mechanism to
generate soluble form(s) of OmcB that can access the host cell cytoplasm [221].

CPAF is fairly selective in its target specificity and broad degradation of proteins
is not observed when crude cell lysates are treated with recombinant CPAF [218].
However, the significance of CPAF-dependent proteolysis in vivo has recently come into
guestion as degradation can occur during routine sample preparation [222]. As a result,
it is unclear the extent to which CPAF cleaves any of its reported substrates in intact
infected cells [222]. Definitive experimental evidence for the in vivo target specificity of
CPAF and the consequences of its proteolytic activity has been hampered by the
difficulty in identifying CPAF substrate recognition sites that can be mutated, the
redundancies in the function of host cell targets, and the lack of a system to generate
defined mutations in Chlamydia. Furthermore, cell permeable inhibitors of CPAF have
yielded conflicting results with possible off-target effects that are difficult to anticipate or

control [214, 218, 220].
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In this study, we sought to clarify the role played by CPAF by performing a
phenotypic analysis of C. trachomatis mutants that are either defective for CPAF
secretion or have loss-of-function mutations in cpa. In this manner, we confirm that
CPAF is required for the efficient generation of Chlamydia infectious progeny. We also
report that many of the cellular phenotypes of Chlamydia-infected cells that had been
previously ascribed to CPAF, are not CPAF-dependent. However, this does not mean
that all identified CPAF substrates are not targeted for proteolysis in vivo. We provide
evidence for CPAF-mediated processing of vimentin as well as a new CPAF substrate
we identified in vitro, the nuclear envelope protein Lamin Associated protein-1 (LAP1).
These proteolytic events occurred in intact live cells, late in infection, soon after loss of
inclusion membrane integrity, suggesting that the bulk of active CPAF is sequestered
within the inclusion lumen.

2.2 Ildentification of C. trachomatis strains deficient in CPAF
secretion or expression

2.2.1 A Chlamydia mutant defective for type Il secretion accumulates
unprocessed CPAF zymogen

We recently identified a C. trachomatis LGV-L2 variant (RSTE4 (T2S-)) bearing a
point mutation in the Type Il secretion ATPase GspE [223]. This mutant is attenuated for
growth and accumulates insoluble glycogen granules within inclusions, presumably
because of the impaired secretion of glycogen processing enzymes [223]. Given the
known role of T2S in the export of folded hydrolases from the bacterial periplasm [203],
we hypothesized that this secretion system is also responsible for the export of CPAF.
Indeed, immunofluorescence analysis with anti-CPAF antibodies of HelLa cells infected
with C. trachomatis RSTE4 (T2S-) mutants revealed that all CPAF was exclusively

associated with bacteria within the inclusion and no immunoreactive material was
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present in the host cytoplasm (Fig. 4A-B). During infection with the wild type strain, 80%
of infected cells show CPAF localization to the host cytoplasm, with only 20% of infected
cells displaying bacterial-only localization (Fig. 4B). An immunoblot analysis of total
protein lysates from cells infected with RSTE4 (T2S-) further showed that the processed
35kDa and 29kDa bands of mature CPAF [224], which are prominent in cells infected
with wild type C. trachomatis, are absent. Instead, a higher molecular weight 70kDa
band consistent with the size of unprocessed CPAF zymogen [224] was detected, albeit
at lower abundance (Fig. 4C). Lysates from cells infected with an unrelated C.
trachomatis slow-growing mutant (SPQ6-2 (TrxB*)) [223] also showed the processed
forms of CPAF, indicating that the accumulation of unprocessed CPAF in cells infected
with the T2S- mutants is not due to a slower replication rate. Overall these results
suggest that CPAF is a substrate of T2S and that secretion is coupled to its processing
into an active form. Consistent with this observation, crude lysates from cells infected
with a gspE mutant lacked in vitro CPAF activity against a purified substrate

(recombinant GST-CT695) (Fig. 4D).

2.2.2 ldentification and generation of Chlamydia strains with loss-of-
function mutations in CPAF

The finding that RSTE4 (T2S") mutants did not possess CPAF activity suggested
that CPAF is not absolutely essential for bacterial viability. This is consistent with
previous observations made with CPAF-inhibitors where 5-10 fold differences in the yield
of infectious units were reported [214, 218, 220]. We generated a bank of chemically
mutagenized C. trachomatis LGV-L2 strains and screened for mutants that consistently
formed small plaques on Vero cell monolayers overlaid with soft agar. We isolated

~1000 small plague forming mutants. These mutants were amplified in Vero cells, and
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Figure 4: Identification of C. trachomatis strains deficient in CPAF
secretion or expression. A-B). CPAF fails to accumulate in the cytoplasm of cells
infected with a T2S-deficient mutant and is not detectable in a CPAF-truncation mutant
(M169). The subcellular localization of CPAF in HeLa cells infected with the indicated C.
trachomatis mutant strains was assessed by indirect immunofluorescence with
polyclonal anti-CPAF antibodies. Immunoreactive material could not be detected in cells
infected with a CPAF-deficient strain, or in the cytoplasm of cells infected with a T2S-
deficient strain. The relative distribution of CPAF at 32 hpi in infected cells (n=100) is
shown in panel B. C) T2S-deficient mutants fail to process CPAF into its active form.
Immunoblot analysis of total protein lysates from HelLa cells infected with the indicated
strains at 48 hpi. Strains containing mutations in cpa that do not express CPAF and T2S-
deficient strains exhibit accumulation of a larger molecular weight band consistent with
the size of unprocessed CPAF (proCPAF). D) Lysates from cells infected with CPAF or
T2S-deficient C. trachomatis mutants do not process CPAF substrates in vitro. Purified
recombinant CPAF (rCPAF) or lysates from Hela cells that were mock infected or
infected with the indicated strain were harvested at 40 hpi and incubated with
recombinant GST-CT695, an in vitro CPAF substrate. Cleavage products were
monitored by SDS PAGE and staining with Coomassie Blue. FL: full length GST-CT695;
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C.: cleavage product. E) M169-derived recombinant C. trachomatis strains retaining the
cpa mutation do not express CPAF. Immunoblot analysis of total protein lysates of HeLa
cells infected with RST17 (CPAF-) or its nearly co-isogenic recombinant sibling RST5
(CPAF+) for 48 hours. CPAF expression is restored in RST5 (CPAF+) bacteria but still
absent in the RST17 (CPAF-) strain. The genotypes of these strains are shown in Table
1 and Figure 5.

their DNA isolated and sequenced in pools of 20 [172]. Among this collection of mutants,
we identified two strains (M169 and M532) with nonsense mutations in cpa and isolated
these individual strains from the pool of 20 using TILLING (Targeting Induced Local
Lesions in Genomes) (Table 1, Fig. 6). We determined that a representative CPAF
truncation mutant (M169) had no detectable CPAF protein by immunofluorescence
microscopy (Fig. 4A-B) or western blots (Fig. 4C). Furthermore, as observed for the
T2S-defficient Chlamydia mutant, lysates of HeLa cells infected with the strains M169

and M532 lacked in vitro protease activity (Fig. 4D).

Table 1: Non synonymous single nucleotide variants identified in strains
CTL2-M169 (CPAF-) and CTL2-M532 (CPAF-).

CTL2-M169 (CPAF-)

Reference A”!‘”O
genome location® ?ﬁ:rl] 2 3

ge 434/Bu locus tag”® Ser. D locus tag Gene
8,918 1571V CTLOOO7 CT639 recB
35,718 E174K CTLO0029 CT660 gyrA2
102,990 D619N CTLO080 CT711
270,665 L295F CTLO213 CT841 ftsH
290,514 W294* CTLO0233 CT858 cpa
306,954 D442N CTLO0248 CT869 pmpE
406,553 Al136T CTLO327 CTO071 dxr
436,534 E497K CTLO353 CT098 rpsA
763,691 T207I CTLO646 CT390 dapL
869,346 G786E CTLO736 CT475 pheT
1,004,316 L85S CTLO0869 CT606
1,020,947 G207S CTL0884 CT620
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CTL2-M532 (CPAF-)

Reference genome A”?"‘O
location?® Acid

change  434/Bu locus tag?® Ser. D locus tag® Gene
141,972 S188F CTLO111 CT643 topA
144,164 E224K CTLO113 CT744
289,759 Q43* CTLO233 CT858 cpa
374,717 G71S CTLO303 cTo47
493,667 Al128V CTLO0403 CT148 mhpA
601,361 G264E CTLO0503 CT251 oxaA
631,979 G615S CTLO0535 CT283
928,436 E295K CTLO805 CT543 hisS
998,156 T301M CTLO0862 CT599 tolB
1,014,167 D50N CTLO879 CT615 rpoD

! Nucleotide position in C. trachomatis LGV L2 434/Bu reference strain genome
(GenBank number NC_010287).

2 Locus designation in C. trachomatis LGV L2 434/Bu reference strain.

3 Locus designation in C. trachomatis D/UW-3/CX (Serotype D) reference strain
(GenBank number NC_000117.1).

We sequenced the genome of the CPAF-deficient isolate M169 and M532 and
identified non-parental SNVs; the non-synonymous SNVs identified in both strains are
listed in Tablel. To segregate the cpa mutation from these other mutations, we co-
infected Vero cells with M169, which was generated in a Rif? background, and a wild
type SpcR LGV-L2 strain. Progeny from this co-infection were amplified in the presence
of rifampicin and spectinomycin to isolate recombinant strains as previously described
[223]. In this manner, we generated SpcRRifR recombinants where only four mutations
were inherited from the parental M169 strain. These strains were further “crossed” to a
TmpR LGV-L2 strain by co-infections to further decrease the number of extraneous
mutations. As a result, we generated two strains RST5 (CPAF+) and RST17 (CPAF-)
(Fig. 5). The only significant differences between the genotypes of RST5 (CPAF+) and
RST17 (CPAF-), in addition to the nonsense mutation in cpa (CTL0233) in
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RST17(CPAF-), is the presence of an L to F substitution in a non-conserved residue of
FtsH (CTL0213) in RST5 (CPAF+) and a S to F substitution at residue 555 in CTL0884

in RST17 (CPAF-) that was present in the SpcR strain used for crosses (Fig. 5).

CTL2M169
CPAF'-\‘Z.’S-!S1'0=
Y
recB CTLO080 cpa dxr rpsA d%)L pheT CTL0869
fl i
U U U
gyra2 fisH ~ pmpE CTLO884
CTL2M532
CPAFQ-HSTOP
CTLO111 cpa  CTLO303 mhpA oxaA hisS  tolB
7 n
TLO113 TLOS35 moD
CTL2M169 RST17
CPAF'.'JQ-:STOP
cpa daplL pheT
i (l fl
U U 19,
CTLO884
CTL2M169 RST5
dapL pheT
f fl il
U U U
ftsH

Figure 5: Map of single nucleotide variants identified in CPAF-mutant and
isogenic control strains. The location of non-synonymous SNVs present within the
genomes of M169 and M532, along with the RST17 and RST5 strains resulting from the
“crosses” of the M169 mutant.

For the remainder of this chapter, the Rst5 (CPAF+) and Rst17 (CPAF-) C.
trachomatis strains are used to assess the contribution of CPAF to a variety of
phenotypes during infection. However, advances in Chlamydia genetics after the
publication of the research paper from this chapter allowed us to create a CPAF mutant
strain in a background that does not contain any other SNVs [165]. We disrupted cpa in

the wild-type C. trachomatis strain CTL2 by insertional gene inactivation with a

retargeted group Il intron and chloramphenicol resistance cassette (cat), as recently

31



described [165]. Cells infected with CTL2 cpa::cat have no detectable CPAF protein
present when assessed by immunofluorescence or immunoblot (Fig. 6A,B). When
protein lysates are harvested under conditions in which CPAF is active post-lysis,
Vimentin cleavage is only detected during WT infection, further supporting a loss of
CPAF activity in the CTL2 cpa::cat mutant strain (Figure 6B). This strain will be used for
future analysis of CPAF's activities during infection.

A B
Hoechst aCPAF
Vimentin

=
[ FL
R -- cm..c
A~ FA MOMP

Figure 6: CTL2 cpa::cat is deficient in CPAF secretion and expression. A)
CPAF is no longer in the host cytosol of cells infected with a CTL2M strain containing a
group Il intron disrupting cpa, the gene encoding CPAF. B) Immunoblot analysis of total
protein lysates of HelLa cells infected with CTL2 cpa::cat, harvested in RIPA buffer after
48hpi. CPAF activity is not detected in CTL2 cpa:cat infected cells.
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2.3 CPAF mutants are defective for the generation of infectious
EBs

Next, we determined if RST5 (CPAF-) displayed any differences in growth
potential as compared to its nearly co-isogenic partner RST17 (CPAF+). Cells infected
with the cpa mutant RST5 (CPAF-) displayed a ~3-fold decrease in EB yields per input
EB as compared to RST17 (CPAF+) (Fig. 7). These findings support a role for CPAF in

the generation of fully infections forms of C. trachomatis.
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Figure 7: C. trachomatis mutants deficient in CPAF expression are impaired
for the generation of infectious progeny. Vero cells were infected with the indicated
strains at an MOI=0.3 and infectious progeny released per input IFU was calculated at
30hpi and 48hpi. RST17 (CPAF-) mutants produce a 3-fold lower yield of infectious units
compared with RST5 (CPAF+) bacteria at 48hpi. Three independent experiments, SEM,
two-way ANOVA with Bonferroni post-hoc, ***p<0.001.

2.4 Phenotypes of CPAF-deficient Chlamydia

Because the expected consequences of the degradation of known CPAF targets
correlated with cellular phenotypes observed in C. trachomatis infected cells, and
because these phenotypes were reversed by CPAF inhibitors, it has been widely
assumed that CPAF is required for these cellular disruptions [214, 216, 218, 220]. We
formally tested this premise using T2S- and CPAF- C. trachomatis mutants. We

monitored the following cellular phenotypes associated with Chlamydia infections:

2.4.1 Cells infected with CPAF-deficient Chlamydia are resistant to
staurosporine-induced apoptosis

Chlamydia infected cells are remarkably resistant to extrinsic and intrinsic pro-

apoptotic stimuli [225, 226]. Because BH3-domain pro-apoptotic proteins have been
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described as targets of CPAF-mediated degradation, it has been inferred that CPAF
activity is required for host cell resistance to cell death, especially late in infection [212,
227, 228]. We formally tested this premise by infecting HelLa cells with wild type or
CPAF-deficient mutants. At 18, 30 and 42h post infection, staurosporine was added for
6h to induce cell death [229]. Unlike mock infected control cells, where staurosporine
treatment led to nuclear condensation in greater than 70% of cells, neither wild type nor
CPAF-deficient mutants showed apparent signs of nuclear condensation or cell death
(Fig. 8B). These findings imply that CPAF is not essential for the anti-apoptosis state of

Chlamydia-infected cells.

2.4.2 CPAF is not required for protection from reinfection

We recently reported that early effector proteins like Tarp and CT694 are targets
of CPAF-mediated degradation [218]. We postulated that one instance where such
effectors would encounter CPAF is when effectors are delivered by an EB attempting to
infect a cell that has an established inclusion. Consistent with this hypothesis, pre-
infected cells are partially protected from reinfection [218]. Because this protection from
re-infection is reversed by treating infected cells with a CPAF-specific inhibitory peptide,
we postulated that CPAF plays a central role in niche protection [218]. To formally test
this premise, we pre-infected cells with wild type and M169 (CPAF-) mutants for 30h,
followed by a second round of infection with GFP-expressing LGV-L2 for 1h. Cells were
fixed and immunostained with anti-phospho-tyrosine (Tyr) antibodies, which prominently
labels Tarp translocated at EB entry sites. As previously reported, pre-infection
decreased the number of phosphor-Tyr positive EBs [218]. However, this protection from
re-infection is not dependent on CPAF as M169 (CPAF-) was not less susceptible to

reinfection (Fig. 8C).
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Figure 8: CPAF is not required for many of the cellular phenotypes
associated with C. trachomatis infection. A) HelLa cells stably expressing an NFkB
luciferase reporter were infected with the indicated strains at an MOI of 10, 30, or 50 for
24 hours and were simultaneously treated with 10 ng/ml IL-1B. Luciferase activity was
measured in cell lysates and normalized to the treated mock-infected control. CPAF-
deficient strains and RifR (WT) strains show an MOI dependent decrease in luciferase
activity. B) Infected or mock-infected HeLa cells were treated with 2 uM staurosporine for
6 hours prior to the indicated time points and the percentage of infected cells with
condensed nuclei determined. C) HelLa cells were either infected with the indicated
strain or left uninfected for 29 hours prior to being infected at an MOI=25 with GFP-
expressing LGV-L2 for 1 hour. The number of phospho-tyrosine foci per cell was
determined for 35 cells. Hela cells infected with the CPAF-deficient strain (M169)

remain protected from superinfection. **: p < 0.01, SEM, n=3.

2.4.3 CPAF is not required for dampening NFkB activity during

infection

The RelA/p65 subunit of the NFkB transcription factor has been identified as a

CPAF target [230]. RelA/p65 is required for the expression of inflammatory genes during

Chlamydia infections and Chlamydia infected cells are impaired in their ability to express

NFkB-dependent genes upon stimulation with IL-18 [230]. These cleavage events and

loss of responsiveness to IL-1p can be recapitulated in a cell line expressing active
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CPAF [230]. To formally test the role of CPAF in this process, we infected HelLa cells
stably expressing a luciferase reporter under the control of an NFkB-responsive
promoter with increasing MOIs of RST5 (CPAF+), RST17 (CPAF-), and M532 (CPAF-)
for 24h in the presence of 10ng/mL of IL-1B (Fig 8A). Mock infected cells displayed a
robust activation of the luciferase reporter upon treatment with IL-13. The expression of
the NFkB-dependent reporter was inhibited by infection in a dose-dependent manner.
However, this inhibition was independent of CPAF (Fig. 8A). Additionally, no detectable
cleavage of p65/RelA occurs in the RST17 (CPAF-) infected cells; cleavage is only
detected in RST5 when lysates are collected under conditions in which CPAF remains

active (Figure 9A).

2.4.4 OmcB processing is reduced in cells infected with CPAF-
deficient strains but not T2S mutants

Proteomic studies by our laboratory indicate OmcB is one of the most abundant
proteins present within EBs [188] and it is highly conserved amongst Chlamydia species.
OmcB is localized to the outer membrane protein, with a portion being surface exposed
and the remainder being present within the periplasm [231, 232]. During early stages of
infection, the N-terminus of OmcB binds to heparin helping to facilitate adhesion of
Chlamydia to host cells [233, 234]. Intriguingly, OmcB can be processed into C-terminal
and N-terminal fragments, with the C-terminal region of OmcB localized to the host cell
cytosol during infection [232] . Previous studies suggest CPAF is required for this
processing during infection [235]. We confirmed processing of OmcB occurs in infected
cells harvested under stringent lysis conditions, indicating processing occurs prior to cell
lysis (Figure 9A,B). However, OmcB cleavage was still observed in cells infected with

the M169 and M532 CPAF-deficient strains, albeit to a lesser extent than the processing
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observed during WT infection (Figure 9B). These results suggest another factor may
contribute towards the processing of OmcB during infection. Despite similar levels of the

bacterial loading controls MOMP and RpoB, there is an increase in OmcB protein in

A B
40hpi 60hpi sSDS
RIPA SDS RIPA SDS QPV\ QVS"\
M 517 M 517 M 5 17 M 5 17 & q\@?‘?‘% & <& @€ ¢
oF R A e S 5 )
- - S S En ----IFL W . EC R S i Omed
pB5/RelA FL
- ———
i C - —_— c
T HMGB1
L Cytokerating | pp— LIl
c - -— c
— — — — — FL
- we e .iFL — C
C, omeB
- 2
—_— ------‘ GAPDH
hn"""**m WE'— Golging4 _————'| MOMP
) -4 - - . e ;4| MOMP sen IR S gE—— RN W 2008

P s o [

Figure 9: OmcB processing is diminished in cells infected with CPAF-
deficient strains, but enhanced in T2S mutants. A) Hela cells were either mock
infected or infected with RST5 (CPAF+) or RST17 (CPAF-). M: mock, 5: RST5, 17:
RST17. At 40 and 60 hpi cells were harvested in either RIPA buffer to keep CPAF active
or 1% SDS buffer to prevent post-lysis CPAF activity. Degradation was assessed for
p65/RelA, Cytokeratin 8, OmcB, and golgin-84. FL: full Length, C: cleavage product. B)
HelLa cells were infected with the indicated strain and harvested at 48hpi in either RIPA
buffer (to show expected cleavage products) or 1% SDS buffer. Minimal processing of
OmcB is still evident in cells infected with M169 or M532, however no processing of
HMGBL1 is detected. OmcB processing in detected in greater amount in the RSTE4
(T2S-) mutant, compared to the RifR WT control.

