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Recent bioinformatic analyses identified an operon encoding a potential Type |
Secretion System (T1SS) in Treponema pallidum that we hypothesize functions to export
key treponemal virulence factors that may contribute to the unique invasiveness and
pathogenesis of this spirochete. The membrane fusion protein component (MFP) of T1SSs
in other organisms has been shown to play a role in substrate recognition. Hence, the
objective of this project is to use the putative MFP, Tp0965, of the potential T. pallidum
T1SS to investigate protein-protein interactions with the T. pallidum virulence factor
pallilysin (Tp0751) and assess the possibility of the latter being a T1SS substrate.
Moreover, protein-protein interactions between Tp0965 and a Treponema phagedenis
lysate are investigated with the goal of identifying putative T1SS substrates in this
spirochete that could result in the discovery of novel T. pallidum virulence factors via
amino acid sequence similarity.

Plate-based binding studies and pull-down assays showed a low level of interaction
between recombinant Tp0965 and the previously characterized host-component-binding
protease, pallilysin, suggesting that the export of this virulence factor could occur via the
putative T1SS.

Additionally, bioinformatic analyses of the related but cultivable model spirochete

T. phagedenis predicted the presence of a potential T1SS homologous to the putative T1SS



\Y%
in T. pallidum. Thus, a more global and unbiased pull-down assay using “bait” Tp0965 and

a “prey” T. phagedenis lysate was carried out, followed by mass spectrometric analysis to
identify putative novel T1SS substrates with potential homologs in T. pallidum. We
successfully identified a T. phagedenis protein, TphBlg, that showed evidence of an
interaction with Tp0965. TphBIg seems to possess characteristics of a T1SS substrate
suggesting it may be secreted via this system in T. phagedenis. Upon bioinformatic
analysis, it was found that TphBIlg showed weak amino acid sequence similarity as well as
some structural similarity to the T. pallidum protein, Tp0854.

Tp0854 is predicted to contain a sialidase and a phosphatase domain with an RTX
motif, which is characteristic of some T1SS substrates. Thus, it was hypothesized that if
Tp0854 had characteristics of a T1SS, it may interact with Tp0965. Therefore, the
phosphatase domain containing the RTX motif was produced recombinantly and plate-
based binding studies indeed suggested an interaction with Tp0965, confirming the
in silico-predicted interaction.

Future experiments to characterize the potential T1SS and substrates in T. pallidum
could comprise the functional and structural characterization of the novel putative T1SS
substrate, Tp0854. This would include assays to investigate the putative sialidase and
phosphatase activities of Tp0854, as well as the identification of Tp0854-Tp0965
interacting sites. Moreover, as a more definite test for T1SS substrate secretion, T. pallidum
pallilysin and/or Tp0854 could be expressed heterologously in an E. coli strain harbouring
an endogenous T1SS and test for secretion. Similarly, the reconstitution of the T. pallidum
putative T1SS in liposomes could be used to further investigate the secretion of pallilysin

and/or Tp0854 via this system.



v
Additionally, the optimized unbiased pull-down technique could be further applied to

detect more protein-protein interactions within T. pallidum and potentially lead to the
identification of more virulence factors that may be secreted via the T1SS.

These studies constitute the first investigation of a putative T1SS and substrates
within T. pallidum. Thus, insight gained will lead to a better understanding of the
mechanisms facilitating T. pallidum host invasion and may reveal new potential vaccine

targets to prevent bacterial dissemination and chronic infection.
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Chapter 1: Introduction
1.1 Syphilis

1.1.1 Syphilis; a modern “old” infectious disease

Syphilis was first recognized in the 15th century in Europe as a devastating,
painful and repulsive disease that burdened society; it was known that its causative agent
was able to invade the whole human body, was resistant to medical treatment, easily spread
and extremely torturous to the patient (Frith, 2012). Today, this ancestral disease remains
a public health threat, with estimates of 12 million new cases per year globally, despite the
availability of effective antibiotic treatment since the last years of World War Il (World
Health Organization, 2015).

Syphilis can be transmitted sexually, via direct contact with an infectious lesion
resulting from either the primary or secondary stages of syphilis, or vertically from a
pregnant woman to her fetus in utero, which leads to fetal loss or congenital syphilis in the
newborn (LaFond and Lukehart, 2006). Indeed, syphilis is currently the most significant
disease affecting fetuses worldwide, with 305,000 fetal and neonatal deaths every year, as
well as 215,000 infants left at an increased risk of death from prematurity, low-birth-weight
or congenital disease (World Health Organization, 2015).