CPAF-deficient Chlamydia, possibly due to a subset of FL-OmcB remaining
unprocessed in these strains.

We previously demonstrated the T2S- mutant strain RSTE4 has no detectable
CPAF activity against recombinant GST-CT694 (Fig. 4D). Additionally, only

unprocessed, full length CPAF is detected during infection with RSTE4 (Fig. 4C).
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Nevertheless, infection with RSTE4 results in the increased processing of OmcB (Fig.
9B). The CPAF zymogen present within the periplasm is hypothesized to possess
minimal activity, as purified recombinant CPAF undergoes trans-autocatalytic cleavage
[179]. Furthermore, forced clustering of CPAF in uninfected cells results in its activation
[212]. One possibility is that the CPAF zymogen has activity against periplasmic
substrates such as OmcB; OmcB processing may also occur by multiple mechanisms or
in multiple steps that include, but are not dependent on the presence of CPAF. T2S
mutants accumulate material in the periplasmic space [152] and the retention of another
T2S substrate within the bacterial periplasms may enhance or stabilize the function of

the CPAF zymogen or be independently responsible for OmcB cleavage.

2.4.5 HMGB1 cleavage during infection is partially dependent on
CPAF

High-mobility group box 1 protein (HMGB1) functions to stabilize nucleosome
formation and can be secreted by activated macrophages or natural killer cells in
response to infection; it can also be released by cells during necrosis [236]. Yu and
colleagues first identified a decrease in secreted HMGBL1 levels in culture supernatants
by ELISA during C. trachomatis infection [211]. They further showed CPAF was
sufficient to degrade HMGBL1. To test if CPAF cleaves HMGB1 under cell processing
conditions where CPAF is inactive, we infected HelLa cells with RifR (WT), RSTE4
(T2S), M169 (CPAF-) and M532 (CPAF-) strains and harvested cell lysates in 1% SDS
buffer 48hpi. We observed degradation of HMGBL1 to a lesser extent in WT infected cells
harvested in 1%SDS buffer, compared to the RIPA buffer control (Figure 9B). Cleavage

of HMGB1 was not noticeable during infection with the M532 CPAF-deficient strain,
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suggesting the processing seen in RifR (WT) and the slow-growing mutant SPQ6-2 of

HMGB1 may be due to CPAF.

2.4.6 Golgin-84 is not cleaved during C. trachomatis infection

C. trachomatis infection leads to fragmentation of the Golgi apparatus into mini-
stacks [237], a phenotype that can be recapitulated by expression of active CPAF in
infected cells [214, 237]. Golgi fragmentation in infected cells correlates with the
cleavage of golgin-84 [237]. However, cleavage of golgin-84 occurs during or after cell
processing, as RST5 infected cells do not show processing when harvested in CPAF
inhibiting conditions; cleavage is also not seen in cells infected with RST17 harvested in
any condition (Figure 9A). These results suggest CPAF-dependent cleavage of golgin-
84 is not the cause of Golgi fragmentation in Chlamydia-infected cells.
2.5 CPAF mediates cleavage of intermediate filaments late in
infection

CPAF cleaves the head domain at the amino terminus of intermediate filaments
[181, 238, 239]. Given the evidence that post lysis proteolysis can exaggerate the extent
to which any true processing occurs in live cells [222, 240], we reassessed our protein
harvesting protocols. Because we found variability on the effectiveness of commercial
batches of lactacystin (data not shown), we shifted to protein extractions either in hot 1%
SDS at pH 7.0 or in normal sample buffer supplemented with a CPAF-inhibitory peptide
[218], conditions under which the activity of recombinant CPAF activity is completely
inhibited (Fig. 10A). We performed a time course of infection with C. trachomatis from
12-56h and harvested total protein under these conditions. An immunoblot analysis of
total protein lysates indicated that a vimentin cleavage product is detected, but later

during infection and to a lesser extent than previously described [239]. The example
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shown in Fig 10B highlights an experiment where the least amount of vimentin
processing was observed. In parallel, we monitored the release of LDH from wells with
infected cells and did not observe significant differences in LDH release suggesting that
cells remained intact during the course of infection (Fig. 10C). These findings are
consistent with vimentin and other CPAF targets (see below) being processed late

during the course of infection.
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Figure 10: Evidence for CPAF mediated processing of vimentin in intact
cells. A) CPAF is not active in 1% SDS buffer. HeLa cell lysates prepared under
denaturing conditions in 1% SDS buffer were incubated with the 0.5, 2.5, and 5 ug
recombinant CPAF (rCPAF) for 20 minutes at 37°C. As a positive control, rCPAF was
also incubated with HelLa lysates prepared under non-denaturing conditions in TNEX
buffer. Where indicated, 100 uM CPAF inhibitor peptide (CIP) was included as a control.
CPAF activity was assessed by monitoring the generation of vimentin cleavage products
by immunoblot analysis. B) Proteolytic processing of vimentin at later stages of infection
is dependent on CPAF. FL: full-length vimentin; C: cleavage product. C) LDH release by
cells infected with wild type and CPAF-defficient C. trachomatis strains. The
supernatants of infected cells were collected at the indicated time points and the amount
of LDH release was measured and compared to total LDH levels. Error bars represent

standard deviation, n=3.

We previously observed that extraction of live cells with 0.5% Triton X-100 on ice

for 5 minutes preferentially extracted filaments proximal to the inclusion but not those at
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the periphery within the same cell or within adjacent cells [239]. We interpreted these
findings as evidence of spatially constrained alteration of the cytoskeletal properties of
intermediate filaments by CPAF. Although these detergent extractions were performed in
the presence of lactacystin, the effectiveness of this inhibitor is difficult to control. To
address potential issues arising from CPAF proteolysis during the detergent extraction
process, we repeated these experiments in the presence of a CPAF-inhibitory peptide
[181]. HelLa cells were infected with C. trachomatis for 44, 52 and 60h, chilled on ice
and extracted with 0.5% Triton X-100 with excess amounts of the CPAF-inhibitory
peptide. Under these conditions, we did not observe solubilization of filaments proximal
to the inclusion for the majority of infected cells (Fig. 11A lower left panel). These results
indicate that either processing does not occur in all infected cells or that the extent of
processing in the averaged infected cell does not lead to gross alterations in the physical
properties of filaments.

Nonetheless, we observed that in a significant subset of infected cells the
vimentin filament network was completely extractable with Triton X-100 even when
CPAF activity was carefully inhibited during the extraction process (Fig 11A lower right
panel). The proportion of these cells increased to ~7% of all cells as infection progressed
to >60h. To determine if CPAF played a role in this processing, we infected HeLa cells
with RST5 (CPAF+) or the CPAF-deficient mutants RST17 and M532 and recorded the
number of cells with Tx100-extractable vimentin filaments in the presence of CPAF-
inhibitory peptide (Fig. 11B). The presence of these “detergent-sensitive” vimentin
filaments in infected cells was completely dependent on CPAF. These results suggested
that at late stages of infection a subset of infected cells display CPAF-mediated

degradation of one of its well-described substrates.
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Figure 11: The filament forming properties of vimentin are altered in a
CPAF-dependent manner at late stages of infection. A) A subset of infected cells
contain vimentin filaments that are sensitive to detergent extraction. Top panel:
Immunofluorescence images of HelLa cells infected with RifR (WT) at 52 hpi. Infected
cells were either untreated or treated with 0.5% Tx100 for 5 minutes on ice, prior to
fixation and immunostaining for vimentin localization. Vimentin cage forms around the
inclusion of infected cells (arrowhead), which are sensitive to Tx100 extraction (arrow).
Bottom panel: Infected HelLa cells were treated with 0.5 % Tx100 in the presence of 100
MM CPAF-inhibitory peptide (CIP). Note the presence of inclusions with both detergent
resistant (arrowhead) and detergent sensitive (arrow) vimentin filaments. Blue: Hoescht;
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Green: vimentin. B) The proportion of inclusions with detergent extractable vimentin
filaments increases with infection times in a CPAF-dependent manner. Cells were
infected with RIfR (WT) or CPAF-mutant strains and the percentage of infected cells with
Tx100 extractable vimentin (Figure 5A, bottom right) was quantified at 44 hpi, 52 hpi,
and 60 hpi. All extractions were done in the presence of 100 uM CIP. Cells with
extractable intermediate filaments were not apparent in HeLa cells infected CPAF-
deficient mutants. ***:p<0.001, SEM, n=3.

Given the observation that brief extractions (<5min) of live cells with cold Triton
X-100 in the absence of robust inhibition of CPAF lead to the preferential solubilization of
filaments at the inclusion periphery post lysis we inferred that the bulk of active CPAF is
restricted to the inclusion lumen. We reasoned that active CPAF within the inclusion
lumen would access most of its host substrates in a live cell when the integrity of the
inclusion membrane is compromised. To formally test this premise, we performed live
cell microcopy in HelLa cells co-expressing EGFP-vimentin and tdTomato during
infection with either wild type (RifR) or a CPAF-deficient mutant (M532). tdTomato is a
red fluorescent protein that localizes to the host cell cytoplasm and is excluded from the
inclusion lumen. Upon loss of inclusion membrane integrity, tdTomato becomes evenly
distributed throughout the infected cell. Similarly, loss of plasma membrane integrity can
be monitored as the overall loss of cell-associated red fluorescence, when cytoplasmic
proteins rapidly diffuse into the extracellular media. In this manner, we determined that
on average, plasma membrane integrity is not compromised until >30 min after the loss
of inclusion membrane integrity (data not shown). Time-lapse events captured by
fluorescence microscopy showed that in cells infected with wild type Chlamydia, loss of
inclusion membrane integrity at late stages of infection preceded the rapid (<7min)
processing of vimentin filaments (Fig. 12). In contrast, in CPAF-deficient mutants, the

vimentin network remained unaltered upon loss of inclusion membrane integrity or even

after loss of plasma membrane integrity.
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Figure 12: Cleavage of vimentin in live infected cells occurs after inclusion
rupture and is dependent on CPAF and T2S. CPAF-dependent modification of
vimentin filaments occurs immediately after inclusion rupture. HelLa cells were infected
with the indicated strains and transfected with N-terminally EGFP-tagged vimentin and
tdTomato vectors and imaged using widefield deconvolution live-cell microscopy every
seven minutes after 54hpi for 14 hours. Inclusion rupture was assessed by the influx of
dTomato signal into the inclusion lumen. Images acquired 7 min before and after
inclusion rupture are shown. In cells infected with RifR (WT) LGV-L2, the filamentous
EGFP-vimentin signal became diffuse immediately after inclusion rupture. EGFP-
vimentin remained in a filamentous form after loss of inclusion integrity in cells infected
with CPAF or T2S-deficient strains (arrows).
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2.6 CPAF mediates cleavage of the nuclear envelope protein
LAP1

During a proteomic analysis of inclusion membranes [241], we identified a new
potential CPAF substrate, the laminin-associated protein-1 (LAP1)/Torsin 1A-interacting
protein, a nuclear envelope protein that links the nuclear lamins to the ER ATPase
TorsinlA [240]. Furthermore, mass spectrometry-based mapping of potential cleavage
sites indicated that the CPAF cleavage site most likely localized to domains of the
protein within the nucleoplasm (unpublished data). Consistent with these findings, we
determined that endogenous LAP1 and EGFP-LAP1 are cleaved in vitro by recombinant
CPAF (Fig. 12A). Importantly, LAP1 cleavage was also observed in cell lysates of
Chlamydia infected cells that had been harvested under conditions that inhibited all
CPAF activity. As with vimentin, LAP1 was cleaved late during infection (Fig. 13B) and
these cleavage events were not observed in HelLa cells infected with the CPAF-deficient

mutant M169 or T2S-defective mutants (Fig. 13B).
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Figure 13: CPAF cleaves LAP1 during infection. A.) CPAF cleaves EGFP-
LAP1. Hela lysates transfected (+) or not (-) with EGFP-LAP1 were incubated with (r) or
without (-) recombinant CPAF or with lysates from L2-infected HeLa cells (L2) or mock-
infected (m) HelLa cells. Blots were probed with anti-EGFP (EGFP) or anti-LAP1 (LAP1).
B.) LAP1 cleavage during infection is CPAF-dependent. HeLa cells infected with either
the CPAF- strain or RifR (WT) strain or mock-infected were harvested in 1% SDS buffer
at the indicated times post-infection. Blots were probed with anti-LAP1 and anti-rpoB.
Arrows indicate LAP1 cleavage products.
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Based on our observations with vimentin processing in live cells, we predicted
that LAP1 cleavage would also occur upon loss of inclusion membrane integrity late in
infection. We formally tested this prediction by infecting cells that had been co-
transfected with tdTomato and EGFP-LAP1 with either RST17 (CPAF) or RST5 (CPAF?)
Chlamydia strains. As previously described [240], EGFP-LAP1 prominently labeled the
nuclear envelope (Fig. 13). This localization pattern was not altered in infected cells.
Time lapse microscopy of live infected cells revealed that upon loss of inclusion
membrane integrity, as assessed by the influx of tdTomato into the inclusion lumen, the
localization of EGFP-LAP1 rapidly changed from the nuclear envelope to the cytoplasm,
which most likely resulted from the cleavage of the EGFP moiety from the portion of the
protein anchored to the nuclear membrane (Fig. 14). As with vimentin cleavage, these
proteolytic events occurred within cells in which the integrity of the plasma membrane

was not compromised and were dependent on CPAF.

2.7 Discussion

The protease CPAF was the first Chlamydia virulence factor for which a
biochemical activity (protease) and a target (transcription factors) had been established
[204]. CPAF-mediated degradation of the transcription factors RFX-5 and USF-1 were
linked to the loss of expression of MHC Class | and Il - a cellular phenotype that had
been observed in infected cells [242]. As more CPAF targets began to emerge, similar
correlations were made between the degradation of these factors and cellular
phenotypes of Chlamydia-infected cells. This list includes, but is not limited to, Golgi
fragmentation, inclusion expansion, resistance to re-infection, modulation of apoptosis
and pro-inflammatory signaling pathways, disruption of the cell cycle, cell junction

defects, centrosomal abnormalities, and processing of the Chlamydia outer membrane
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Figure 14: Cleavage of LAP1 in live infected cells occurs after inclusion
rupture and is dependent on CPAF and T2S. CPAF-dependent processing of LAP1
occurs after inclusion rupture. HelLa cells were transfected with EGFP-LAP1 and
tdTomato expression vectors and imaged using widefield deconvolution live-cell
microscopy every seven minutes after 54hpi for 14 hours. Inclusion rupture was
assessed by the influx of dTomato signal into the inclusion lumen. Images acquired 7
min before and after inclusion rupture are shown. Loss of EGFP-LAP1 localization to the
nuclear membrane occurs rapidly following inclusion rupture in cells infected with RifR
(WT) but not in cells infected with CPAF or T2S-deficient strains.
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protein OmcB (reviewed in [216]). Because molecular genetic tools to specifically
inactivate Chlamydia genes were not available, many of these correlations could not be
formally tested in CPAF-deficient mutants. The development of small molecule and
peptide inhibitors that blocked CPAF activity in vitro and in vivo promised to be helpful in
assessing some of these questions. Indeed, these inhibitors blocked CPAF activity in
cell culture infection models, decreased the replicative potential of Chlamydia [214, 218,
220] and often reversed cellular phenotypes of infected cells that have been associated
with CPAF. However, these CPAF inhibitors also varied in their effect in cells and
displayed varied levels of toxicity [214, 218].

In the last two years, there has been remarkable advances in the development of
systems for genetic analysis in C. trachomatis. This includes the generation and
mapping of chemically generated mutants as well as the stable delivery of recombinant
DNA into C. trachomatis [171, 223, 243, 244]. We had previously identified and
characterized a mutant defective in T2S [223], which we now report is also defective for
CPAF secretion (Fig. 4A). In addition, we identified two C. trachomatis LGV-L2 strains
with nonsense mutations in cpa (Fig. 4, Table 1). Equipped with these mutants we can
now clarify the role that CPAF plays in the various unique cellular phenotypes that have
been attributed to Chlamydia infections. Overall, our findings suggest that CPAF is not
essential for blocking apoptosis, Golgi fragmentation, resistance to re-infection, or
inhibition of pro-inflammatory signaling pathways. However, while CPAF does not
appear necessary for these cellular processes to occur, it is important to note that we
cannot exclude the possibility that this protease plays an axillary role.

Tan and colleagues brought to the forefront the issue that the unique challenges

of inhibiting CPAF’s proteolytic activity post lysis can confound the degree of proteolytic
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activity that occurs within live infected cells [222]. Indeed, the level of true CPAF-
mediated proteolysis that occurs within infected cells has come into doubt with an
understandable impulse to label most proteolytic events observed to date as artifacts
[244]. Our findings indicate that it is premature to assume that traditional targets of
CPAF are not cleaved during infection. We presented evidence that the bulk of CPAF
activity resides within the inclusion lumen and that CPAF rapidly cleaves at least one of
its described targets when the inclusion membrane is compromised during late stages of
infection (Fig. 12). Our results also indicate that the new CPAF substrate we identified,
LAP1, is similarly processed upon loss of inclusion membrane integrity. Yu et al.
detected decreased levels of released HMGB1, as measured by ELISA, at late stages of
infection when the inclusion membrane may be ruptured in some infected cells [211].
Our immunoblot analysis suggests minimal processing of HMGB1 occurs under
conditions where CPAF is inhibited and the processing is almost undetectable in CPAF-
deficient strains (Fig. 9B). Further studies are needed to confirm the observation that
HMGB1 processing is partially dependent on CPAF. Overall, this could represent a
pathogenic strategy to destroy key components in the cytoplasm or subcellular
structures (e.g. nuclear envelope for LAP1) prior to bacterial exit from a lysing cell or a
transient response to mechanical or immune stress on the integrity of the inclusion. Such
a strategy may help degrade or modify factors that constitute danger signals to be
sensed by immune cells, or modify physical barriers that limit bacterial dispersal. CPAF
mutants display a small (~2.5 fold) decrease in the generation of IFUs (Fig. 7),
suggesting that CPAF also performs functions important for replication before the late

exit stages. These functions could include the processing and turnover of bacterial
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proteins within the inclusion, as has been suggested for the outer membrane protein
OmcB [220].

In addition, CPAF released from infected cells may play a prominent role in
tissue colonization or dissemination in infected animals. Indeed, experimentally infected
animals and human patients develop a strong humoral response to CPAF, and
immunization with recombinant CPAF is protective against infections [245, 246],
suggesting that this protein may have extracellular roles in tissue infections.

At this stage, there are many unresolved questions as to the function of CPAF.
Prominent among these is why CPAF is detected in the cytoplasm when activity on its
described substrates is not apparent. Is CPAF activity in the host cytosol regulated?
Could there be additional structural motifs that are only present in a subset of ‘true’
CPAF substrates that are cleaved in the cytoplasm of cells with intact inclusions? In
such a scenario, CPAF in the cytoplasm could acts as a molecular “scalpel” to
specifically modify host cellular processes and as a “hammer” when inclusion membrane
integrity is compromised and the bulk of active CPAF is released in to the cytoplasm.
Future work with Chlamydia expressing modified forms of CPAF should help address

some of the outstanding questions remaining as to the function of this unusual protease.

2.8 Materials and Methods

2.8.1 Reagents

Reagents were obtained from the following sources: mouse anti-GM130 (BD
Biosciences), rabbit anti-Chlamydia MOMP (gift of K. Fields, U. of Miami), mouse anti-
vimentin (Invitrogen, clone V6630), rabbit anti-GAPDH (Abcam), mouse anti-EGFP
monoclonal antibody (Clontech), rabbit anti-LAP1 antibodies (kindly provided by William

Dauer, U. of Michigan), rabbit anti-RpoB/C (gift of M. Tan, UC Irvine), rabbit anti-CPAF
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(27), mouse anti-phosphotyrosine (Cell signaling), Alexa Fluor 555-conjugated anti-
mouse, Alexa Fluor 488-conjugated anti-rabbit, Hoescht 33258 (Invitrogen), FluorSave
Reagent (Calbiochem), Staurosporine (Cell Signaling), IL-18 (Biolegend),
Cyclohexamide (Sigma-Aldrich), Rifampicin (Sigma-Aldrich), Trimethoprim (Sigma-
Aldrich), Slow Fade Gold Antifade Reagent (Invitrogen), JetPrime (Polyplus
transfection). Enhanced green fluorescent protein (EGFP)-tagged rat vimentin was
provided by Ronald Liem (Columbia University,NY),and tandem dimer Tomato
(tdTomato) was provided by Marc Caron (Duke University, NC). Full-length lamin-
associated protein 1 (LAP1) was PCR-amplified from MGC Human sequence-verified
cDNA clone 3458117 (Thermo Fisher) and inserted into pLEGFP-C1 (Clontech)
downstream of EGFP to express an EGFP-LAP1 fusion protein. To enable genetic
disruption of CTL0233 (cpa), Chlamydia were transformed with derivatives of the E. coli-
Chlamydia TargeTron vector pDFTT3 [165] containing the chloramphenicol

acetyltransferase (or CAT) gene instead of the beta-lactamase (bla) gene.

2.8.2 Cell Culture and Chlamydia Infections

HelLa cells (CCL-2: ATCC) and Vero cells (CCL-81: ATCC) were maintained in
DMEM HG supplemented with 10% FBS (CellGro Mediatech). C. trachomatis LGV-L2
434/Bu and C. trachomatis mutant strains were propagated by infecting HelLa cells with
elementary bodies (EBs) that had been stored in sucrose-phosphate-glutamate (SPG)
buffer (0.25 M sucrose, 10 mM sodium phosphate, 5 mM L-glutamic acid, pH7.0) and
purified on Omnipaque (GE Healthcare) density gradients [241]. EBs were added to
HelLa cells at the indicated multiplicities of infection (MOIs), and infections were
synchronized by centrifugation at 2500 x g for 30 min at 10°C. Rifampin, spectinomycin,

and trimethoprim resistant C. trachomatis LGV-L2 variants were generated as previously
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described [247]. The mutations leading to antibiotic resistance in these strains were
determined by whole genome sequencing: H471Y in CTL0567 (rpoB), G1197
in CTL_r01/CTL_r02 (16S rRNA copies 1 and 2), and G408R in CTL0369 lead to RifR,

SpcR, and TmpR, respectively.

2.8.3 Plague Assays

Plague assays were performed as previously described [223]. Briefly,
monolayers of Vero cells grown in a 6-well plate were infected with ~100 inclusion-
forming units (IFUs) per well. Cells were incubated for 2 hours at 37 °C and 5% CO.,
allowing for bacterial internalization. The growth medium in infected cell monolayers was
replaced with 6 mL of a DMEM/agarose overlay/well (DMEM HG, 10% FBS, 50 pg/mL
Gentamicin, 500 ng/mL cyclohexamide, 1X nonessential amino acids (Gibco), 0.5%
SeaKem LE agarose (Lonza)) allowed to solidify for 10 minutes, and dried in a sterile
cabinet without lids for 15 minutes. Cells were incubated for 10 to 14 days until plagues
were observed. Plaques were isolated using a pipette tip and transferred to Vero cell

monolayers for amplification.

2.8.4 Identification and whole genome sequencing of CPAF-deficient
LGV-L2 strains

Identification of cpa mutants. LGV-L2 strains containing the null alleles C127T
(Q43*) and G882A (W294*) in cpa (CTL0233) were initially identified by whole genome
seqguencing of pools of chemically-mutagenized and plaque-purified C. trachomatis LVG-
L2 434/Bu strains (Bastidas R. J. and Valdivia R. H. unpublished results). Strain CTL2-
M532 harboring the cpaC127T allele and strain CTL2-M169 harboring the cpaG882A
allele were identified from among two independent pools of mutants by PCR-amplifying
the target regions, reannealed by slow cooling to promote formation of dSDNA
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heteroduplexes, digested by CEL I, and visualized by DNA agarose gel electrophoresis.
Lesions in the CTL0233 (cpa) locus were further confirmed by Sanger sequencing.
Whole genome sequencing. Strains were harvested from infected Vero cells
grown in a 6-well cell culture plate by hypotonic lysis of host cells with 800 ul of dH,O
per well (for 20 minutes) followed by addition of 200 ul of 5X SPG buffer. Lysates were
sonicated (2 x 10 seconds in ice water) and bacterial cells spun down at 14,000 rpm, for
15 minutes at 4 °C. Bacterial pellets were pooled and resuspended in 1X DNAse | buffer
(New England Biolabs, Ipswich, MA, USA). Depletion of host DNA was achieved by
treating cell suspensions with 4 Units of DNAse | (New England Biolabs,) for 1 hour at
37 °C. Bacterial pellets were washed with PBS buffer and total DNA isolated with a DNA
isolation kit (DNeasy tissue and blood kit, Qiagen) following the manufacturers
instructions. One ug of M169 and M532 enriched DNA was sheared with an Adaptive
Focused Acoustics S220 instrument (Covaris). DNA sequencing libraries were prepared
with a library construction kit (TruSeq DNA Sample Preparation Kit v2, lllumina, Inc. San
Diego, CA, USA) according to the manufacturer’s instructions. Libraries were
sequenced in a MiSeq DNA Sequencing Platform (lllumina) at the Duke University IGSP
DNA Sequencing Core facility. Genome assembly and single nucleotide variant (SNV)
identification was performed with Geneious Software version 6 (Biomatters -
http://lwww.geneious.com). The C. trachomatis LGV L2 434/Bu genome (GenBank no.
NC _010287) was used as reference sequence. All non-synonymous single nucleotide

variants (SNVs) identified in M169 and M532 were verified by Sanger sequencing.

2.8.5 Generation of M169 RST recombinant strains
Recombinant LGV-L2 strains were generated as previously described [223].

Briefly, confluent Vero cells grown on a 24-well plate were co-infected with M169 (RifR)
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and a SpcR mapping strain at a MOI ratio of 3:3. Recombinant progeny were selected
from among plaques that formed in the presence of 200 ng/mL Rif and 200 ug/mL Spc.
Plague-purified recombinants were further expanded in Vero cells and genotyped to
assess the segregation of mutations present in the CTL2-M169 parental strain. RifR and
SpcR M169 recombinants harboring the cpaG882A allele were further backcrossed to a
trimethoprim resistant (TmpR) mapping strain as described above and progeny selected
from plaques that formed in the presence of Spc and 150 pg/mL Tmp. These second-
generation, plague-purified recombinants were further expanded in Vero cells and a
M169-derived recombinant strain harboring the cpaG882A allele (M169 RST17 (CPAF-))
was identified by genotyping with SNV specific primers. A co-isogenic recombinant strain
(RST5 (CPAF+)) that shares the same background SNVs as RST17 (CPAF-) and that
inherited a wild type cpa allele was also identified. The genomes of both RST
recombinant strains were re-sequenced as described above. The relevant SNVs

identified are shown in Table 1.

2.8.6 Western blot analyses

HelLa cells were grown in 6-well plates to confluency and infected with the C.
trachomatis LGV-L2 RifR parent or its derived mutant strains at an MOI of 1. At the
indicated hours post infection, cells were washed with 1X PBS (Invitrogen), lysed with
1% SDS buffer (1% SDS, 150mM NacCl, 50mM Tris-HCL pH 7.5), heated in boiling water
bath immediately before addition to cells. Lysates were incubated at 65°C for 10 minutes
to solubilize and denature proteins and sonicated 2x10 seconds to shear DNA. Protein
concentrations were determined by the DC protein assay (Bio-Rad). Equal amounts of
lysate were loaded into SDS-PAGE 4-15% gradient gels (Bio-Rad), transferred to

0.45 uM nitrocellulose membranes using a Trans-Blot SD Semi-Dry Electrophoretic
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Transfer Cell (Bio-Rad), blocked in Odyssey blocking buffer (LI-COR) and incubated in
primary antibodies diluted in Odyssey blocking buffer, followed by incubation with goat
anti-rabbit IRDye 680LT (LI-COR) or goat anti-mouse IRDye 800CW (LI-COR).

Membranes were imaged with the LI-COR Odyssey infrared imaging system.

2.8.7 In Vitro CPAF cleavage assays

HelLa cells grown in 6-well plates were mock-infected or infected with the C.
trachomatis LGV-L2 RifR strain or with the indicated mutant strains at an MOI of 1. At 40
hours post infection (hpi) crude protein extract were prepared by lysing infected cells in
RIPA buffer (50 mM Tris pH 7.5, 150 mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate,
1% NP-40) supplemented with a protease inhibitor cocktail (Roche). 40ug recombinant
CPAF (D. McCafferty, Duke University, NC) or crude protein extracts were prepared as
described above and incubated with 20ug recombinant GST- CT695 for 1hr at 37°C, and
cleavage was assessed by colloidal blue Commassie Blue staining (Invitrogen). Figures
were compiled and intensities adjusted for display using Photoshop CS6.

To test the effectiveness of 1% SDS buffer in preventing post-lysis degradation
by CPAF, the activity of recombinant CPAF in this denaturing buffer was assessed.
Crude protein extracts were prepared from non-infected HelLa cells by rinsing
monolayers with PBS, adding 1% SDS buffer pre-warmed to 100°C, transferring to a
microfuge tube, heating at 65°C for 10 minutes, and then clarifying the lysate by
centrifugation (10,000 x g, 15 minutes, room temperature). For the in vitro cleavage
assays, 200 ug of total HeLa protein extract with or without 100 uM of a CPAF-inhibitory
peptide [181] was mixed with 0.5, 2.5, or 5 ug recombinant CPAF in a final volume of
100 ul. The reactions were assembled at room temperature, incubated at 37°C for 20

minutes, and then inactivated with SDS-PAGE sample buffer and incubation at 65°C for
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10 minutes. As a positive control, reactions were also performed under nhon-denaturing
conditions. Crude protein extracts were generated from non-infected HelLa cells by
rinsing monolayers with PBS, adding ice-cold TNEX buffer (20mM Tris-HCI, pHS8,
150mM NacCl, 2mM EDTA, 1% Triton X-100, complete protease inhibitor cocktail
(Roche)), incubating at 4°C for 10 minutes, transferring lysates to a microfuge tube, and
then clarifying the lysate by centrifugation (10,000 x g, 15 minutes, 4°C). Reactions were
assembled on ice, incubated at 37°C for 20 minutes, and subsequently processed as
described for the reactions in 1% SDS buffer. CPAF activity was determined by
monitoring vimentin cleavage via western blot analysis.

In vitro cleavage assays were used to demonstrate that CPAF cleaves EGFP-
LAP1. Hela cells transfected with the EGFP-LAP1 construct were harvested in TNEX
buffer, and crude protein extracts were generated as described above. For the reactions,
100 ug of transfected or non-transfected extract was incubated with either recombinant
CPAF or TNEX protein extracts prepared from mock-infected or LGV-L2 -infected (44
hours post-infection) HelLa cells. The reactions were assembled on ice, incubated at
37°C for 30 minutes, and then inactivated with SDS-PAGE sample buffer and incubation
at 65°C for 10 minutes. Cleavage was assessed by western blot analysis with mouse

anti-EGFP) and rabbit anti-LAP1 antibodies.

2.8.8 IFU burst assays

Vero cells were seeded onto 96 well plates (15,000 cells/well) and infected with
each of the strains analyzed (six biological replicates per each timepoint) at a MOI~0.6.
To determine the input inclusion forming units (IFUs), a set of infected wells were fixed
with 100% Methanol (EMD Millipore) for 10 minutes on ice and stained with a polyclonal

anti-LGV-L2 sera followed by Alexafluor-conjugated secondary antibodies and cells
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samples mounted for fluorescence microscopy using the FluorSave reagent. Images
were acquired in a Zeiss Axioskop 2 upright epifluorescence microscope and the
number of inclusions in at least 5 different fields per replicate were counted. Output
IFUs at 30 hpi and 48 hpi were determined by lysing infected cells by adding 160ul of
ulta-pure water and incubating for 10 minutes before adding SPG to 1x. Vero cells were
infected with serial dilutions of harvested cell lysates. After 40-42 hpi, cells were fixed,
immunostained with anti-MOMP antibodies, and the number of inclusions determined as
described above. To determine the infectious progeny generated per input bacteria (“IFU

burst”), the total number of output IFUs was divided by the total number of input IFUs.

2.8.9 Immunofluorescence

For routine indirect immunofluorescence, HelLa cells were grown on glass
coverslips and infected at the indicated MOls. Cells were fixed with 3%
formaldehyde/0.025% glutaraldehyde or 4% paraformaldehyde or methanol in
phosphate-buffered saline (PBS) for 20 minutes and permeabilized with 0.1-0.2% Triton
X-100 for 10 minutes at 4°C. After blocking with 5% bovine serum albumin (BSA)-PBS
for 20 minutes, cells were stained with specific antibodies followed by Alexa-conjugated
secondary antibodies at room temperature at 20 minutes. Host and bacterial DNA were
stained with 1 pg/mL Hoechst at the same time. Coverslips were mounted with
FluorSave, or Slow Fade prior to imaging with an upright Leica SP5 confocal microscope
or a Zeiss Axioskop 2 upright epifluorescence microscope using Axiovision v3.0

software.

2.8.10 Detergent Extraction Assays
For immunofluorescence assays after detergent extraction, HeLa cells were

seeded in wither 24-well plates for initial imaging (Figure 11A) or 96-well plates for time
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course quantification (Figure 11B). Three biological replicates per condition (+Triton X-
100 and —Triton X-100) were infected at an MOI of 1 with the indicated strains. At 44 hpi,
52 hpi, or 60 hpi cells in the untreated condition were washed twice with ice cold PBS
and fixed with 3% formaldehyde/0.025% glutaraldehyde at room temperature for 20
minutes prior to permeabilization and blocking with BSA-PBS. For live cell samples
extracted with Triton X-100, infected cells were first washed twice with ice cold PBS
before incubation with pre-chilled 0.5% Triton X-100 in PBS supplemented with 100 uM
anti-CPAF peptide [181] on ice for 5 minutes. Cells were then fixed, blocked with BSA-
PBS and immunostained with mouse monoclonal anti-vimentin antibodies, followed by
fluorophore conjugated secondary anti-mouse antibodies; gost and bacterial DNA were
stained with 1 uyg/mL Hoechst. Samples were mounted with Slow Fade Gold Antifade
reagent and images from at least 5 fields for each replicate were acquired with a Zeiss
Axioskop 2 upright epifluorescence microscope using Axiovision v3.0 software. The
number of infected cells with altered vimentin staining was calculated for each replicate
in 0.5% Triton X-100 treated and untreated samples. The average percentage of
infected cells with altered vimentin (6-8% of total cells) staining in the untreated samples
was subtracted from the treated control for each replicate. Figures were compiled and
intensities adjusted for display using Photoshop CS6. Two-way ANOVA with
Bonferroni's post-test was performed using GraphPad Prism for Windows, GraphPad

Software, San Diego California USA.

2.8.11 NFKB Reporter Assays
The NF«xB luciferase HelLa reporter cell line used in this study was generated by
stably transducing HeLa cells with an NF«xB -Luciferase reporter system

(SABiosciences) following the manufacturer’s instructions. NFkB activity was assayed by
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infecting confluent reporter cells in triplicate for each condition in 96-well plates with the
indicated strains at an MOI of 10, 30, or 50. Experiments were performed in duplicate.
At the time of infection, cells were treated with 10 ng/ml of IL-1( (BioLegend). After 24
hours, cells were lysed and luciferase activity measured using the britelite plus reagent
(PerkinElmer) according to manufacturer’s instructions and luminescence values
determined using a EnSpire 2300 Multilabel reader (PerkinElmer). Luminescence
values obtained for each sample were normalized to the IL-1p treated, mock-infected
control. Data was analyzed and figures generated using GraphPad Prism (GraphPad

Software, San Diego California USA).

2.8.12 Apoptosis Induction Assay

HelLa cells grown on glass coverslips were infected with an MOI of 0.5 with the
indicated strains (two biological replicates and two technical replicates per condition). Six
hours prior to fixation cells were treated with 2uM staurosporine (Cell Signaling). At 24
hpi, 36 hpi, and 48 hpi infected cells were fixed with methanol and stained with anti-LGV-
L2 antibodies followed by Hoechst and Alexa-conjugated secondary antibodies. The
number of infected or mock-infected cells with condensed nuclei was counted using a
Zeiss Axioskop 2 upright epifluorescence microscope with Axiovision v3.0 software for
200 infected cells in each condition. Data was analyzed and figures generated using

GraphPad Prism.

2.8.13 Assessment of secondary infections

HelLa cells were seeded on coverslips in 24-well plates (50,000 cells/well) and
incubated overnight. For primary infections, cells were infected with purified EBs from
either C. trachomatis L2 434/Bu or its mutant RifR derivatives, as indicated at an MOI of

1. At 29 hpi, secondary infections were performed using a C. trachomatis L2 434/Bu
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strain transformed with the GFP-expressing plasmid pGFP-SW2 [243]. After 1h, cells
were fixed (3% formaldehyde-0.025% glutaraldehyde, 20 min, RT) and immunostained
with mouse anti-phospho tyrosine monoclonal antibodies without permeabilization

and counter-stained with anti-mouse Alexafluor 555-conjugated secondary antibodies
(Invitrogen). Coverslips were mounted in Slow Fade Gold Antifade media and images
were acquired using a Zeiss Axioskop 2 upright epifluorescence microscope with
Axiovision v3.0 software. Phospho-tyrosine foci were counted in 35 cells for each of two
biological replicates, in two independent experiments performed by two independent
observers. One-way ANOVA with Bonferroni's multiple comparison test was performed

using GraphPad Prism.

2.8.14 EGFP-Vimentin and LAP1-EGFP transfection and live cell
microscopy

Cells were seeded onto #1.5 glass-bottom plates, infected with Rif? L2 434/Bu,
M532 (CPAF), M169 (CPAFY), RSTE4 (TS2) strains, and co-transfected with either
EGFP-Vimentin or EGFP-LAP1 and tdTomato using the lipid-based JetPrime reagent 4h
after infection. Cells were imaged every seven minutes from 54-76hpi after infection at
37°C under 5% CO- using a motorized Zeiss Axio Observer Z1 widefield fluorescence
microscope equipped with a 40x air objective. Fifteen stage positions at minimum were
recorded with 6-23 instances of inclusion rupture in transfected cells observed for each
condition. Only cells expressing moderate levels of the fluorescent reporters were
included in the analysis. Images were viewed with Metamorph to manually assess
inclusion rupture by tdTomato diffusion into the inclusion lumen and the structured or
diffuse nature of the EGFP signal. Images were deconvolved using Huygens Essential,

and processed with ImageJ and Photoshop for presentation.
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3. Investigating the role of the T2SS during C.
trachomatis infection

3.1 Introduction

Chlamydiae are obligate intracellular bacteria that infect a wide range of animal
hosts. C. trachomatis infection with serovars A-C is commonly associated with ocular
infection, while genital infection is typically caused by serovars D-K [248]. Serovars L1,
L2, or L3 are responsible for lymphogranuloma venereum (LGV), a systemic infection of
the lymphatic system. Genital infections are often asymptomatic but untreated and
repeat infections can lead to serious complications in women, including pelvic
inflammatory disease, ectopic pregnancy, and sterility. [144]. Despite antibiotic regimens
and sexually transmitted disease (STD) prevention education, C. trachomatis infections
are on the rise in the United States [143]. Improved knowledge regarding the pathogenic
strategies employed Chlamydia may aid in the development of approaches to combat
this growing threat.

C. trachomatis has a biphasic developmental cycle that takes place within a
membrane bound compartment termed the inclusion. There are two morphologically and
functionally distinct developmental forms of Chlamydia: the infectious elementary body
(EB) and the replicative reticulate body (RB). Infection begins when the EB attaches to a
host cell and is internalized. EBs can then differentiate into the RB form and replicate
via binary fission inside a growing inclusion. At late stages of infection, prior to release
and reinfection, RBs revert asynchronously back to EBs [145].

As an intracellular pathogen, successful infection requires interaction with the
host cell to secure nutrients and subvert the host innate-immune response [147]. Even

though the Chlamydia genome is relatively small (~1Mb), studies suggest 10-15% of the
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genome encodes effector proteins that can be secreted from the bacteria [148-150]. C.
trachomatis uses multiple secretion mechanisms to access the host cytosol, including
the T2, T3 and T5 secretion systems. The C. trachomatis genome also encodes for
homologues of components required for Sec-mediated translocation into the periplasm
[150].