Furthermore, there is evidence of complex interactions between syphilis and
human immunodeficiency virus (HIV) infections, indicating a greater risk of transmission
and acquisition of HIV infection after syphilis infection (Hook, 1989; Nusbaum et al.,
2004). Peterman et al. showed that the risk of subsequent HIV infection was 3.6% higher

in the first year after syphilis diagnosis, and reached 17.5% ten years after syphilis
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diagnosis in Florida (Peterman et al., 2014). Additionally, previous studies have suggested

that individuals with syphilis are three to five times more likely to acquire HIV if exposed
to the virus via sexual contact (Buchacz et al., 2004; Wasserheit, 1992).

The global incidence of syphilis and its close relation to HIV, in addition to the
current epidemic of syphilis, not only in developing countries, but also in the United States
of America, Canada and Europe, strongly suggest the need for the development of an
effective vaccine as a preventative measure to reduce both syphilis, congenital syphilis and
HIV rates (Brown and Frank, 2003; Cameron and Lukehart, 2014; Ho and Lukehart, 2011).
However, successful vaccine development depends on the identification of target virulence
factors and vaccine candidates, hence highlighting the need to better understand the

molecular mechanisms underlining syphilis infection.

1.1.2 Syphilis is a multi-stage disease

Syphilis is a multi-stage disease with characteristic sequelae, as shown in Figure
1A, resulting from infection with the spirochete Treponema pallidum (depicted in Figure
1B). Initial localized T. pallidum infection leads to bacterial replication in situ, along with
bacterial dissemination via the circulatory system and throughout host body organs, tissues
and even the central nervous system (CNS). Indeed, it has been shown that T. pallidum is
so invasive and infectious that only ten organisms or less are sufficient for infection in
rabbits and humans, when inoculated intradermally (Magnuson et al., 1948). Furthermore,
studies in the early 20™ century showed that organisms could be detected in the dermis of
rabbits only 2-3 hours following T. pallidum exposure, indicating a fast traversion of the

genital mucosa (Mahoney and Bryant, 1933).
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Approximately 3-6 weeks after infection, the patient enters primary syphilis,

during which regional lymphadenopathy occurs and a painless chancre appears at the site
of infection. This stage can be easily missed since the characteristic chancre, shown in
Figure 1C, can remain unnoticed and local clearance of T. pallidum results in spontaneous
healing and resolution of the lesion within 3-8 weeks, even in the absence of treatment
(Radolf and Lukehart, 2006).

The following stage, secondary syphilis, in which T. pallidum reaches systemic
levels, occurs within three months of infection and is characterized by generalized
lymphadenopathy and a disseminated rash, most commonly on the trunk and extremities,
including the patient’s palms of their hands and soles of their feet, as shown in Figure 1D.
Upon healing of the disseminated rash, patients enter a latent syphilis stage and up to 25%
of individuals show a single or multiple recurrences of secondary syphilis symptoms.

Following the latent stage of syphilis, up to 28% of untreated patients enter tertiary
syphilis, whereas approximately 72% show no further complications. During tertiary
syphilis, several organs are affected leading to clinical manifestations that include gumma,
shown in Figure 1E, cardiovascular syphilis, as well as late neurological complications that
characterize neurosyphilis, and can occur years or even decades after initial infection with
T. pallidum (LaFond and Lukehart, 2006). It is important to note that even though
neurological complications are generally associated with tertiary syphilis, T. pallidum is
able to disseminate to the CNS shortly after infection and therefore patients with early

syphilis can develop such symptoms as well (Lukehart et al., 1988).
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Figure 1. Diagram of the syphilis sequelae.

(A) The multiple stages of untreated syphilis (LaFond and Lukehart, 2006); (B) picture
of T. pallidum, the spirochete that causes syphilis (French, 2007); (C) penile chancre,
characteristic of primary syphilis (French, 2007); (D) disseminated lesions characteristic
of secondary syphilis (Baughn and Musher, 2005); (E) gumma on the leg of a patient
with tertiary syphilis (Carlson et al., 2011). Printed with permission.