Substrates of the T2SS must first cross the inner membrane prior to translocation
beyond the bacteria. The twin-arginine translocation (Tat) and Sec machineries have
been characterized to perform this function, with proteins crossing the inner membrane
in a folded or unfolded state, respectively [5]. Once in the periplasm, substrates are
recognized by components of the T2S apparatus, which facilitates their entry into the
secretion channel formed by the outer membrane protein GspD. Cycles of ATP
hydrolysis via the ATPase GspE convey conformational changes through the secretion
system, allowing for the assembly of the pseudopilus. The growing pseudopilus is
hypothesized to act as a piston and push the effector proteins though the secretin
channel [16, 17, 37].

While most T2SSs in Proteobacteria contain the core constituents T2S/Gsp
CDEFGHIJKLMO, there may be different subclasses of T2SS that require a reduced set
of proteins for a functional system. A set of T2S genes is present in the C. trachomatis
genome, gspCDEFG (CTLO0836-CTL0832/ CT573-CT569). These genes are widely
conserved amongst all Chlamydiae and in C. trachomatis they are in an operon with
CTLO0831/CT568 and CTL0830/CT567 (data not shown). The N-terminal region of both
CTLO830/CT567 and CTL0831/CT568 contains a leader peptide followed by a modified
GFxxxE prepillin cleavage motif and a hydrophobic rich region. This structure is very

characteristic of psuedopilins in other Gram-negative bacteria, suggesting
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CTLO830/CT567 and CTL0831/CT568 may be minor pseudopilins. The minor
pseudopilins (GspH, |, J, and K) are methylated and cleaved by the prepilin peptidase
(GspO) prior to forming the pseudopilus tip [106, 249]. The addition of GspG major pilin
subunits underneath the tip allows the for pseudopilus elongation during secretion.
However, the prepilin peptidase responsible for removal of the pseudopilin leader
peptide in C. trachomatis remains unknown. Additionally, structural or regulatory
components required for a functional T2S in Chlamydia may be at other genomic
locations.

The T2SS of C. trachomatis contributes to optimal bacterial growth in the
intracellular environment [87]. However, a comprehensive understanding of what
proteins constitute T2S substrates is largely lacking. Thus far, only one protein has been
confirmed to be a T2SS effector in C. trachomatis, the protease CPAF [64]. Based on an
alkaline phosphatase (phoA gene) fusion system and immunofluorescence studies,
several C. trachomatis proteins are potential T2S candidate substrates; they are
predicted to be dependent on Sec translocation into the periplasm and are suggested to
localize to the host cytosol during infection. These proteins include the high temperature
requirement protein A protease (cHtrA/CT823), the tail-specific protease (Tsp/CT441),
CT311, and CT795 [93, 94, 99, 125]. However, their localization has not been assessed
in a T2S-deficient Chlamydia strain.

As it remains unclear how T2S substrates are recognized for secretion from the
milieu of proteins present in the periplasm, identifying which Chlamydia proteins are T2S
substrates cannot be accomplished from bioinformatic studies alone [17]. An axenic
medium that supports some metabolic activity of C. trachomatis EBs and RBs has been

developed, however bacterial growth and the secretion of Chlamydia proteins has yet to
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be assessed under these conditions [115]. As which T2 proteins are secreted varies in
different host environments in other Gram-negative organisms, it is possible not all
proteins may be secreted under axenic growth. In addition, much remains to be
discovered about the extra-bacterial enzymatic activities that occur in the inclusion
lumen during Chlamydia infection, precluding strategies to identify substrates by the
presence or absence of a specific enzymatic activity in WT or T2S mutants.

Unlike facultative intracellular organisms, analysis of secreted proteins in obligate
intracellular bacteria is complicated by the need to separate bacterial proteins present in
the vacuole and/or host cytosol from those remaining inside the bacteria. However,
nonfunctional T2S can lead to the accumulation of T2 substrates and other proteins in
the bacterial periplasm; a phenotype which is seen in a C. trachomatis T2S-defective
strain [152]. In this study, we use label-free quantitative liquid chromatography-tandem
mass spectrometry (LC-MS/MS) for a comprehensive analysis of proteins present within
WT and T2S-defective C. trachomatis bacteria and identify proteins that are
preferentially accumulated in the T2S mutant strain. Using this approach, we described a
subgroup of proteins whose localization within the inclusion lumen is dependent on the
presence of glycogen.

3.2 Impaired growth, glycogen granule production, and CPAF
mis-localization are the result of a mutation in gspE

Our laboratory reported the creation of a genetically defined library of C.
trachomatis LGV-L2 mutants using chemical mutagenesis coupled with whole genome
sequencing [152, 172]. A C. trachomatis LGV-L2 variant [RSTE4 (T2S)] identified using
this approach contains a point mutation in the type Il secretion ATPase GspE (CTL0834)

[152]. This mutant is attenuated in the production of infectious progeny, accumulates
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insoluble glycogen granules within the inclusion lumen, and fails to secrete the protease
CPAF outside of the bacteria during infection [64, 152]. While the SNVs identified in the
genome of RSTE4, except for the mutation in gspE, are found in the parental Rif}, SpcR,
or TmpR strains used to generate RSTE4 (Table 2), we wanted to confirm the
phenotypes of RSTE4 are due to the G to E substitution at amino acid 425 in GspE.

Table 2: Single nucleotide variants identified in strain RSTE4

Reference  Amino Ser.D

genome Acid 434/Bu locus

location® change Variant Type? locus tag® tag? Gene
123,086 Non coding®

123,163 Non coding’

127,338 P219P Synonymous8 CTLO0103 CT734

135,167 Non coding®

157,211 Non coding®

456,892 G408R Non synonymous6 CTL0O369 CT114

959,281 G425E  Non synonymous CTLO834 CT571 gspE
! Nucleotide position in C. trachomatis LGV L2 434/Bu reference strain genome
(GenBank number NC_010287).

2 Single nucleotide variant classification. Synonymous (silent substitution), non
synonymous (substitution), nonsense (truncation), non coding (outside coding domain
sequence).

3 Locus designation in C. trachomatis LGV L2 434/Bu reference strain.

4 Locus designation in C. trachomatis D/UW-3/CX (Serotype D) reference strain
(GenBank number NC_000117.1).

5> Mutations leading to spectinomycin resistance.
6 Mutation leading to trimethoprim resistance.

7 SNV present in RifR parental strain.

8 SNV present in TmpR parental strain.

Introducing a shuttle vector into RSTE4 encoding a N-terminally FLAG tagged
copy of gspE under the control of the IncD promoter (RSTE4PCsPE) partially restores the
growth of this mutant (Fig. 15a). Additionally, immunofluorescence analysis with anti-

CPAF antibodies of HelLa cells infected with RSTE4PCGsSPE show immunoreactive material

65



in the host cytosol, indicating the loss of CPAF localization out of the bacteria in RSTE4
infected cells is a result of the SNV in gspE (Fig. 15e). The loss of CPAF protein to the
host cytosol is not due to the presence of glycogen granules within the inclusion lumen.
CPAF is localized to the host cytosol during infection of HeLa cells with another
glycogen granule accumulating L2 strain (M380) bearing a nonsense mutation in glgB
(CTL0245), the Chlamydia glycogen branching enzyme (Fig. 15e) [172].

Gehre et al. recently observed glycogen inside the inclusion is both translocated
in bulk from the host cell and synthesized within the inclusion using bacterial enzymes
that are secreted via the T3SS [186]. Glycogen and glycogen granules can be
visualized within the inclusion of infected cells by staining with Schiff reagent following
periodic acid treatment (Fig. 15¢). To determine if host glycogen synthesis is required for
glycogen granule formation, we generated HelLa cell lines deficient for Gys1, the host
glycogen synthase, by CRISPR/Cas-mediated gene editing (Fig. 16a). Gysl knock out
cells have a 14-fold reduction in the amount of measurable glycogen within the cell,
compared to control cells (Fig. 16b).

Glycogen granules form within the inclusion of host cells infected with the RSTE4
mutant or M380, indicating granules are composed of bacterial-derived glycogen (Figure
15d). Interestingly, RSTE4PCsPE infected cells display a 9-fold decrease in the number of
glycogen granules present within the inclusion of infected cells compared to RSTE4,
suggesting defects in the T2SS can alter the properties of glycogen (Fig. 15b-c). These
results suggest there may be an interplay between the T2 and T3 secretion systems of
C. trachomatis. In support of this idea, recent work by Patton et al. found there was
cooperation between T3 secreted effectors and CPAF in the suppression of the host

innate immune signaling [219].
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Figure 15: Impaired growth, glycogen granule production, and CPAF
localization result from a the mutation in gspE. A) Vero cells were infected with the
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indicated strains at an MOI=0.6 and infectious progeny released per input IFU was
calculated at 44 hpi. Infection with the RSTE4PCSPE strain partially rescues the reduced
production of infectious units seen in the RSTE4 mutant. **P<0.01, SEM, n=3. B-C)
HelLa cells were infected with the indicated strains at an MOI=1 for 48 h. Glycogen within
the cell was visualized by staining with Schiff reagent after periodic acid treatment (PAS-
red; DNA-blue; MOMP-green). Glycogen granules (white arrows) within the inclusion of
infected cells were counted for 5 fields, 2 biological replicates. RSTE4PCSPE infected cells
have 10-fold fewer granules compared to RSTE4. D) Cells lacking the host glycogen
synthase (Gys1) still form glycogen granules when infected with C. trachomatis strains
with mutations in gspE or glgB (RSTE4 or M380, respectively). E) The subcellular
localization of CPAF in HeLa cells infected with various C. trachomatis strains was
assessed by indirect immunofluorescence with anti-CPAF antibodies (red), DNA with
Hoechst, and the bacteria with anti-MOMP (green). CPAF is localization to the host
cytosol is restored in cells infected with the RSTE4PCSPE strain.
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Figure 16: HelLa cells deficient for Gysl have decreased levels of glycogen
within the cells. A) Immunoblot analysis of the Gys1 deficient cell line and control HeLa
Cas9 (HC9) using anti-Gys1 antibody. Gys1 protein is not detectable in the knock-out
cell line. B) Gys1 KO cells have 10-15 fold less glycogen compared to Hela Cas 9
control cells. Cells were also infected with the indicated C. trachomatis mutant strains at
an MOI=1. 48hpi the total pg of glycogen normalized to the total protein within the cell
was determined using a colormetric glycogen assay kit and a DC protein assay.
L25667R (L2 strain w/o plasmid) and glgA M540 mutant have decreased levels of
glycogen during infection. Each experiment was performed with technical triplicates; 2
biological replicates.

3.3 C. trachomatis mutants defective for type Il secretion have
decreased attachment to and exit from A2EN cells

The use of centrifugation to enhance infections varies between species and

strains of Chlamydia, but the effect is typically minimal for LGV biovars [250]. However,
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we noticed infection efficiency with RSTE4 was markedly decreased in the absence of
centrifugation, suggesting the RSTE4 mutant may have a defect in the attachment to
and/or entry into host cells. To differentiate these possibilities, we tested the ability WT,
RSTE4, or RSTE4PCSPE hacteria to attach to endocervical epithelial A2EN cells in the
absence of centrifugation. We quantified the number of attached bacteria immediately
following infection at a multiplicity of infection (MOI) of 50. There was a greater than 50%
reduction in the number of RSTE4 bacteria attached to the surface of the cells compared
to WT and reintroduction of GSpE was capable or rescuing attachment (Fig. 17a). We
further evaluated Chlamydia’s entry into host cells by shifting the infected cells to 37°C
for 1 hour, allowing the attached bacteria to enter the cells. Using immunofluorescence,
we discriminated external vs internal bacteria by staining with an anti-LPS antibody
(external bacteria) prior to permeabilization and incubation with an antibody against C.
trachomatis MOMP (total bacteria) [251]. We found no significant difference in the ability
of RSTE4 bacteria to enter the cell, demonstrating the reduced infection efficiency is due
to an attachment, not entry, defect in RSTE4 bacteria (Fig. 17b).

Both entry into and exit from a host cell are critical steps in the infection cycle of
Chlamydia. Exit from the host occurs via two distinct mechanisms, lysis and extrusion
[200]. We tested the ability of RSTE4 mutants to exit the host cell via lysis by monitoring
infected monolayers for lysis and measuring the number of recoverable infectious units
in the supernatant at various timepoints post infection. Cell lysis during infection with WT
bacteria occurs by 52hpi with majority of infected cells having lysed completely by 65hpi
(Fig. 17c). In contrast, lysis in RSTE4 infected cells is delayed and non-lysed cells are
still visible after 120hpi, suggesting the T2SS or its substrates may play a role in the

completion of the Chlamydia life cycle.
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Figure 17: T2S mutants are defective in attachment to and exit from host
cells. A) Attachment to A2EN cells was assessed immediately following infection at an
MOI of 50 using immunofluorescence with anti-MOMP antibodies (red) and DNA with
Hoechst. Bacteria attached to cells were quantified in a minimum of 5 fields for each
replicate. RSTE4 bacteria are defective in the attachment to host cells. **P<0.01,
*P<0.05, SEM, n=4. B) Entry into host cells was assessed following infection at 37°C for
1 hour by differential staining of total (MOMP-red) vs external (LPS-green) bacteria for 5
fields, 2 biological replicates. There is no difference in the ability of T2S mutant bacteria
to enter the host cell following attachment. C) HelLa cells were infected with the specified
strains. Recoverable IFUs were detemined and images were taken at the indicated
timepoints post infection. The RSTE4 mutant has delayed lysis and sustained rIFUs at
80 and 120 hpi, compared to the WT and RSTE4PCsPE infected cells. Images are
representative from one of three independent experiments.
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3.4 Proteins accumulate in RstE4 bacteria

Our electron microscopy studies reveal the RSTE4 mutant accumulates electron
dense material in the periplasmic space of approximately 40% of RBs within the
inclusion (Fig. 18a-b) [152]. Build-up of proteins in the periplasm is associated with
mutations in T2S in in other Gram-negative bacteria [6, 252]. However, the abundance
of material in the periplasm of C. trachomatis is unique, raising the possibility that
bacterial products other than proteins may also accumulate in the RSTE4 strain.
Nonetheless, we hypothesized a portion of the accumulating material in RBs may be

T2S substrates. Due to the technical difficulties of harvesting RBs and the increased risk
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Figure 18: Proteins accumulate in RSTE4 bacteria. A-B) Using transmission electron
microscopy, the number of RBs showing the accumulation of electron dense material in
the periplasmic space was quantified for both WT and RSTE4 infected Vero cells. C)
Immunoblot analysis of EB lysate from Vero cells infected with WT or T2S mutants.
Unprocessed full length CPAF is only detected in RSTE4 EB lysate.
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of lysis during the purification of RBs with an enlarged periplasm, we asked if proteins
that accumulate in RBs also increase in EBs when the RBs differentiate back at the end
of the life cycle. To test this hypothesis, we purified EBs from both WT and RSTE4
infected cells. Immunoblot analysis revealed the 70-kDa CPAF zymogen was only
detectable in EB lysate from the RSTE4 bacteria and processed CPAF was not detected
in either strain, consistent with previous studies that suggest CPAF is predominately
present in RBs (Fig. 18c) [188, 189].

For a comprehensive analysis of the proteins present in both EB populations and
identify proteins that are preferentially accumulated in the RSTE4 bacteria, we purified
three biological replicates of EBs using sequential density gradients. Using purified
bacteria, we prepared total EB protein lysates. Following trypsin digestion, peptides were
submitted for quantitative two-dimensional liquid chromatography — tandem mass
spectrometry (LC/LC-MS/MS) analysis. To test for technical reproducibility, 3 QC pools
were made from portions of each of the samples submitted. Samples were also run in an
order to minimize batch effect (QC pool, WT-1, RSTE4-1, WT-2, QC pool, RSTE4-2,
WT-3, RSTE4-3, QC Pool).

The final quantitative dataset identified 6,917 peptides matching to 1,237 human
and Chlamydia proteins, with 774 proteins containing at least 2 unique peptides. Human
proteins are contamination from the preparation of purified EBs, therefore we utilized a
method for mixed-species quantification of proteomic samples that was developed by
Saka et al. [188]. During the first step of this process, peptides that are homologous
between Chlamydia and the host are removed. Next, the average intensity across all 6
samples of each peptide identified for a protein is determined and peptides are ranked

according to average intensity. The top three peptides are used to calculate that

72



protein’s relative abundance in the sample. Due to the low molecular weight of many
Chlamydia proteins, this calculation was also performed if there were only 2 peptides to
match. The fmol of protein in each sample is then calculated based on the intensity of
the top 2 or 3 peptides and the historic response factor of the instrument. This fmol value
is then converted to nanograms using the molecular weight of the protein and the total
amount of protein of each species is summed per sample. For the species-specific
correction, the fmol of each Chlamydia protein present is divided by only the ng total of
Chlamydia protein present in that sample. The average makeup of Chlamydia protein to
total (human + Chlamydia) protein across all six samples is 75.5 +/- 3.3% (Figure 19).

These values are consistent with previous studies by our laboratory [188].
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Figure 19: Chlamydia protein contribution to the total based on peak
intensities. The total ng of Chlamydia-specific protein within each EB sample
prepeartion was compared to the total ng of protein present within the sample.

To screen for potential outliers, a principal component analysis was performed
using z-scored peptide intensities (Figure 20). As expected, the three QC pools were

most similar. However, there is some separation between the WT (green) and RSTE4

(blue) samples along the PC1 axis.
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Figure 20: Principal component analysis of samples submitted for EB
proteomics. WT and RSTE4 quantitative data was analyzed by principal component
analysis for each independent sample measurement. The d ata was first summed to the
expression values and z-socre normalized, then 3 principal components were calculated
for each of the 9 analyses (3 WT EB- green, 3 RSTE4 EB- blue, 3 QC pools- red).

Analysis of the proteome identified 515 non-redundant C. trachomatis proteins
across both WT and RSTE4 EBs. Of these proteins 431 (84%) have two or more
peptides to match, allowing for their quantification. By comparison, our previously
published dataset from Saka et al. identified 485 total proteins and 373 reliably
guantifiable proteins (n = 2 peptides or more) across both EB and RB developmental
forms [188]. The current study represents a 16% increase in the coverage of the EB
proteome.

To independently verify the MS-based quantification, we used immunoblot

analysis on a group of selected proteins (Fig 21). Fold-change was calculated two ways:
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based on the quantification (fmol/ug) of each protein with 2 or more peptides or by

comparing the sum of the peptide intensities for each protein. Either way, fold change is

Immunoblot MS (fmol/ug) FC

WT RSTE4 WT RSTE4 (RSTE4/WT)
GspD 0.37+006 1.32%0.17 3.53
CPAF [ — 15.52£1.29 35.82+6.84 2.31
incG [ 1.27+0.18  1.98+0.26 1.56
HIA . - 4258+4.13 46.02+4.10 1.08
Tap [ 27.33+£218 24.83+1.07 -1.10
COPB e s 24.37 +1.47 16.30+1.03 -1.49

Figure 21: Immunoblot analysis of selected C. trachomatis proteins from
WT and RSTE4 EB lysates. The relative abundance in EBs from WT or RSTE4 for a
subset of Chlamydia proteins was determined by immunoblot analysis and compared
with the mass spectrometry (MS)-based quantification. Fold change is based on protein
guantification; a negative fold change indicates the protein is accumulated in RSTE4
EBs.
represented as the ratio of average RSTE4 protein over the average of WT, or the
inverse reciprocal, such that proteins upregulated in RSTE4 have positive fold-change
and downregulated have negative fold-change. For example, the T2 outer membrane
protein, GspD, was determined via immunoblot with anti-GspD antibodies to be
accumulated in RSTE4 EBs, consistent with the MS data. Another component of the
T2SS, GspG, the major pilin subunit of the pseudopilus, is also increased in abundance
in T2S-defective EBs (Table 8). This perhaps represents a strategy by the bacteria to
upregulate export out of the periplasms in response to the quantity of material present

within. We similarly verified IncG, previously reported to be found mainly within RBs, is

increased in RSTE4 EBs, while the type Il secretion translocator protein CopB is
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decreased in this strain (Fig. 21). Overall, the immunoblot results strongly agreed with

the MS-based analysis.

3.5 Proteome differences between RstE4 and WT bacteria

Of the proteins 92 that display a > 1.5-fold difference between RSTE4 and WT
EBs, only 27 were increased in WT, with 18 having 1 or more peptide to match. Some of
the notable proteins that are upregulated in WT, not including T3S-related proteins are:
proteins involved in translation (CT021/CTL0276, CT436/CTL0695, CT833/CTL0205,
CT752/CTLO121, and CT677/CTL0O046), the histone like protein Hcl, the thioredoxin
TrxA (CT539/CTL0801) and thioredoxin disulfide isomerase DsbH (CT780/CTL0149).
There are many additional proteins and pathways we anticipated might differ between
RSTE4 and WT bacteria. Below is a discussion of some of the more general findings

from the proteomics dataset.

3.5.1 General secretory pathway in RSTE4 bacteria

As mentioned above, the Sec pathway translocates proteins across the inner
membrane in an unfolded state. There are three parts of the Sec system: a membrane
integrated channel, a protein targeting component, and a motor protein. The integral
membrane complex is composed of SecY, SecE, and SecG. Proteins destined to cross
the inner membrane are maintained in an unfolded state after translation through the
actions of a cytoplasmic chaperone SecB. SecB can deliver substrates to the ATPase
SecA, which provides the energy for protein translocation and also acts to target the
protein to the SecYEG channel [253]. It is believed SecD/F maintains the proton motive
force required for efficient protein translocation and prevents the emerging preprotein in

the periplasm from backsliding into the SecYEG channel [254].
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The C. trachomatis genome encodes for SecY (CT510/CTL0772), SecE
(CT321/CTLO573), SecG (CT351a/CTL0606) and a SecDF fusion protein
(CT448/CTLO708a). Additionally, Chlamydia has two SecA homologues:
CT141/CTL0396 and CT701/CTL0O070. As CT141 is significantly shorter in length, it is
likely a SecA fragment and will be noted as SecA2. No SecB homologue has been
identified, however other cytoplasmic chaperones, such as the GroELs
(CT110/CTLO365, CT604/CTL0O867, CT755/CTL0124), may function in its place [150].

Table 3: Proteome differences in the general secretory pathway between
WT and RSTE4 EBs

. Fold Change
434/BU U\év)'(?’/ Gene Name h';gf;;]dei Intensityg

(RSTE4/WT)
CTLO708a CT448 secD/secF 5 2.86
CTLO606 CT351a secG 1 1.11
CTLOO70 CT701 secA 32 1.08
CTLO867 CTe04 groEL2 1 1.07
CTLO772 CT510 secY 3 1.06
CTLO573 CT321 secE 1 -1.09
CTLO365 CT110 groEL 43 -1.28
CTLO396 CT141 secA2 2 -1.96
CTLO124 CT755 groEL3 0 ND*

* No peptides found in dataset, fold change not determined

Of the components within this pathway, only one peptide was found to match for SecG,
SecE, and GroEL2 (Table 3). Intriguingly, SecDF is accumulated in RSTE4 bacteria,
while SecA2 (CT141) is downregulated in RSTE4 EBs. The remaining components are
not significantly changing. Certain Gram-positive organisms also contain two SecA
proteins; in these cases, the smaller homolog (SecA2) is regulated differently and is
used to export a unique, typically reduced, set of proteins [253]. In Chlamydia, SecA2

may be important for translocating certain T2 substrates into the periplasm and bacterial
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sensing of periplasmic contents could change SecA2 levels. Cells infected with Rst17,
which lacks the T2 substrate CPAF, have more SecA2 present at 30hpi [219]. In this
proteomics dataset, downregulation of SecA2 could represent an effort to reduce

transport of specific proteins across the inner membrane.

3.5.2 Stress response proteins do not accumulate in RSTE4 bacteria
Numerous studies have shown disrupting T2S has the potential to alter other
important cellular processes, resulting in oxidative stress and compromised outer
membrane integrity [255]. Similar effects may result in increased stress response
proteins being present in RSTE4 bacteria. In C. trachomatis infected cells, stresses such
as heat shock increase groEL1, groES, and dnaK expression [256-258]. Proteins
responsible for degrading accumulated/misfolded proteins in the periplasm, such as the
periplasmic proteases SohB or HtrA, may also be increased in T2S-deficient bacteria.

Table 4: Stress response proteins do not accumulate in T2S-deficient

bacteria
. Fold Change
434/BU U\c/:v)f/ Gene Name I\F/I)cht;]ies Intensity

(RSTE4/WT)
CTLO650 CT394 hrcA 2 1.42
CTLO755 CT494 sohB 12 1.18
CTLO195 CT823 htrA 31 1.02
CTL0652 CT396 dnaK 42 -1.18
CTLO365 CT110 groEL 43 -1.28
CTLO366 CT111 groES 7 -1.41

Majority of the stress response proteins identified in the dataset are not
significantly changing in RSTE4 EBs. Heath shock of Chlamydia-infected cells leads to
loss of transcriptional repressor (HrcA) binding to the groESL and dnaK promoters [257].

The moderate increase in HrcA protein in RSTE4 bacteria could help explain the slight
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decrease in GroEL, GroES, and DnaK in T2S mutant bacteria (Table 4). HtrA has
protease and chaperone activities in the periplasm and its function increases in
response to heat shock, however it does not change between WT and RSTE4 bacteria
[259-261]. It is unexpected that the loss of the T2SS and increased abundance of
proteins in the periplasm does not result in an increase in stress response proteins or
periplasmic proteases. However, upregulation of other periplasmic chaperones may aid

in stabilizing RSTE4 bacteria by promoting the proper folding of proteins.

3.5.3 Predicted T2SS substrates do not accumulate in RSTE4 EBs
Besides CPAF, we hypothesized that four other proteins could be T2S substrates
and would accumulate in RSTE4 EBs. These proteins, HtrA, Tsp, CT311, and CT795
have been shown to have Sec signal peptides sufficient for translocation into the
bacterial periplasm and are localized outside of the bacteria [157, 158, 261]. In
accordance with two other published proteomic datasets, we did not identify any
peptides matching Tsp/CT441 or CT795 and therefore cannot conclude whether these
proteins are accumulated in RSTE4 EBs [188, 189]. Surprisingly, both CT311 and HtrA
were not accumulated in RSTE4 bacteria (Table 5). There are numerous possibilities

Table 5: HtrA and CT311 are not accumulated in T2S-deficient EBs

. Fold Change
434/BU U\(/:V>'<3/ Gene Name ;Z{)(:t;]dei Intensityg
(RSTE4/WT)
CTL0195 CT823 htrA 31 1.02
CTLO563 CT311 1 -1.11
CTLO164 CT795 0 ND*
CTLO700 CT441 tsp 0 ND*

* No peptides found in dataset, fold change not determined
as to why HtrA and CT311 failed to accumulate in RSTE4 EBs. The proteins may be

accumulated in RBs, but are degraded prior to transition back to EBs. Alternate
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regulation mechanisms may also exist to decrease protein levels in response to
increasing concentrations in the periplasm. Finally, T2S is not the only way out of the
periplasm. Outer membrane vesicles (OMVs) bud off the outer membrane and contain
selective periplasmic content [262].

Membrane vesicles have been observed via electron microscopy to be produced
during Chlamydia infection, however their exact function remains to be determined [263-
265]. OMVs produced by other Gram-negative bacteria have a wide variety of functions;
they can contain proteins that contribute towards pathogenesis or be important for
bacterial survival in response to envelope or oxidative stress [262, 266-268]. Envelope
stress caused by the periplasmic accumulation of misfolded proteins in an E. coli strain
lacking the periplasmic protease/chaperone DegP (AdegP strain), results in a in
increased production of OMVs [267, 269]. An increase in the generation of OMVs is also
seen under conditions of antibiotic exposure in Shigella dysenteriae and P. aeruginosa
[270, 271]. Similarly, exposure of C. trachomatis to ampicillin increases the formation of
OMVs and through TEM analysis these vesicles are found near the inclusion membrane
and in the host cytosol [272]. Isolated C. trachomatis serovar F/Cal-1-13 vesicles contain
the outer membrane protein MOMP, in addition to a predicted phospholipase D protein
CT159, and the putative cytotoxin CT166 [265]. Further investigations are needed to
determine if the abundant periplasmic material in the RSTE4 mutant induces envelope

stress which results in an increase in the production of HtrA or CT311 containing OMVSs.

3.4.4 T2S-dependent differences in the abundance of virulence and
T3S-related proteins

The TEM images of RSTE4 bacteria show a large separation between the IM

and OM due to the increase of electron dense material in the periplasm. We
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hypothesized this membrane disturbance might disrupt other C. trachomatis secretion
systems, including the T3SS. Of the 40 T3S-related proteins identified in the dataset, 30
remained unchanged (fold-change less than 1.49), 3 were decreased in RSTE4 bacteria,
and 7 were increased in RSTE4 EBs. Majority of the structural components of the T3SS
remained unchanged, except for a 1.5-fold decrease of translocator protein CopB in
RSTE4. The other two proteins decreased are the T3S effector CT694/CTL0063 and the
predicted inclusion membrane like protein CT565/CTL0828. Predicted mid to late-cycle
T3 effectors, including CT142 and CT143 are increased RSTE4 bacteria [273]. The
inclusion membrane proteins IncG, CT518/CTL0882, CT223/CTL0476, and
CT147/CTLO402 are also upregulated in RSTE4 EBs. Despite these differences, various
T3 effector proteins, such as Tarp, TepP, and InaC, are still secreted during infection,
and bacterial-derived glycogen is still found in the inclusion lumen, suggesting the T3SS

is functional throughout RSTE4 infection (data not shown).

3.4.4.1 Glycogen biosynthesis proteins

We previously hypothesized the accumulation of glycogen granules in the
RSTE4 mutant was due to the failure of this strain to secrete a glycogen hydrolase [152].
The glycogen biosynthesis enzymes have since been shown to be secreted by the T3SS
[186]. We assessed the protein levels of various enzymes involved in glycogenesis and
glycogenolysis in both RSTE4 and WT bacteria to better understand if these pathways
change in the absence of T2S (Table 6).

No significant changes in the proteins involved in glycogen synthesis or
breakdown were identified between the two strains. While no peptides were identified for
GlgB, consistent with previous proteomic experiments, the glgB transcription peaks early
during infection (3-8 hpi), earlier than other glycogen proteins are expressed and before
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glycogen is detectable in the inclusion lumen [186, 274]. Why this protein is transcribed
and possibly secreted early in infection remains unclear. Additional experiments are
needed to assess if GIgB is expressed and localized within the inclusion during infection
with the T2S-deficient Chlamydia strain, as loss of glycogen branching activities inside
the inclusion lumen results in glycogen granule formation.

Table 6: Proteins involved in glycogenesis and glycogenolysis do
not change between WT and RSTE4 EBs

. Fold Change
434/BU U\(/:V>-(3/ Gene Name szgﬁ]dei Intensityg
(RSTE4/WT)
CTLO167 CT798 glgA 19 1.27
CTL0298 CT042 glgXx 7 -1.38
CTLO500 CT1248 glgP 23 -1.24
CTLO750 CT489 glgC 8 1.04
CTLO806 CT544 uhpC 6 -1.06
CTLO547 CT295 mrsA 13 -1.17
CTL0O245 CT866 glgB 0 ND*

* No peptides found in dataset, fold change not determined

While a T2S substrate may not be directly involved in glycogenesis and
glycogenolysis, substrates may be required for the optimal activity or degradation of Glg
proteins during infection; similar regulation is seen in other Gram-negative bacteria [100,
219]. Failure of a T2 substrate to localize to the inclusion lumen during infection could
result in the misregulation of Glg proteins and the alteration of the properties of

glycogen, leading to the accumulation of granules.

3.5.5 Outer membrane protein levels differ in T2S deficient EBs
Chlamydia attachment to host cells is a two-step process that involves a number
of bacterial and host proteins [233, 275-280]. During the first step, MOMP or OmcB

mediates reversible attachment via heparan sulfate and glycosaminoglycans (GAGs) on
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the host-cell surface [234, 275, 277]. The next, irreversible step, is mediated by species
and host specific adhesin-receptor interactions. The Hegemann group has shown all
nine Pmp proteins (PmpA-I) of C. trachomatis serovar E are mediators of in vitro
adhesion to epithelial cells [281]. Given the defect in host cell attachment, but not entry
(Fig. 17A-B), we hypothesized the outer membrane composition of RSTE4 EBs may
differ from WT EBs.

Table 7: Outer membrane protein differences between RSTE4 and WT EBs

. Fold Change

434/BU U\év)_(?’/ Gene Name ;Z,I[Og;]dei Quantificatigon

(RSTE4/WT)
CTL0272 CTO017 ctadl 9 1.44
CTL0254 CT874 pmpl 27 1.26
CTL0183 CT812 pmpD 40 1.10
CTL0250 CT871 pmpG 46 1.09
CTLO671 CT414 pmpC a7 1.08
CTLO670 CT413 pmpB 60 1.00
CTL0251 CT872 pmpH 39 -1.09
CTLO702 CT443 omcB 62 -1.11
CTL0249 CT870 pmpF 38 -1.15
CTL0248 CT869 pmpE 29 -1.18
CTLO082 CT713 ompB/ MOMP 15 -1.24
CTL0494 CT242 ompH-like 4 -1.61

There were no significant changes in the levels of the Pmp proteins, OmcB, or
MOMP between WT and RSTE4 EBs. However, an additive effect is seen in C.
pneumoniae when recombinant proteins are used to block OmcB and Pmp21 binding
sites [282]. The slight variations trending towards a small decrease in the overall
abundance of Pmps/OmcB/MOMP present within RSTE4 EBs may have an additive
effect, which reduces attachment to host cells. Entry of RSTE4 may not be impacted
because of the increase in CtaD1, which has recently been shown to promote bacterial

invasion [283].
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3.5.6 Accumulated proteins in RSTE4 bacteria have varied functions

Intracellular infection requires the successful interaction with a host cell and
numerous substrates of the T2SS have been shown to aid in this process. To identify
potential candidate substrates in C. trachomatis, we first looked at identified proteins that
accumulate in T2S-defient EBs. Data was log2 transformed for each protein, then p-
values were calculated using a Student’s T-test. T-test values were corrected for multiple
hypothesis testing using Benjamini Hochberg FDR-correction method. A significant p-
value indicates there is low variability between the replicates for each strain and a
significant difference between RSTE4 and WT bacteria. The dataset was then filtered to
identify candidate differentially expressed proteins, by identifying proteins that fit 2 of the
3 following conditions: 2 or more peptides per protein, a p-value <0.05, and an absolute
fold-change >1.5. The fold change calculated using average intensities and quantitation
were both considered. In RSTE4 EBs, 65 proteins have a > 1.5-fold increase in T2-
deficient bacteria compared to WT (Table 8).

To identify patterns among proteins that accumulate in RSTE4 EBs, we placed
the accumulated proteins into functional categories (Fig. 22). The most prominent
category, Chlamydia-specific hypothetical proteins, accounts for 18% of the selected
proteins. Proteins in the cell envelope, those involved in protein folding, assembly, and
modification, along with miscellaneous enzymes and conserved proteins, represent
additional classes of proteins we hypothesize may contain T2S substrates or be
important for the function of the T2SS. Other functional categories that are increased in
RSTE4 bacteria include proteins known to be involved in T3S and proteins involved in
DNA replication, repair, modification, and recombination. However, none of the proteins

in these 2 groups contain predicted Sec-signal peptides (Fig. 22).
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Table 8: Proteins accumlated greater than 1.5 fold in RSTE4 EBs compared to WT EBs

Predicted Fold
434/Bu Gene Name PSisgenf:al I\IZ:fct;Sees \(,;/;O“fl/iagr; \gg RI\/?;—aEn4 RSSTDE4 (\I,r\g—el:lﬂsei?;) WT SD Rl\/ISe-I—aEr_l4 RSSBE4 iﬁtheannsgi]tey P-value

eptide (fmol/ug) (Intensity) (RSTE4/WT)

(Y/N)
CTL0018 recA N 13 5.00 0.34 14.28 1.26 595,640 28,169 1,369,688 72,719 2.30 0.007
CTL0057 parB N 2 0.81 0.16 1.96 0.54 33,971 7,343 79,912 22,696 2.35 0.066
CTLO0071 N 3 3.65 0.07 6.64 0.80 230,393 9,142 405,293 45,072 1.76 0.047
CTLO072 engA N 5 1.02 0.12 3.38 0.22 75,823 8,388 216,515 14,460 2.86 0.012
CTLOO77 N 10 2.54 0.20 5.13 0.23 283,076 9,370 575,177 52,374 2.03 0.026
CTLOO78 mreB N 3 2.39 0.05 3.81 0.51 151,160 4,019 232,943 35,061 1.54 0.105
CTL0093 N 1 NQ NQ NQ NQ 36,455 4,567 55,922 6,392 1.53 0.062
CTL0100 ribD N 2 0.57 0.11 4.23 0.45 24,133 5,003 172,275 18,978 7.14 0.013
CTL0102 Y 7 1.19 0.08 5.89 0.58 98,678 10,133 415,478 40,418 4.21 0.007
CTLO131 murC-murF N 2 0.56 0.02 1.10 0.07 23,736 471 44,914 1,713 1.89 0.009
CTLO132 N 1 NQ NQ NQ NQ 151,459 5,576 236,308 26,151 1.56 0.065
CTLO152 Y 3 0.39 0.04 2.86 0.55 24,754 2,905 174,580 31,820 7.05 0.011
CTLO158 N 2 3.05 0.08 6.02 0.73 128,679 5,548 245,338 28,788 1.91 0.04
CTLO188 glms N 6 5.04 1.48 9.79 0.93 354,493 103,985 683,494 37,327 1.93 0.119
CTL0199 nrdA N 5 1.59 0.08 2.68 0.22 124,868 12,011 212,710 4,456 1.70 0.054
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Predicted Fold
o8y | oneame | signal | SoPe | WTMen | WT | an | RSTEE | TN | wrso | ean | RIIE | Shnte | pae

eptide (fmol/ug) (Intensity) (RSTE4/WT)

(Y/N)
CTL0233 cpa Y 16 15.52 1.29 35.82 6.84 1,475,011 151,807 | 4,105,627 | 395,036 2.78 0.011
CTLO271 N 1 NQ NQ NQ NQ 6,186 3,706 10,638 3,134 1.72 0.393
CTL0272 Ctadl N* 9 6.94 1.19 9.98 0.84 534,195 71,632 847,779 37,090 1.59 0.076
CTL0282 trmD N 1 NQ NQ NQ NQ 576 65 4,373 3,730 7.59 0.133
CTL0290 N 3 1.01 0.02 2.65 0.60 63,569 2,331 162,022 35,722 2.55 0.067
CTLO0297 Y 3 1.04 0.22 3.78 0.89 66,111 15,267 231,163 55,099 3.50 0.029
CTLO307 pls3 N 5 6.29 0.76 10.94 2.29 502,150 63,683 751,501 157,773 1.50 0.158
CTLO0321 nptl N 8 16.77 1.04 25.45 1.61 1,668,834 132,035 | 2,301,218 180,851 1.38 0.047
CTL0322 N 2 1.72 0.46 341 0.86 72,437 19,794 139,379 37,513 1.92 0.106
CTLO331 dnaN N 3 3.27 0.16 5.20 0.45 206,618 8,262 317,821 25,321 1.54 0.031
CTLO373 incG N 2 1.27 0.18 1.98 0.26 53,525 8,055 80,453 9,877 1.50 0.078
CTL0398 N 6 7.77 0.50 11.17 2.08 838,715 55,955 1,253,268 | 160,069 1.49 0.071
CTLO0400 pknl N 2 5.42 0.32 8.55 141 392,416 36,353 583,567 83,680 1.49 0.082
CTL0402 N 7 0.63 0.01 2.03 0.09 26,693 584 82,822 5,777 3.10 0.013
CTLO0408 N 30 124 0.03 3.45 1.04 108,701 4,329 284,424 51,520 2.62 0.052
CTLO0476 N 3 2.05 0.65 3.79 0.42 129,929 43,109 231,960 31,270 1.79 0.183
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Predicted Fold
o8y | oneame | signal | SoPe | WTMen | WT | an | RSTEE | TN | wrso | ean | RIIE | Shnte | pae

eptide (fmol/ug) (Intensity) (RSTE4/WT)