1.2 Treponema pallidum spp. pallidum
1.2.1 Morphology of Treponema pallidum spp. pallidum

The causative agent of syphilis, Treponema pallidum spp. pallidum, is a highly
invasive Gram-negative-like spirochete of approximately 0.2 um in diameter and between
6 and 15 um in length, with unique characteristics and an unusual architecture that make it
challenging to study its pathogenesis (Izard et al., 2009; LaFond and Lukehart, 2006). The
invasiveness of T. pallidum is well shown in Figure 2A, where a single T. pallidum
bacterium can be seen moving in between rabbit testicular tissue after infection. Indeed,
this spirochete is one of the most invasive pathogens known, being able to cross both the
blood-brain and placental barriers (LaFond and Lukehart, 2006; Lukehart et al., 1988;
Norris et al., 2001). Like all spirochetes, T. pallidum possesses corkscrew motility due to
the presence of endoflagella, which are flagellar structures located within the periplasmic
space, and like typical Gram-negative bacteria, it has both a cytoplasmic (inner) membrane
(IM) and an outer membrane (OM), as depicted in Figure 2B (LaFond and Lukehart, 2006;
Limberger, 2004). However, unlike conventional Gram-negative bacteria, the OM of
T. pallidum has very few integral outer membrane proteins (OMPSs).The freeze-fracture
electron microscopy pictures in Figure 2C and 2D, show that the T. pallidum IM has a
rougher surface, indicative of a greater number of integral membrane proteins, in
comparison with the OM surface which appears smoother and thus devoid of OMPs
(Walker et al., 1989). It is important to note however, that lipidated integral membrane
proteins cannot be detected via freeze-fracture techniques and thus, no inferences could be
made regarding the presence of such type of proteins on T. pallidum membranes via these

studies. As shown in Figure 2E and 2F, T. pallidum also differs from typical Gram-negative
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bacteria in that its peptidoglycan layer is found closer to the IM rather than underlying the

OM (Cox et al., 1992; Ruiz et al., 2009). Moreover, T. pallidum’s OM is devoid of
lipopolysaccharide (LPS), a strong pro-inflammatory glycolipid (Radolf and Norgard,
1988), and thus, the dominant immunogens are lipoproteins and cytoplasmic membrane-

associated proteins (Blanco et al., 1997).
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Figure 2. Invasiveness and morphology of Treponema pallidum.

(A) Transmission electron microscopy image showing the invasive nature of T. pallidum
on rabbit testicular tissue post-infection (Norris et al., 2001); (B) spirochetal morphology
of T. pallidum, PF: Periplasmic Flagella, CF: Cytoplasmic Filaments, IM: Inner
Membrane, OM: Outer Membrane, BB: Basal Body (Limberger, 2004); (C) and (D)
freeze-fracture electron microscopy images of the outer and inner membranes (OMF and
IMF, respectively) of T. pallidum (Walker et al., 1989); (E) membrane structure of a
typical Gram-negative bacterium (Ruiz et al., 2009); (F) membrane structure of
T. pallidum (Cox et al., 1992). Printed with permission.



1.2.2 Treponema pallidum, the “stealth” pathogen

It is widely accepted in the syphilis field that the minimalistic features of
T. pallidum result in the poor antigenicity that characterizes this pathogen. Studies have
shown that serum against T. pallidum is only reactive on treponemal cells that have been
compromised in some way, either through storage or handling, resulting in OM disruption
(Cox et al., 1992; Hardy Jr and Nell, 1957). Moreover, in vitro antibody and complement
killing of T. pallidum only occurs after long exposure times of a minimum of 4 hours to
achieve any degree of bacterial killing, and 16 hours for complete killing (Bishop and
Miller, 1976; Nelson and Mayer, 1949). Finally, the in vitro recognition and uptake of
T. pallidum by macrophages has been reported to be only 65% in a period of 24 hours
(Alder et al., 1990). T. pallidum is thus recognized as the “stealth” pathogen and the few
OMPs present on its surface contribute to the low reactivity characteristic of this
spirochete. Furthermore, this poor antigenicity explains, at least to some extent, the
persistence and invasive properties unique to T. pallidum (LaFond and Lukehart, 2006;
Radolf and Lukehart, 2006). Hence it remains of great interest to identify and decipher the
nature of the rare OMPs that may be important not only as antigens for immunodetection,
but also as T. pallidum virulence determinants that could potentially make good vaccine

candidates.