(Y/N)
CTLO505 Y 1 NQ NQ NQ NQ 103,224 10,461 278,835 26,636 2.70 0.011
CTLO521 murk N 1 NQ NQ NQ NQ 7,582 750 38,633 1,363 5.10 0.012
CTLO525 N 1 NQ NQ NQ NQ 17,012 3,244 28,977 1,705 1.70 0.083
CTLO0526 N 1 NQ NQ NQ NQ 28,695 1,276 54,727 3,022 191 0.009
CTLO0527 dnaA2 N 3 0.42 0.08 161 0.10 26,693 5,377 98,510 8,370 3.69 0.027
CTLO0542 N 3 1.25 0.06 2.35 0.20 79,198 4,285 143,876 15,434 1.82 0.029
CTLO562 atpE N 4 7.04 2.02 11.40 3.48 445,497 127,200 701,398 232,046 1.57 0.267
CTLO583 XseA N 2 0.75 0.07 2.19 0.55 31,788 3,168 89,209 22,322 2.81 0.065
CTL0609 N 1 NQ NQ NQ NQ 8,712 1,793 59,742 6,578 6.86 0.013
CTLO0615 dapA N 3 1.85 0.06 3.22 0.47 117,202 5,345 197,012 28,380 1.68 0.068
CTL0623 aroB N 1 NQ NQ NQ NQ 48,062 3,352 100,797 22,061 2.10 0.074
CTLO0625 Y 2 1.50 0.43 7.48 3.16 63,521 19,342 306,881 137,248 4.83 0.052
CTLO644 N 3 3.60 0.26 5.60 1.15 227,126 16,475 342,170 69,447 151 0.135
CTLO659 IpxK N 1 NQ NQ NQ NQ 9,892 1,019 29,171 4,579 2.95 0.016
CTL0660 yjfH N 3 9.53 0.93 21.44 3.95 602,217 58,331 1,307,945 | 221,300 217 0.043
CTL0663 nrdR N 1 NQ NQ NQ NQ 18,230 2,453 48,787 5,417 2.68 0.015
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Predicted Fold
o8y | oneame | signal | SoPe | WTMen | WT | an | RSTEE | TN | wrso | ean | RIIE | Shnte | pae

eptide (fmol/ug) (Intensity) (RSTE4/WT)

(Y/N)
CTLO685 N 1 NQ NQ NQ NQ 10,455 1,896 26,113 4,860 2.50 0.035
CTLO708a secD/secF N 5 1.05 0.16 341 0.76 88,556 9,964 253,586 58,942 2.86 0.055
CTLO730 recO N 1 NQ NQ NQ NQ 23,793 2,203 167,132 78,798 7.02 0.084
CTLO731 N* 1 NQ NQ NQ NQ 304 176 2,334 1,128 7.68 0.057
CTLO737 Y 1 NQ NQ NQ NQ 23,889 5,864 95,898 22,010 4.01 0.026
CTLO797 yCiA N 1 NQ NQ NQ NQ 634 418 1,164 241 1.84 0.368
CTLO803 mip Y 17 25.03 1.04 37.17 1.22 2,312,386 66,213 3,374,981 103,514 1.46 0.009
CTLO809 Y 2 3.54 0.23 5.38 1.03 149,135 9,664 219,156 40,786 1.47 0.135
CTLO0832 gspG N* 2 3.06 0.25 5.47 0.31 128,898 9,781 222,868 11,376 1.73 0.015
CTLO0835 gspD N 2 0.37 0.06 1.32 0.17 15,770 2,820 53,763 7,250 341 0.015
CTL0845 minD N 6 3.50 0.43 7.76 0.91 317,015 19,833 642,968 23,100 2.03 0.011
CTLO863 pal Y 4 12.15 9.32 27.22 4.73 796,184 599,131 1,727,083 | 318,171 2.17 0.241
CTLO877 folP N 6 1.79 0.12 7.80 0.25 154,134 7,944 670,648 36,409 4.35 0.002
CTL0882 N 3 1.12 0.16 2.01 0.18 70,851 11,379 123,019 11,066 1.74 0.065
CTLO0883 N 7 4.29 0.25 6.65 0.42 407,433 33,049 615,400 45,927 151 0.029
CTL0891 N 4 1.03 0.07 3.13 0.40 66,096 3,942 195,338 20,191 2.96 0.012
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Predicted Fold

Sec . RSTE4 RSTE4

; Peptide | WT Mean | WT RSTE4 | WT Mean RSTE4 Change }
434/Bu Gene Name Slgnal Matches | (fmolfug) | SD Mean SD (Intensity) WT SD Mean SD intensity P-value

Peptide (fmol/ug) (Intensity)
(RSTE4/WT)

(YIN)
pL2-03 pORF3/pCT1 17 13.08 1.19 15.56 0.96 1,079,417 77,659 1,662,256 | 148,367 154 0.031
pL2-08 1 NQ NQ NQ NQ 78,802 7,252 189,477 33,766 2.40 0.035

NQ: Not quantified -- only one peptide was found to match
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Figure 22: Functional grouping of proteins accumulated in RSTE4 EBs.
Based on the mass spectrometry analysis, proteins accumulated greater than 1.5-fold in
RSTE4 EBs were classified into functional categories. The presence of a predicted
signal peptide, as determined by SignalP, was assessed for each accumulated protein;
the number of proteins within a group with a predicted signal sequence is indicated by
the gray bar. The most abundant functional group, Chlamydia-specific hypothetical

proteins, also contains the largest proportion of proteins predicted to translocate to the
bacterial periplasm.

3.6 Identifying candidate substrates of the type Il secretion
system

In Chlamydia, proteins secreted by the T2SS are first transported across the
inner membrane using the Sec translocase system. Cleavable signal peptides present at
the amino-terminal end of T2S substrates allow for targeting to Sec machinery [39].
Computational prediction programs, such as SignalP, identify potential Sec signal
sequences [284]. The neural networks behind SignalP generate three different output
scores (C-score, Y-score, and S-score) for every position in the input sequence. The C-
score helps to distinguish between signal peptide cleavage sites and everything else; the
C-max is trained to be highest at the first residue of the mature protein. The S-score

differentiates positions within the signal peptide from proteins without signal peptides
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and from positions in the mature protein. The Y-score combines the information from the

S-score and C-score to predict the cleavage site; the Y-score is the highest immediately

after the cleavage site. The final discrimination score (D) uses the Smean and Ymax

scores to discriminate signal peptides from non-signal peptides [42, 43, 284]. Using

SignalP v3.0, we identified over 60 proteins within the C. trachomatis proteome

predicted to contain Sec signal peptides (Table 9).

Table 9: C. trachomatis proteins predicted to contain Sec sighal peptides

using SignhalP v3.0

434/BU CMAX POS YMAX POS SMAX POS SMEAN D  SIGNAL
PEPTIDE
CTLO0015 0.469 24 0.494 24 0.759 3 0.591 0.53 Y
CTLOO016 0.498 23 0.442 23 0.653 2 0.467 0.451 Y
CTLO0023 0.468 26 0.476 26 0.57 22 0.461 0.47 Y
CTLO050 0674 23 0792 23 0978 12 0937 0861 Y
CTLO082 0486 27 0645 27 095 17 0866 0.749 Y
CTLO102 0.64 25 0.715 25 0.911 8 0.841 0.775 Y
CTL0103 0262 30 0461 28 096 11 0885  0.66 Y
CTLO110 049 21 0624 21 0875 11 0753 0672 Y
CTLO0149 0.618 23 0.715 23 0.935 3 0.864 0.785 Y
CTLO152 0.683 34 0.716 34 0.93 16 0.771 0.742 Y
CTLO163 0.491 23 0.69 23 0.987 20 0.957 0.815 Y
CTLO164 0.341 22 0.507 22 0.904 9 0.803 0.646 Y
CTLO175 0.403 36 0.544 36 0.957 33 0.47 0.509 Y
CTLO0183 0.456 31 0.597 31 0.917 29 0.675 0.633 Y
CTLO195 0159 17 037 17 0905 4 0865 0.603 Y
CTL0233 0.334 24 0.413 24 0.9 1 0.616 0.508 Y
CTLO248 0554 19 0569 19 0784 1 06 0584 Y
CTL0249 0553 26 0653 26 0907 8 0818 0.73 Y
CTLO250 0.339 28 0464 28 0855 3 0715 0582 Y
CTLO251 0232 25 0448 25 096 20 0852 0.638 Y
CTL0254 0.21 25 0.392 25 0.85 19 0.745 0.558 Y
CTLO0297 0.295 23 0.412 23 0.812 2 0.628 0.514 Y
CTLO0323 0.225 34 0.396 34 0.949 23 0.82 0.595 Y
CTLO0329 0.581 20 0.732 20 0.966 18 0.909 0.815 Y
CTLO0333 0.264 25 0.458 22 0.906 17 0.828 0.632 Y
CTLO0339 0.351 34 0.446 34 0.965 17 0.787 0.606 Y
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434/BU | CMAX POS YMAX POS SMAX POS SMEAN D  SIGNAL
PEPTIDE
CTL0404 0788 19 0854 19 0945 18 0916 0883 Y
CTLO427 0206 28 0327 28 0849 3 0631 047 Y
CTL0433 0329 27 0448 27 09 14 0746 0588 Y
CTL0450 0201 26 0375 23 0932 15 0841 059 Y
CTL0493 0486 27 0662 27 0965 21 0908 0.778 Y
CTL0494 0836 20 0.887 20 0973 10 0938 00911 Y
CTLO505 023 24 0442 24 0971 11 0892 0.654 Y
CTLO536 0507 24 0656 24 0949 13 0883 0.763 Y
CTLO563 0.369 23 0492 23 0891 11 0744 061 Y
CTLO604 042 19 0555 19 0921 17 0746 0.645 Y
CTL0625 0482 19 0619 19 089 15 0773 0.692 Y
CTL0636 0.161 23 0374 23 0957 5 0902 0.622 Y
CTLO645 0507 25 0647 25 0932 19 0824 073 Y
CTLO670 019 22 0382 12 0931 4 0887 0619 Y
CTLO671 0269 21 0461 21 0906 1 0816 0.628 Y
CTLO672 0362 19 0499 19 0807 14 0657 0573 Y
CTLO674 0265 22 0397 22 0712 14 056  0.457 Y
CTLO700 0439 22 0596 22 093 18 085 0715 Y
CTLO703 0163 21 0368 21 0927 1 0857 0598 Y
CTLO704 0203 22 0329 22 0863 1 061  0.461 Y
CTLO714 0231 20 0381 20 0749 11 0628  0.497 Y
CTLO725 0.164 22 035 18 0904 14 0858  0.589 Y
CTLO737 0532 19 0685 19 0943 18 0873 0.773 Y
CTL0803 0452 31 0325 20 0889 1 0828 0561 Y
CTLO809 0638 21 0742 21 0954 17 086  0.797 Y
CTL0813 0809 26 0.836 26 0983 11 0909 087 Y
CTLO814 042 24 0591 24 0957 12 0855 0715 Y
CTL0822 0354 22 0573 22 0964 18 0936 0.744 Y
CTL0825 0.808 22 0.891 22 0992 13 0958 0.922 Y
CTL0829 0369 22 0472 22 0847 3 0686 0572 Y
CTL0836 0456 31 0441 31 0807 11 0567 05 Y
CTL0859 0.324 22 0455 22 0827 17 0651  0.547 Y
CTL0862 0497 25 0619 25 0941 2 0804 0.706 Y
CTL0863 0244 23 0437 23 0945 3 0844 0628 Y
CTLO864 0672 21 0721 21 0846 17 0749 0.734 Y
CTLO868 0588 21 0544 21 0647 18 0527 0537 Y
CTLO887 0.472 26 0652 26 0973 15 0907 0.772 Y
CTLO019 0163 22 0273 20 069 1 0491 0354 N*
CTLOO61 0.197 22 0244 22 0399 18 0296 0.263 N*
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434/BU | CMAX POS YMAX POS SMAX POS SMEAN D  SIGNAL
PEPTIDE
CTLO069 017 24 04175 17 0443 1 0234 0.197 N*
CTLO083 023 19 0239 19 0341 17 0242 024 N*
CTLO113 0154 24 0215 24 0396 22 0264 0233 N*
CTLO114 015 63 014 11 0312 1 0185 0.156 N*
CTLO128 0.472 29 0275 29 0611 18 0467 0.346 N
CTLO129 0305 27 0261 27 037 12 027 0.264 N*
CTLO156 0224 28 017 28 0298 4 0172 0171 N*
CTLO189 0198 24 0272 24 053 18 039 0318 N*
CTL0226 0124 18 0222 18 0485 16 038 028 N*
CTL0227 0194 25 0193 25 0265 4 02 019 N*
CTL0232 0112 21 0142 11 033 1 019 0.6 N*
CTL0262 0198 23 029 23 0588 1 0448 0.364 N*
CTLO272 0162 17 0259 13 062 9 047  0.358 N
CTLO328 0128 31 0429 31 02 19 0118 0.125 N*
CTLO369 0288 18 0.293 18 0474 13 0299  0.296 N*
CTL0394 042 22 0206 22 0512 5 0395 0276 N*
CTL0435 0.128 27 0232 18 0602 9 0474 0.346 N
CTL0456 0129 27 017 11 0414 1 028 0211 N*
CTLO503 0451 27 024 11 0723 2 0577 0.364 N*
CTLO508 0222 27 019 27 0307 34 0178 0.186 N*
CTLO509 0206 30 0174 30 0205 23 015  0.165 N*
CTLO515 0233 15 0299 15 0505 8 0369 0.332 N*
CTL0520 0358 50 0405 50 0657 45 0262 0.352 N*
CTL0523 0141 25 0237 25 0641 2 0421 0.305 N*
CTLOS55 0211 48 0257 48 0418 30 0229 0.247 N*
CTLO556 0.202 24 0256 24 0407 25 0312 0277 N*
CTLO605 0143 22 0257 22 0733 1 0514 0378 N*
CTLO606 0.186 26 0186 26 0317 25 0147 0.171 N*
CTLO609 0261 25 028 25 0434 21 0325 0.29 N
CTLO614 0228 24 0238 24 0615 5 0371 0287 N*
CTLO617 042 42 0189 20 0404 19 0306 0.244 N*
CTLO647 0124 29 0236 11 0686 1 0567 0.358 N*
CTLO658 0.131 29 0113 11 0157 3 0133 0.121 N*
CTLO665 0191 40 0166 11 049 1 0256 0.2 N*
CTL0682 0227 24 0269 24 0435 20 0251 0262 N*
CTLO721 0136 26 0163 17 0395 1 0251 0.19 N*
CTLO731 0301 28 0346 28 0505 27 0322 0337 N*
CTLO741 0212 26 0181 26 0235 20 0148 0.168 N*
CTLO754 0.188 19 0242 19 0606 15 0328 0.283 N
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434/BU CMAX POS YMAX POS SMAX POS SMEAN D SIGNAL

PEPTIDE
CTLO755 0.171 40 0229 11 0628 9 055  0.348 N*
CTLO757 0.103 21 0167 11 0414 2 028  0.209 N*
CTLO758 0.117 26 0.108 46 0146 25 0094 0.103 N*
CTLO796 0.197 19 0307 19 0608 17 0447  0.359 N
CTLO808 0.132 18 0146 18 0279 1 0179 0.158 N*
CTL0810 019 20 0289 20 0615 3 0475 0.358 N
CTL0815 0.143 30 0164 11 0388 2 0266 0212 N*
CTL0832 0353 17 025 17 0257 16 0183 0.225 N*
CTL0843 0.173 44 0216 11 053 7 0485 0316 N*
CTL0852 0483 35 0311 35 0393 3 0196 0.269 N*

*Signal peptide predicted using eukaryotes organism group, but not Gram-negative
organism group; bold indicates cleavage site correlation between C-score and Y-score

Using this information, we narrowed the list of proteins accumulated in RSTE4
EBs to those we predicted contain signal peptides to generate a list of T2S candidate
proteins (Figure 22, Table 9). Below is a summary of any previous studies or
bioinformatical analyses available that may lend insight into the potential functions of
some of the proteins on the list of T2S candidate substrates.

CTLO0102/ CT733: Predicted to be a putative lipoprotein with C-terminal region

resembling known peroxidases and catalases. Previous studies in C. trachomatis
identified CT733 in a screen for antibody-inducing antigens using sera from C.
trachomatis infected patients [285].

Table 10: T2S candidate stubstrates

434/Bu UW-  Gene Peptide Fold Fold P- PhoA
3/CX Name Matches Change Change @ value Assay
intensity  pg/fmol Results*
(RSTE4/  (RSTE4/
WT) WT)
CTL0102 CT733 7 4.21 4.95 0.007 +
CTLO152 CT783 3 7.05 7.31 0.011 +
CTL0233 CT858 cpa 16 2.78 2.31 0.011 +
CTLO272 CTO0l17 ctadl 9 1.59 1.44 0.076 +
CTLO297 CT041 3 3.50 3.62 0.029 +
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CTLO505 CT253 1 2.70 ND 0.011 +
CTLO609 CT355 1 6.86 ND 0.013 +
CTLO625 CT371 2 4.83 4.98 0.052 +
CTLO731 CT471 1 7.68 ND 0.057 +
CTLO737 CT476 1 4.01 ND 0.026 +
CTLO803 CT541 mip 17 1.46 1.50 0.009 +
CTLO809  CT547 2 1.47 1.52 0.135 ND
CTL0863 CT600 pal 4 2.17 2.24 0.241 +

ND: not determined
* representative images of colonies in figure 22

CTLO0152/ CT783: Predicted to encode a periplasmic disulfide bond isomerase that is

known to be expressed at mid-late stages of infection [274]. Second most accumulated
in protein in RSTE4 EBs. CTL0149, a reducing disulfide oxidoreductase with only weak
isomerase activity [286], is decreased by 1.8-fold in RSTE4 EBs.

CTL0272/ Ctadl: Recently identified as a C. trachomatis adhesion and invasion; binds to

integrin B1 subunit using two N-terminal bacterial SH3 domains [283].

CTL0297/ CT041: Predicted SpollD domain from AA123-218. SpolID is a cell wall

hydrolase necessary for sporulation and endospore formation in Bacillus subtilis; it

degrades the glycan strands of the peptidoglycan into disaccharide units [287].

CTL0609/ CT355: PSI-Blast shows similarity to peptidyl-prolyl-isomerases and SurA
domain containing proteins; possible periplasmic chaperone.

CTL0625/ CT371: May belong to an operon that contains the coding sequences required

for several of the chorsimate biosynthesis enzymes. Possible flavin reductase.

CTL0803/ CT541: Mip or machophage infectivity potentiator is a well conserved,

surface-associated lipoprotein that has peptidylproline cis—trans-isomerase (PPlase)
activity [288-292]. Its localization to the surface has been described in both C.
trachomatis (EBs) and L.pneumophila [100, 293, 294]. L. pneumophila strains containing
mutations in Mip had a 40-70% reduction in T2S-dependent phospholipase C activity
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[100]. It remains unclear if Mip acts on the T2SS or the exoprotein to promote PLC
activity.

CTLO0863/ CT600: Peptidoglycan associated lipoprotein (Pal) is an outer membrane

anchored protein that faces the periplasm but has subpopulations that are present on
the bacterial surface [295]. In C. trachomatis, the Tol-Pal system consists of
tolQ/tolR/CT598/tolB/pal/CT601/CT602, which are likely in an operon. This system has
been suggested to maintain the integrity and stability of the outer membrane and be
important for cell division. However, Pal is released into the blood from the bacterial
surface in both an infected wound model of monomicrobial sepsis in rats and in a
polymicrobial sepsis model in mice [296]. The only other protein from this system
present in the proteomics dataset is TolB, whose levels do not change between WT and
RSTE4 EBs.

The information from Signal P suggests the signal peptide is cleaved between
AA22 and AA23, however Pal identified in the Chlamydia outer membrane complex
(COMC) fractions of EB contains highly conserved cysteine AA22 and serine AA23
residues that are typically lipidated prior to outer membrane insertion [231]. It is likely

that the cleavage site is instead between AA 20 and AA21.

3.6.1 Using an alkaline phosphatase secretion assay to assess if
predicted Chlamydia Sec signhal sequences can drive secretion in E.
coli

To assess if the signal sequences of the T2S candidate substrates are sufficient
for translocation into the bacterial periplasm, we used an E. coli based phoA gene fusion
system. PhoA is an alkaline phosphatase that in the reducing environment of the
bacterial cytosol is inactive. However, upon translocation to the oxidizing environment of

the periplasm, this protein becomes active and can act on the chromogenic substrate
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BCIP, turning the bacteria blue [157, 158, 163, 297]. We fused the N-terminal region
containing the predicted signal sequences of the candidate substrates to the C-terminus
of PhoA lacking the necessary signal peptide. The PhoA fusion constructs were
transformed into an E. coli strain (KS272) from which phoA has been deleted. The N-
terminal region of the T3 substrate, CTL0O063 (CT694), functions as a negative control.
Of the candidate C. trachomatis T2S substrates tested, 11 possessed signal peptides

sufficient for periplasmic translocation of PhoA in E. coli (Table 10, Fig. 22,23).