1.2.3 Virulence of Treponema pallidum

Virulence of most pathogens is strongly related to their ability to attach and
successfully invade their host in order to achieve tissue colonization (Ribet and Cossart,
2015) and it is thought that T. pallidum is no exception to this mechanism. In addition to

being a “stealth” pathogen due to the reduced protein content on its OM, T. pallidum
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virulence depends upon adherence to epithelial cells and to the host’s extracellular matrix
(ECM) components as an important first step to establishing infection (LaFond and
Lukehart, 2006; Radolf and Lukehart, 2006). T. pallidum is able to adhere to and invade
epithelial cell surfaces, traverse the tissue barrier, and undergo widespread dissemination
by gaining access into the bloodstream through disruption of the tight junctions between
endothelial cells, and including the blood-brain and placental barriers (Fitzgerald,
Cleveland, et al., 1977; Fitzgerald, Johnson, et al., 1977; LaFond and Lukehart, 2006;
Lukehart et al., 1988; Thomas et al., 1988).

Moreover, throughout the three stages of syphilis, it is evident that the fast and
extensive dissemination of T. pallidum results in a high degree of damage to the host, from
the chancre in primary syphilis, to the rash in secondary syphilis, to gumma in tertiary
syphilis. However, the exact molecular mechanism responsible for the invasiveness and

overall pathogenesis of this spirochete has not been fully elucidated.

1.2.3.1 Virulence factors contribute to T. pallidum pathogenesis

A wide number of bacterial pathogens interfere or alter host processes by secreting
effectors (usually proteinaceous in nature, and also known as virulence factors) to the
bacterial cell surface, into the host environment, or in some cases, directly into host cells
(Gauthier and Finlay, 2001), resulting in a bacterial advantage that favours pathogen
survival. Different secreted virulence factors possess diverse functionalities that are
pathogen-dependent, such as nutrient acquisition, adhesion to host cells or ECM, biofilm
formation, host cell lysis, serum resistance, and protein, lipid and carbohydrate degradation

(Henderson and Nataro, 2001).
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In the case of T. pallidum, previous literature has stated that although this

pathogen possesses several virulent characteristics (briefly outlined above), it lacks a
specific molecule or constituent identified as a virulence factor in the classical sense
(Radolf and Lukehart, 2006). Nonetheless efforts remain to reveal genes and proteins that
enable this spirochete to invade and colonize its host. Indeed, previous investigations
tailored to detect T. pallidum OMPs identified what are now believed to be virulence
factors that may be key for invasion and dissemination (Cameron, 2003), and their specific
roles in T. pallidum pathogenesis are underway to being uncovered (Cameron et al., 2008;
Houston et al., 2011; Houston et al., 2014).

Previous binding studies have shown that both fibronectin and laminin, the most
abundant component of the basement membrane, are key for treponemal cytadherence
(Baughn, 1987; Fitzgerald et al., 1984), but it wasn’t until 2003 that a key laminin-binding
adhesin, Tp0751 (now also known as pallilysin), was identified (Cameron, 2003).
Cameron’s binding studies showed the specific attachment of pallilysin to laminin in a
dose-response manner. Moreover, pallilysin-specific antibodies were detected in serum
samples from syphilis infections, suggesting that this virulence factor is expressed in vivo
during infection conditions and might be involved in the attachment of T. pallidum to host
cells and tissues, thus playing an important role in bacterial dissemination (Cameron,
2003). Follow-up work by the Cameron lab further showed that soluble recombinant
pallilysin is also able to bind human fibrinogen (Houston et al., 2011), that antibodies
against pallilysin prevent T. pallidum attachment to laminin-coated surfaces (Cameron et

al., 2005) and that pallilysin is a target of opsonic antibodies (Houston et al., 2012).
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Furthermore, it has been shown that Treponema phagedenis, a model treponeme discussed

in Section 1.3, could not only heterologously express pallilysin on its surface, but, as shown
in Figure 3, pallilysin confers upon this spirochete the ability to bind laminin (Cameron et
al., 2008). Thus, WT T. phagedenis and T. phagedenis transformed with an empty plasmid,
showed no ability to bind to laminin, whereas T. phagedenis transformed with a pallilysin
(tp0751)-encoding plasmid could bind laminin.

In addition, another putative virulence factor, Tp0750, was recently shown to be
co-expressed with pallilysin. Tp0750 is able to bind host components, and degrade the
major coagulation proteins fibrinogen and fibronectin by means of its serine protease
activity (Houston et al., 2014).

The recent advances in the discovery of potential novel virulence factors
represents a major step toward understanding the mechanisms whereby T. pallidum is able
to invade every host tissue whilst evading the immune system, however, much research
remains to be carried out in order to fully understand this minimalistic, yet complex

pathogen.
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Figure 3. Attachment of WT and transformed T. phagedenis to laminin and fetuin.