KS272 CTLO063
(APhoA) (CT694)

T2S Candidate Proteins

CPAF

@ cTLo731
“CTLMSZ ‘ _- CTLO609 CTLO737
' CTLO803

CTLO863

@)

Figure 23: Putative N-terminal signal peptides of T2S candidate substrates
are sufficient for translocation of PhoA into the bacterial periplasm. Constructs
were made by fusing the predicted signal sequences from the indicated proteins to a
truncated PhoA that lacks the signal sequence, followed by transformation into an E. coli
strain lacking endogenous PhoA. Transformed bacteria were incubated on agar plates
containing BCIP. Signal sequences sufficient for Sec mediated PhoA translocation into
the bacterial periplasm will result in blue colonies.

3.7 Localization of T2S candidate substrates during infection
We next assessed the localization of candidate substrates during infection in
various C. trachomatis strains. The C. trachomatis strains used for localization analyses
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are: L2 (WT), RSTE4, RSTE4PCsPE, M380 (glgB null mutant), M540 (glgA G309S mutant)
and a plasmidless strain L2 25667R, referred to as L2R. The CTL2 mutant strain
containing a nonsense mutation in glgB (M380) controls for any impact on localization
caused by glycogen granules within inclusion. The L2 25667R strain is a clinical L2
isolate that lacks the 7.5 Kb plasmid [194]. We have shown this strain, as comparted to
WT, has a 2-fold or 10-fold reduction in the amount of glycogen during infection in Hela
Cas 9 or Gys1KO cells, respectively (Fig. 16B). Finally, in our library of C. trachomatis
mutants, a strain that contains a mutation in GIgA at amino acid 309 was isolated and
characterized to produce up to 2.5-fold less glycogen during infection (Fig. 16B).

We hypothesized a substrate of the T2SS would be localized outside of the
bacteria during infection with WT or RSTE4PCSPE strains, but would remain associated
with the bacteria in the T2S-mutant. Our collaborator, Dr. Guangming Zhong, raised
polyclonal mouse antibodies against most proteins from C. trachomatis Serovar D,
including T2S candidate effector proteins. Antibodies were validated by expressing
recombinant C. trachomatis His-tagged proteins in E. coli (data not shown). Based on
the immunoblot validation analyses, six antibodies were used for further

immunofluorescence studies.

3.7.1 CT017/Ctadl and CT783 localize to C. trachomatis in infected
cells

Using the antibodies described above, the location of CT017/Ctadl and CT783
during infection was assessed (Fig. 24). While recent studies suggest Ctadl is an
adhesion and invasion factor localized to the cell surface [283], some surface associated
outer membrane proteins in other bacteria require the T2SS for proper localization [138].

CTO017/Ctadl was not seen to localize outside of the bacteria after infection with wild
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type, T2S mutant or glycogen-deficient strains. However, this does not mean Ctadl
localization is not dependent on T2S; immunofluorescence is not the ideal assay to
discriminate between OM or periplasmic localization. The localization of the C.
trachomatis protein Mip to the EB surface was determined using EB surface biotinylation
or surface immunoprecipitation techniques [231, 293].

CTLO0152/ CT783, the second most accumulated protein in RSTE4 EBs, also did
not localize outside of the bacteria during infection with any of the C. trachomatis strains
tested; the signal detected from CTL0152/ CT783 always overlaps with the bacterial
marker Slcl, a T3S chaperone (Fig. 24). This study suggests CT783 is not secreted by
the T2SS. Nonetheless, it may still play a role in secretion of other substrates. In
Pseudomonas, Vibrio, E. coli, and Klebsiella, disulfide-bond formation is required for the
folding, secretion, or activity of T2 substrates [81, 83, 86, 298]. | propose CT783 is
functioning as a chaperone to ensure the proper folding of T2S substrates, and its
increase in RSTE4 bacteria is a result of substrates accumulating in the periplasm. The
construction of CT783 mutant strains using the TargeTron system or the use of the
CTL2 mutant library, which contains three strains with predicted non-neutral amino acid
substitutions in CT783, will be useful for future investigations to explore this hypothesis

[172].

3.7.2 C. trachomatis proteins localize to glycogen during infection
A subset of T2S candidate substrates we analyzed localized to glycogen
granules that accumulate in RSTE4 infected cells (white arrows, Fig. 25). This
localization is not specific to RSTE4, as the substrates were also converged near
granules during infections with M380 (glgB mutant). For each of these four proteins,

CT041, CT355, CT600/Pal, and CT733, Z-stacks were generated. By incrementally
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RSTE4 RSTE4rCseE

cTo17

M380 (g/gB null)

M540 (glgA G308S)

CT783

Figure 24: CT783 and CT017 localize prominently to the bacteria during C.
trachomatis infection. HelLa cells were infected with the indicated strains at an MOI=1
for 48 h and substrate localization visualized using immunoflourescence with specific
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antibodies. The insets are the single channels for the substrate only. Tested putative
T2S substrate-red; DNA-blue; Chlamydia-green.

moving through the focal plane, we were able to determine the localization of the
candidate substrate and the bacteria; this ensured candidate protein localization to the
granule was not due to an increase in the concentration of bacteria present around the
granule (data not shown).

During WT and RSTE4P®sPE infections, CT041 does not co-localize with bacteria
and is found near the edges of the inclusion. In contrast, inside the inclusion CT355 and
CT600/Pal appear to aggregate into large and small clusters, respectively, but show little
association with bacteria during infection. However, bacteria are seen to contain CT355
during RSTE4 infection, consistent with the greater than 6-fold increase in EBs isolated
from this stain (Table 10). CT733 localizes to both the bacteria and various sized
aggregates inside the inclusion in WT and RSTE4P®sPE infected cells.

During infection with WT Chlamydia, CT355, CT600, and CT733 display areas of
extra-bacterial substrate clustering within the inclusion lumen (yellow arrows, Fig. 26).
To a lesser extent this accumulation can be seen in cells infected with RSTE*PCsPE
bacteria. We hypothesized substrates localize to glycogen during infection and are
drawn towards granules because of the large quantity of glycogen present. To
investigate our hypothesis, we infected cells with two C. trachomatis strains (L2R and
M540) that produce less glycogen during infection (Fig. 16B).

The localization of CT041 within infected cells does not change in response to
glycogen levels within the inclusion lumen. Intriguingly, the aggregation of CT355,
CT600, and CT733 in the inclusion lumen during WT infection is not seen during
infection with either the plasmidless L2R or glgA M540 mutant strain; instead the signal

appears to be dispersed throughout the inclusion. This implies the localization of a
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CT041

CT355

CT600

CT733

Figure 25: A subset of proteins are localized to glycogen granules during
infection with RSTE4 or glgB C. trachomatis mutants. HelLa cells were infected with
the indicated strains at an MOI=1 for 48 h and substrate localization visualized using
immunoflourescence with specific antibodies. Glycogen granules present within RSTE4
and glgB mutant infected cells are indicated with white arrows. The insets are the single
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channels for the substrate only. Tested T2S candidate substrate-red; DNA-blue;
Chlamydia-green.

subset of proteins differs under conditions where varying amount of glycogen are
present within the inclusion lumen (Fig. 26). We hypothesize glycogen plays a role to

ensure the proper localization of these proteins during C. trachomatis infection.

3.7.3 CPAF expression levels are responsive to glycogen

The potential link between glycogen metabolism and the regulation of secreted
proteins correlates with observations our group and others have made regarding CPAF
expression levels in the L2R strain (Fig. 27A, bottom row) [191]. Using high-density
microarrays, the Caldwell laboratory identified differentially expresses genes at 24hpi in
L2 and L2R infected McCoy cells. The transcript levels of cpa were increased 2-fold in
the plasmidless strain [191]. The increase in cpa transcript correlates to a rise in CPAF
protein levels during L2R infection (Fig. 27C). This increase appears as early as 12hpi
(Fig. 27C). Additionally, immunofluorescence experiments showed enhanced CPAF
protein present in the host cytosol of L2R infected cells (Fig. 27A).

As multiple chromosomal genes are regulated by the plasmid, we assessed the
contribution of glycogen to the increase in CPAF protein expression by immunoblot and
immunofluorescence analyses during infection with the glgA M540 mutant strain (Fig.
27A-B). We found CPAF protein levels are increased in cells infected with M540, further

supporting the connection between T2S and glycogen metabolism.

3.8 C. trachomatis lytic exit is dependent on glycogen
Our work has shown mutations in the T2SS of C. trachomatis delay lytic exit from
host cell (Fig. 17C). Work by Yang and colleagues implicates both the Chlamydia

plasmid and CPAF in the regulation of lytic exit [299]. We wanted to evaluate the
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M540 (glgA G309S)

CTOA1

CT355

CT600

CT733

Figure 26: Localization of CT733, CT600, and CT355 within the inclusion is

dependent on the presence of glycogen. . HelLa cells were infected with the indicated
strains at an MOI=1 for 48 h and substrate localization visualized using

immunoflourescence with specific antibodies. Aggregates present within the inclusion
lumen of WT infected cells are indicated with yellow arrows. The insets are the single
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channels for the substrate only. Tested candidate T2S substrate-red; DNA-blue;
Chlamydia-green.
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Figure 27: CPAF expression is increased in strains with reduced levels of
glycogen. A) Hela cells were infected with L2, L2R, or the glgA mutant M540 for 36
hours. Cells were stained with anti-MOMP (red), anti-CPAF (green), or Hoechst for DNA
(blue). Images were taken using the exact same exposure/ acquisition settings on a
Leica SP5 confocal microscope. B) Immunoblot analysis of CPAF protein harvested from
cells infected at an MOI=1 for 24 or 48 hours. Compared to WT (L2) infection, more
processed CPAF is present during infection with the L2R and M540 strains. C) Time
course of infection with L2 and L2R strains showing an increase in CPAF protein levels
in the plasmidless strain (starting at 12hpi), despite similar levels of the bacterial control
MOMP.
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contribution of glycogen to this process. We tested the ability of L2R and M540 mutants
to exit the host cell by monitoring infected monolayers for lysis (Fig. 28). Analogous to
observations by Yang et al., cells infected with L2R did not begin to lyse until after 80
hpi, with lysis of majority of cells by 120 hpi (Fig. 28, top panel). Infection with the M540
mutant paralleled observations with L2R, demonstrating glycogen synthesis and/or the
accumulation of glycogen in the inclusion lumen plays a role in the regulation of lytic exit

(Fig. 28, bottom panel).

L2R

M540

Figure 28: Glcogen synthesis regulates lytic exit. HeLa cells were infected
with the specified strains and lysis of infected monolayers was monitored at the indicated
times. Infection with the glgA mutant, M540, delayed lytic exit from the host cell.

3.9 Discussion

In this work we describe a mutation in GspE, the T2S ATPase of C. trachomatis,
that impacts attachment to host cells, intracellular growth, the properties of glycogen,
and bacterial exit. While we do not know how the G425E mutation influences GspE
structure or function, partial rescue of these phenotypes can be accomplished by
expressing full length GspE in the RSTE4 background. In complemented cells, individual
GspE hexamer complexes may be composed of solely WT or mutant GspE or there may
be a mixture of the two types of protein in each hexamer [300]. We postulate in either
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scenario efficiency of secretion is reduced, resulting in partial complementation.

One of the more intriguing phenotypes of the RSTE4 mutant is the accumulation
of glycogen granules within the inclusion lumen. When this observation was first made,
we hypothesized a T2-dependent glycogen hydrolase failed to be secreted during
RSTEA4 infection [152]. Work by Gehre and colleagues supports secretion of GIgA, GlgB,
GlgX, GlgP, and MrsA into the inclusion lumen via the T3SS, not T2 [186]. However,
other studies suggest an interplay between the T2 and T3 secretion systems occurs in
Chlamydia. Previous work in our laboratory implicates CPAF in the cleavage of early T3
effectors including CTO005, IncC, and IncD [301]. Recent studies using the Rst5 (CPAF+)
and Rst17 (CPAF-) strains further identified 7 midcycle T3S effectors that were lower in
abundance in Rst5 infected lysates [219]. Additionally, the T2 and T3 secretion systems
interact in other pathogens. In Xanthomonas campestris pv vesicatoria (Xcv) the T2SS
promotes translocation of T3 effectors. The authors speculate degradative T2 enzymes
may facilitate the assembly of extracellular components of the T3SS during infection in
leaves [90]. We propose a T2S-dependent protein promotes the activity of one of the
enzymes in the glycogen biosynthesis pathway. Loss of function of GIgB results in the
aggregation of insoluble linear glycogen [152]; a similar phenotype would result during
RSTEA4 infection if a T2S substrate cannot act on GIgP or GlgB. However, we cannot
rule out the possibility that the expression or translocation of GlgB is altered during
RSTE4 infection, resulting in the accumulation of granules.

Due to glycogen granules co-purifying with EBs during the gradient purification
process, we identified proteins associated with glycogen granules in our RSTE4
proteomics dataset (data not shown). CT355 accumulates within RSTE4 bacteria and

near glycogen granules during infection (Fig. 25). However, CT041, CT600, and CT733
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only localize to granules, not the bacteria. These proteins may not be secreted by the
T2SS; localization to the inclusion lumen could occur via OMVs. T2S and OMVs are not
mutually exclusive; studies in V. cholerae have shown certain T2S substrates are also
present in OMVs [302-304]. OMVs carry periplasmic proteins, membrane proteins, and
even nonprotein molecules such as LPS and RNA, away from the bacteria [129, 262,
302, 303, 305, 306]. Additionally, OMVs increase when misfolded proteins accumulate in
the periplasm [267]. Future studies are needed to assess OMV production and their
contents RSTE4 infected cells.

The function of glycogen within the inclusion during Chlamydia infection is
complex. One possibility is that glycogen inside the inclusion serves as an energy
source for EBs during late stages of infection. This hypothesis is supported by very early
work from Gordon and Quan that visualized glycogen within the vacuole of numerous
Chlamydia isolates, including a C. trachomatis LGV strain [307]. Using iodine staining
they observed relatively few iodine positive inclusions in infected McCoy cells after 4
days of infection. However, there is no quantification at these very late timepoints and it
is noted at earlier timepoints there is variation in the depth of iodine staining. Gehre et al.
propose the presence of glycogen degrading enzymes GlgX and GlgP, along with MrsA,
within the inclusion aids in the generation of free GIc6P, which suggests glycogen is
broken down in the inclusion. Additionally, glycogen storage in the inclusion lumen, as
opposed to Glc1P or Glc6P storage, allows for maintenance of the osmotic pressure
within the inclusion [186].

Glycogen may also contribute to bacterial survival after the inclusion leaves the
host cell. C. trachomatis exits the host cell via two distinct pathways: lysis and extrusion

[200]. During extrusion, a host-membrane encased compartment containing the
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inclusion is pinched off, leaving the host cell intact [308]. Extrusions were recently
observed to enhance the extracellular survival of Chlamydia; 74% of extrusion-derived
EBs were viable 4 hours post extrusion compared to 40% of free EBs [309]. Within this
transient extracellular niche, glycogen may be an important nutrient source that helps to
maintain EB infectivity. Inclusions fated to escape the host via extrusion may need to
accumulate more glycogen and could explain the variability of glycogen positive
inclusions observed by Gordon and Quan at late stages of infection.

While glycogen may function as a nutrient source to EBs late during infection, it
first begins to appear in the inclusion lumen 16-20 hpi, when the bacteria a
predominantly RBs [186]. Our work shows there’s a defined set of secreted proteins that
associate with this polymer during infection and suggests glycogen functions in
regulating proteins secreted into the inclusion lumen. Future studies will focus on how
these secreted proteins, presumably in complexes with glycogen, contribute to

regulating the interactions between Chlamydia and its host.

3.10 Materials and Methods

3.10.1 Reagents

Reagents were obtained from the following sources: rabbit anti-Chlamydia
MOMP (K. Fields, U. of Kentucky), rabbit anti-Slc1 (Valdivia lab), mouse anti-CT017,
anti-CT041, anti-CT355, anti-CT600, anti-CT733, and anti-CT783 (G. Zhong, U. of
Texas Health and Science Center), mouse anti-LPS (GeneTex), mouse anti-EGFP
monoclonal antibody (Clontech), rabbit anti-RpoB/C (M. Tan, UC Irvine), mouse anti-myc
(Cell Signaling), rabbit anti-myc (Cell Signaling), anti-IncG (Valdivia Lab), rabbit anti-
Tarp, rabbit anti-HtrA (W. Houston, University of Technology Sydney) anti-Gys1 (Cell

Signaling), rabbit anti-CPAF (Valdivia lab), Alexa Fluor 555-conjugated anti-mouse,
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Alexa Fluor 488-conjugated anti-rabbit, Alexa Fluor 633-conjugated anti-mouse, Hoescht
33258 (Invitrogen), FluorSave Reagent (Calbiochem), Bodipy TR C5 Ceramide
(BODIPY TR), BCIP (Sigma), DC Protein Assay (BioRad), and Glycogen Assay Kit

(Sigma-Aldrich).

3.9.2 Cell Culture and Chlamydia Infections

Cell culture and infections were performed as described in chapter 2, section
2.8.2, with the exception that A2EN cells were maintained in Keratinocyte-SFM
supplemented with epidermal growth factor 1-53 and Bovine Pituitary Extract
(ThermoFisher). The L2 strain lacking the plasmid, L2 25667R, was first isolated by the
de la Maza laboratory [194]. Aside from the expansion of bacteria for elementary body

purification, no cycloheximide was use in any of these experiments.

3.9.3 Identification of LGV-L2 mutant strains

Identification. LGV-L2 strain containing the null allele W222* in glgB (CTL0245)
and the SNV G309S in glgA (CTL0167) were initially identified by whole genome
sequencing of a collection of ethyl methyl sulfonate (EMS)-mutagenized and plaque-
purified C. trachomatis LVG-L2 434/Bu strains (generated as previously described [152,
172]. Strain CTL2-M380 harboring the glgB W222* allele and strain CTL2-M540
harboring the glgA G309S allele were identified from two independent pools of 20
mutants by Sanger sequencing of each locus. Each strain was harvested from infected
Vero cells grown in a 6-well cell culture plate by hypotonic lysis of host cells with 800 pl
of dH»0 per well (for 20 minutes) followed by addition of 200 ul of 5X sucrose-
phosphate-glutamate (SPG) buffer (0.22 M sucrose, 0.01 M potassium phosphate, 0.005

M L-glutamic acid, pH 7.0).
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3.9.4 Western blot analyses

Western blot analyses were performed as described in chapter 2, section 2.8.6.

3.9.5 Bacterial growth assays

Vero cells were seeded onto 96 well plates (15,000 cells/well) and 24 h later
were infected with each one of the strains analyzed (six biological replicates per time-
point) with an MOI~0.6. For determining input IFUs, a separate set of wells was infected
in identical conditions. For the calculation of input IFUs, cells infected for 24 hours were
fixed with 100% Methanol (EMD Millipore) for 10 minutes on ice and stained with anti-
LGV-L2 sera followed by Alexafluor-conjugated secondary antibodies (Invitrogen Life
Technologies, Carlsbad, California, USA). Images were acquired in a Zeiss Axioskop 2
upright epifluorescence microscope, at least 5 different fields per replicate. Inclusions
were counted by fluorescent microscopy. Input IFUs were very similar among the
different strains. Harvesting of output IFUs was done at 48 hpi, as previously described
(Nguyen and Valdivia, 2011), aliquoted and saved at -80C until IFU analysis. Output
IFUs obtained were calculated by infecting serial dilutions of harvested seeds in Vero
cells seeded onto 96 well plates. After 24-30 hpi, cells were fixed, stained, and counted
(as previously indicated). To determine the infectious progeny generated per bacterium,
total number of infected progeny released (output) was divided by the total number of

infectious particles in the first sample (input).

3.9.6 Microscopy

Indirect immunofluorescence. HelLa cells were grown on glass coverslips and
infected at the indicated MOI. Cells were fixed with 3% formaldehyde/0.025%
glutaraldehyde in phosphate-buffered saline (PBS) for 20 min and permeabilized with

0.2% Triton X-100. After blocking with 5% bovine serum albumin (BSA)-PBS, cells were
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stained with specific antibodies followed by Alexa-conjugated secondary antibodies
((Invitrogen Life Technologies, Carlsbad, California, USA) at room temperature. Host
and bacterial DNA were stained with 1 yM Hoechst in PBS (Invitrogen). Infected cells
were imaged with a Zeiss Axioscope epifluorescence microscope and Axiovision v3.0
software or Leica DMI6000CS inverted confocal microscope and Leica LAS AF v2.6
software.

Periodic Acid Schiff stain. Formaldehyde/glutaraldehyde fixed infected cells were
washed twice in 70% ethanol, followed by incubation in 1% periodic acid (Sigma) at
room temperature. Cells were washed with 70% ethanol and stained with 0.5% basic
fuchsin (Sigma). After three washes in 70% ethanol, cells were prepared for
immunofluorescence staining.

Transmission electron microscopy. Infected cells were fixed with 2.5%
glutaraldehyde/ 0.05%malachite green (EMS) in 0.1Msodium cacodylate buffer (pH 6.8)
and then post-fixed with the following stains: 0.5% osmium tetroxide/0.8% potassium
ferricyanide in 0.1M sodiumcacodylate; 1%tannicacid; and 1%uranyl acetate. Samples
were dehydrated with graded amounts of ethanol and embedded in Spur resin. Ultrathin
sections were processed, poststained with uranyl acetate and lead citrate, and imaged

on a Tecnai G2 Twin microscope (FEI).

3.9.7 Attachment and Entry Assays

Attachment. 0.2e® A2EN cells grown on coverslips in a 24 well plate were
infected at an MOI of 50 with purified EBs. Infections were allowed to rock at 24°C for 1
hour. Following infection, cells were washed 3x PBS to ensure removal of non-

specifically bound bacteria prior to fixation and staining with anti-MOMP antibodies.
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Bacterial attached to all cells within a minimum of 5 fields, 3 biological replicates were
counted.

Entry. Cells were grown and infected exactly as in the attachment assay, but
were incubated for 1 hr at 3°7C in an atmosphere containing 5% CO- prior to fixation.
Following fixation, cells were incubated in blocking solution for 20 min, stained with
mouse anti-LPS antibodies to identify external bacteria, and then washed 3x with PBS.
Cells were then permeabilized, blocked, and stained with rabbit anti-MOMP before
incubation with Alexa secondary antibodies (goat anti-mouse AlexaFluor 488, goat anti-
rabbit AlexaFluor 555). Total bacteria attached to and internalized into each cell within

the field was counted for a minimum of 5 fields, 3 biological replicates.

3.9.8 Quantification of Exit

0.2e6 Hela cells were seeded and infected MOI of 1. At various timepoints post
infection, cells monolayers were imaged and the supernatant removed. To determine
recoverable IFUs, supernatants were spun at 10,000g, 15 min, 4°C to pellet the bacteria
and resuspended in 50 p 1x SPG. IFUs were enumerated in a similar manner to the
bacterial growth assays: infection with serial dilutions in 96 well plates of confluent Vero
cell monolayers. At 24hpi, cells were fixed and stained with antii-Slc1 antibodies. The
number of inclusions per well was calculated and used to enumerate the total IFUs in the

50ul of resuspended supernatant.

3.9.9 Preparation of C. trachomatis Total Protein Extracts

To prepare total protein extracts for LC/LC-MS/MS, EBs were suspended in lysis
buffer (20 mM Tris-HCI pH 8.0, 5 mM EDTA, 50 mM NacCl, 15 mM DTT, 0.06 mM 2-
Mercaptoethanol, 1 mM Na3VvVO4, 50 mM NaF, 100 mM NH4HCO3, 0.5% RapiGest SF

Surfactant [Waters Corp., Milford, Maryland, USA] in 100 mM NH4HCOQO?3), briefly
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sonicated on ice, heated at 65°C for 10 min and then boiled for 5 min in water. Lysates
were centrifuged at 25 000 g (10 min, 4°C) to remove insoluble debris and supernatants
were stored at -80°C. The Duke Proteomics Core Facility (DPCF) received 6 samples,
three elementary body (EB) preparations each from two strains of C. trachomatis, RifR
and RSTEA4. Protein yield was between 47 and 62 ug for all samples, determined using a
mini-Bradford assay (BioRad). 30 ug from each was pipetted out for digestion and
protein concentration was normalized to approximately 0.5 ug/uL using 0.5% Rapigest in
50 mM AmBic, then samples were reduced with 10 mM DTT at 80C for 15 min and
alkylated with 60 mM iodoacetamide at room temperature in the dark for 30 min (it is
necessary to overalkylate because lysis buffer already contains 15 mM DTT). Samples
were then subjected to trypsin digestion overnight at 37°C at an enzyme to protein ratio
(w/w) of 1:50. After digestion, all samples were acidified to 1% TFA/2% ACN and heated
to 60C for 2 hours to hydrolyze Rapigest, spun at 15000 rpm to isolate the soluble
supernatant, then taken to dryness in a speed vac. Samples were resuspended at 1
ug/uL in 200 mM Ammonium Formate (pH 10) in a buffer containing 25 fmol/uL
ADH1_YEAST (MassPrep, Waters) as a surrogate standard. A QC Pool, containing 4 uL
from each sample, was generated to use for column conditioning and technical

reproducibility assessment.

3.9.10 LC-MC Data Collection

Quantitative two-dimensional liquid chromatography — tandem mass
spectrometry (LC/LC-MS/MS) was performed on 5 ug of protein digest per sample in
singlicate, and the pool was analyzed in triplicate with 5 ug injections (once each at
beginning, middle, and end of the queue). The method uses two-dimensional liquid

chromatography in a high-low pH reversed phase/reversed phase configuration on a
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nanoAcquity UPLC system (Waters Corp) coupled to a Synapt G2 HDMS high resolution
accurate mass tandem mass spectrometer (Waters Corp.) with nanoelectrospray
ionization in a manner similar to previously described [1-3]. Peptides were first trapped
at 2 yl/min at 97/3 v/v water/MeCN in 20 mM ammonium formate (pH 10) on a 5 ym
XBridge BEH130 C18 300 um x 50 mm column (Waters). A series of step-elutions of
MeCN at 2 ul/min was used to elute peptides from the 1st dimension column. Ten steps
of 7.4%, 10.8%, 12.6%, 14.0%, 15.3%, 16.7%, 18.3%, 20.4%, 23.5% and 50.0% MeCN
were utilized for the unbiased analyses; these percentages were optimized to deliver an
approximately equal load to the 2nd dimension column for each fraction. For 2nd
dimension separation, the eluent from the 1st dimension was first diluted 10-fold online
with 99.8/0.1/0.1 v/v/v water/MeCN/formic acid and trapped on a 5 ym Symmetry C18
180 um x 20 mm trapping column (Waters). The 2nd dimension separations were
performed on a 1.7 ym Acquity BEH130 C18 75 ym x 150 mm column (Waters) using a
linear gradient of 7 to 35% MeCN with 0.1% formic acid over 37 min, at a flow rate of 0.5
MI/min and column temperature of 35 °C. Data collection on the Synapt G2 mass
spectrometer was performed in ion-mobility assisted data-independent acquisition
(HDMSE) mode, using 0.6 second alternating cycle time between low (6V) and high (27-
50V) collision energy (CE) in the transfer region after the ion mobility cell. Scans
performed at low CE measure peptide accurate mass and intensity (abundance), while
scans at elevated CE allow for qualitative identification of the resulting peptide fragments
via database searching. The pool was also injected once by DDA data acquisition at the
beginning of the run queue for column conditioning and supplemental qualitative-only
peptide identifications. The total analysis cycle time for each sample injection was

approximately 10 hours.
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3.9.11 LC-MS Data Processing and Protein Quantification

Samples were run in an order to minimize batch effect (QC pool, RifR1, GspE1,
RifR2, QC pool, GspE2, RifR3, GspE3, QC Pool). Following the 10 analyses, data were
imported into Rosetta Elucidator v3.3 (Rosetta Biosoftware, Inc), and all LC/LC-MS runs
were aligned based on the accurate mass and retention time of detected ions
(“features”) using PeakTeller algorithm (Elucidator). The relative peptide abundance was
calculated based on area-under-the-curve (AUC) of aligned features across all runs. The
overall dataset had over 942,000 quantified features, and high collision energy (peptide
fragment) data was collected as 283,638 spectra for sequencing by database searching.
This MS/MS data was searched against a custom database containing NCBI ref seq
CT434/Bu sequences appended to SwissProt entries with homo sapiens taxonomy
which also contains a reversed-sequence “decoy” database for false positive rate
determination as well as several proteins used as surrogate standards (database is
available at
https://discovery.genome.duke.edu/express/resources/3640/Chl_CT434_sp_hum_Mix1_
rev_011714.fasta). ProteinLynx Global Server v2.5.2 (PLGS) was utilized to produce
fragment ion spectra from the ion-mobility MSE runs, and to perform the database
searches. Included in the database searches were variable modifications on M
(oxidation) and N/Q (deamidation). After individual peptide scoring using PeptideProphet
algorithm (Elucidator), the data was annotated at a 1% peptide false discovery rate. This
analysis yielded identifications for 7,046 peptides and 1,246 proteins across all samples.
For quantitative processing, the data was first curated to contain only high quality
peptides with appropriate chromatographic peak shape, peptide quantities across all ten

LC/LC fractions were summed, and the dataset was intensity scaled to the robust mean
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across all samples analyzed. the final quantitative dataset for the dataset was based on
6,917 peptides and contains 1,237 proteins (774 proteins contained at least 2 unique
peptides). Fold-change was calculated as the ratio of average WT intensities over
average of RSTE4 intensities, or the inverse reciprocal. Data was log2 transformed for
each protein, then p-values were calculated using a Student’s T-test. T-test values were
corrected for multiple hypothesis testing using Benjamini Hochberg FDR-correction
method. Protein quantification was performed exactly as previously described [188].
Proteins with only one peptide to match were eliminated from the quantitative analysis.
Next, based on the historic response factor of the instrument utilized (2050 400 counts
fmol-1, n = 117) we calculated the fmol of each protein in the sample. Using each
protein’s molecular weight from the database, this fmol quantity was converted to
nanograms, and by summing these values for each analysis we calculate the total ng in
each sample. Finally, to calculate the species-specific protein expression for each
sample, the fmol value for each protein was divided by the ng sum for only the species
of interest, and scaled by 1000 to yield fmol pg-1. Data was log2 transformed for each
protein, then p-values were calculated using a Student’s T-test. T-test values were
corrected for multiple hypothesis testing using Benjamini Hochberg FDR-correction

method.

3.9.12 Sec Signal Prediction and Assessment

Signal P v3.0 analysis. The first 70AA of each protein in the C. trachomatis
L2/434/Bu genome (entry TC00645 at www.genome.jp, RS: NC_010287) was placed in
multi-FASTA format to facilitate analysis though SignalP v3.0 using the following

settings: Gram-negative bacteria, short output format, sensitive D-cutoff values, and no
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graphics [284]. SignalP v3.0 was used as v4.1 did not recognize the signal sequence
present in CPAF (CTL0233).

PhoA assay. The E. coli phoA gene without the signal peptide region (AA1-21)
was inserted into the EcoRI/Kpnl sites of pFLAG-CTC (Sigma) to create the recombinant
plasmid pFLAG-PhoAnoss that has a FLAG tag at the C-terminus. Predicted signal
sequences from candidate effector proteins were PCR amplified from L2 gDNA,
digested, and cloned into the Ndel/Hindlll sites. Finished constructs were transformed
into KS272 E. coli strain (A(laclPOZY)X74 galE galK thi rpsL AphoA) that lacks
endogenous phoA. This strain is streptomycin resistant. Transformed constructs were
grown overnight in liquid culture at 37°C and plated the next day onto LB agar plates
containing 50ug/ml BCIP. Plates were incubated for 24 hours at 30°C prior to

assessment of color.

3.9.13 Glycogen Quantification Assays

Glycogen quantification assay was performed per manufacturer’s instruction.
Briefly, HeLa Cas9 or Gys1 cells were seeded in a 6-well plate until confluency and
mock-infected or infected at an MOI=1 for 40 hours. All samples were done in duplicate
with technical triplicates. At 40hpi, cells were washed with cold ultra-pure water twice
and harvested in 100pl cold ultra-pure water prior to being flash frozen in liquid nitrogen.
Flash freezing prevents glycogen breakdown while all samples are collected. Samples
are then boiled for 5 minutes and centrifuged at 4°C, 13,000g, for 5 min. 80pl is removed
from each tube and aliquoted for the glycogen quantification assay and the DC protein
assay. 4ul of sample was used for each assay. Total ug of glycogen present within the

well was normalized to pg of total protein.
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4. Future Perspectives

4.1 The path forward with CPAF

In this work, we describe and establish tools that can be widely used to define
the mechanisms by which CPAF contributes to Chlamydia pathogenesis, namely the
Rst5 (CPAF+), Rstl7 (CPAF-) and CTL2 cpa:cat strains. However, questions endure as
to how CPAF accesses the host cytosol and why its described activity appears to be
constrained to the inclusion lumen, despite immunofluorescence evidence from multiple
groups (using different antibodies) suggesting it is present in the host cytosol by 16-24
hpi.
4.1.1 Using Rst5 and Rst17 to define the function of CPAF during C.
trachomatis infection

Since the publication of this work, the Rst5 (CPAF+) and Rst17 (CPAF-) strains
have been made available to numerous groups for further investigation of the role of
CPAF during C. trachomatis infection. Using these strains, the Zhong laboratory
provided further support for the importance of CPAF in Chlamydia pathogenesis using a
genital tract mouse infection model [123]. In this model, CPAF promotes survival in the
lower genital tract of mice, however when both Rst5 and Rst17 are inoculated directly
into the upper genital tract, no significant difference in bacterial shedding is observed
[123].

CPAF activity also represents a mechanism by which Chlamydia can regulate the
T3SS and T3 effector proteins. Patton and colleagues infected HelLa cells with both Rst5
and Rst17 prior to harvesting cells in hot SDS buffer, conditions we have shown
inactivate CPAF [219]. Proteomic analysis revealed both human and C. trachomatis
proteins differ in abundance during infection with these two strains. Both components
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and chaperones of the T3SS (CT860, CT579, CT665, CT667, and CT860), along with
midcycle T3 effector proteins (CT620, CT621, CT711, and CT847) were lower in
abundance during Rst5 infections, suggesting CPAF-dependent degradation [219].
However, it is not known if this effect is a direct or indirect consequence of the loss of
CPAF.

When host proteins were analyzed, Patton et al. observed only 6 proteins were
reduced in abundance during WT infection. Expectedly, they did not see cleavage of
vimentin; this analysis was performed at 30hpi and we have shown vimentin cleavage
occurs after inclusion rupture (Fig.12 ). While our data suggests CPAF is not involved in
dampening an already activated NFkB response, their studies suggest CPAF plays an
indirect role in blocking the initial nuclear translocation of p65 [219]. This study
represents only a snapshot of CPAF’s involvement during infection. It is possible at other
timepoints different sets of host and bacterial proteins would be identified.

Through experiments with the Rst5 and Rst17 mutant strains, CPAF has also
been implicated to play a role in the regulation of Iytic exit [299] and in the induction of

multinucleation during infection [310].

4.2 The C. trachomatis type Il secretion system

Many questions remain about the T2SS and its substrates in Chlamydia, but also
in other Gram-negative bacteria. To date, no “T2S signal” has been defined, although
proteomic approaches have made impressive advancements in identifying a breadth of
substrates. As knowledge expands and more secreted proteins are recognized,
structural similarities may come to light. Additionally, numerous secreted proteins remain
uncharacterized and further studies may reveal involvement of the T2SS in novel

pathogenic activities.
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4.2.1 |dentifying components of the T2SS

Although we know C. trachomatis has an active T2SS, some of the components
required for its function are still unknown. The signal peptidases LepB and LspA may be
responsible for the function of the prepilin peptidase, GspO. However, other structural
components that cannot identified from homology searches of the C. trachomatis
genome include GspM and GspL, the latter of which is known to directly interact with the
N1 domain of GspE. Without this interaction, ATP hydrolysis is not coupled to the inner
membrane platform and the required conformational changes in the T2SS to extend the
pseudopilus do not occur.

Among a library of ~1,000 fully sequenced, C. trachomatis mutants, | isolated a
set of mutant strains with lesions in gspCDEF, along with CT567. However, T2S
remained functional in each of these strains, as assessed by CPAF localization (data not
shown). Additionally, no T2S genes were identified by screening 24,000 plaques of EMS
mutagenized C. trachomatis strains for the glycogen accumulation phenotype (data not
shown). A more promising strategy to identify and verify T2S components is to express
tagged variants in C. trachomatis, followed by immunoprecipitation and mass

spectrometry approaches to identify interacting partners.

4.2.2 ldentifying novel effector proteins

One class of substrates unlikely to be identified in our approach are surface-
associated T2S proteins. If OM associated proteins do not detach from the surface of
WT bacteria, there may not appear to be a difference in abundance between WT and
RSTE4 EBs. In Shewanella oneidensis, surface membrane proteins were identified by
using a membrane-impermeable chemical probe followed by 160O/*80 labeling. Enriched

proteins were then quantified using the accurate mass and time tag approach. Using this
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method, the dependence of 4 surface associated proteins on T2S was confirmed [311].
A modified approach could be used in C. trachomatis WT and RSTE4 strains to identify
this class of T2S proteins.

Further investigations are also needed into the T2S candidate substrates
identified in this work. The localization of 6 candidates during C. trachomatis infection
was not determined and the subcellular localization of Ctadl (periplasm vs surface) in
RSTE4 bacteria remains to be elucidated. Additionally, tagged variants of CT041,
CT355, CT600, and CT733 should be expressed in WT and RSTE4 strains to confirm
their localization. A similar approach can be taken to identify the localization of CT795,
Tsp, and CT311.

A question remains as to whether substrates are physically associated with
glycogen. Establishing protocols for the purification of glycogen granules may help to
answer these questions. Alternatively, the human protein phosphatase 1 (PP1) contains
a glycogen-binding domain [312]. Whether this domain can be incorporated into a
protocol to isolate glycogen, and therefore its associated proteins, remains to be seen.

An interesting set of experiments surrounds OMV purification during infection
with RSTE4 mutants. A protocol has already been described for purification of
membrane vesicles in C. trachomatis [265], although their approach adds ampicillin as a
stressor to promote vesicle production. Given the state of the RSTE4 periplasm,
ampicillin may not be needed to increase vesiculation. | hypothesize CT041, CT733, and

CT600 are contained within OMVSs.

4.2.3 Investigating the role of glycogen during C. trachomatis
infection

The regulation of secreted proteins by glycogen is intriguing, especially
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considering previous work indicates changing glucose concentrations during infection,
and by proxy glycogen levels, does not alter glycogen metabolism gene expression
[313]. Careful studies examining the impact of changing glycogen levels on CPAF
transcript and protein expression need to be done; this can be accomplished by varying
the glucose concentrations of cell culture media. Many substrates of the T2SS are
important for nutrient acquisition and low glucose levels correspond with lower levels of
glycogen. An increase in CPAF production may be a response to limited nutrients (ie
glucose) present within the inclusion. If this is the case, an exacerbation of the growth
defect of CPAF-deficient strains may occur when limited glucose is available during
infection.

During infection, the microbiota present in the vaginal tract will interact with
Chlamydia. Certain species of normal vaginal flora are known to have protective
functions against infection, including Lactobacillus species [314-316]. In particular, L.
crispatus has a strong inhibitory effect on Chlamydia infectivity in vitro [317]. Glucose
depletion may represent a mechanism by which this inhibition occurs, as addition of
glucose to L. crispatus supernatants leads to a significant increase in the infectivity of C.
trachomatis [317]. In an in vivo setting, increased glucose consumption by L. crispatus
could impact the growth of Chlamydia by decreasing this energy source; glucose
fermentation by Lactobacilli would also create an unfavorable environment as
fermentation leads to the formation of lactic acid. In these conditions, and increase in
CPAF production may promote C. trachomatis infection by degrading or modifying
factors that constitute danger signals to be sensed by immune cells (HMGB1, anti-
microbial peptides, secreted bacterial effectors, ect), modifying physical barriers that limit

bacterial dispersal, or by a yet unknown mechanism that affects the growth of normal
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vaginal microbiota. Additionally, studies suggest CPAF promotes survival in the lower
genital tract of mice, where majority of the vaginal flora resides; the upper genital tract is
a more sterile environment where CPAF has been shown to not be essential for survival
[123].

Overall, we have identified that CPAF activity is largely contained within the
inclusion lumen until late stages of infection, used quantitative proteomics to identify
proteins that accumulate in a C. trachomatis T2S-mutant strain, and proposed a new

function for glycogen within the inclusion lumen.
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