(A) Slides were covered with either fetuin (negative control) or laminin and spirochetes were
visualized via dark-field microscopy with a Nikon Eclipse E600 microscope. (B) Quantitation of
T. phagedenis attachment to laminin. Student t-test was used to compare the level of attachment
of WT T. phagedenis, pKMR T. phagedenis, and pallilysin / pK MR T. phagedenis to laminin
with the level of attachment to fetuin (*, P < 0.0001). Adapted from (Cameron et al., 2008).
Printed with permission.
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1.2.4 Challenges of Treponema pallidum research

The genome of the syphilis spirochete was fully sequenced by the end of the 20"
century (Fraser et al., 1998), yet T. pallidum research remains associated with many
technical difficulties. Hence, elucidating the virulence of this spirochete and the molecular
mechanisms behind its pathogenesis poses significant challenges that have contributed to
a slow progress in the syphilis field.

T. pallidum is a slow-growing, persistent and fastidious obligate human pathogen
with a minimalistic genome of just over 1000 open reading frames (ORF) (Fraser et al.,
1998), which is approximately four times less than that of E. coli, and is genetically
intractable. Due to its reduced genome, this bacterium relies solely on glycolysis for energy
production, since it lacks the components required for the Krebs cycle and to carry out
oxidative phosphorylation. It is also incapable of synthesizing most amino acids, fatty acid
and enzyme cofactors (LaFond and Lukehart, 2006). Thus, to account for a lack of
metabolic and anabolic machineries, it possesses a repertoire of proteins dedicated to
import resources from the host environment (Fraser et al., 1998). Indeed, a significant
portion, approximately 5%, of the genome of this pathogen encodes for channels and
transport systems predicted to have a wide specificity for a variety of nutrients from host
origin (Fraser et al., 1998).

The inability of T. pallidum to self-sustain and adapt makes this pathogen unable
to survive under in vitro growth conditions and makes the direct investigations on virulence
determinants challenging and almost impossible. T. pallidum must be passaged via
intradermal or intratesticullar inoculation of rabbits, which is expensive and poses ethical

issues. Moreover, even after harvesting bacteria from rabbit models, the spirochetes are so
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delicate and susceptible to environmental stress, that they are only viable and adequate for

experimentation for a few hours following harvest (LaFond and Lukehart, 2006). The
fragile nature of T. pallidum can be attributed in great part to the delicate nature of its
protein-devoid OM, which can be easily disrupted during centrifugation and other
experimental procedures if not handled with care (Cox et al., 1992; Radolf and Norgard,
1988).

Although the delicate nature of T. pallidum does hamper syphilis research, it is
the inability to successfully culture, and thus genetically manipulate this pathogen that has
hindered the field the most. Despite the challenges faced by T. pallidum researchers,
significant advances in more recent years, such as the identification of novel putative
virulence factors, have been achieved. The development of powerful bioinformatic tools,
recombinant expression systems and model organisms adapted to heterologously express
T. pallidum proteins, have made the indirect, yet significant, investigation of T. pallidum
virulence determinants possible. One such model is the non-pathogenic spirochete

Treponema phagedenis.

1.3 Treponema phagedenis; a model treponeme

Since it is impossible to carry out genetic manipulations on T. pallidum, direct
investigation of the function of individual gene products is challenging and heterologous
expression of specific candidate genes thought to be involved in pathogenesis is sometimes
required. Fortunately, the strict anaerobe, T. phagedenis is a good candidate for the
heterologous expression of T. pallidum putative virulence factors since it is an easily
cultivable spirochete that is non-adhesive, non-invasive and non-pathogenic to humans

(Blanco et al., 1997; Moskophidis and Muller, 1984). Originally isolated from a human
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lesion, T. phagedenis provides an alternative means to study T. pallidum at the molecular

level, not only for the above reasons, but also because there are a number of T. phagedenis
polypeptides that are cross-reactive with T. pallidum proteins (Radolf et al., 1986).
Indeed, the shuttle vector pKMR4PEMCS (or for simplicity, pKMR) has been
successfully used for the heterologous expression of the T. pallidum virulence factor
adhesin, pallilysin, in T. phagedenis. Thus, the immunofluorescence images depicted in
Figure 4, show that pallilysin is appropriately localized on the surface of T. phagedenis
transformed with pallilysin/pKMR (Figure 4 E and F), but not on T. phagedenis
transformed with the empty vector pKMR (Figure 4 G and H). The flagellar protein FlaA,
used as a positive control, could only be detected upon treatment with the detergent Triton
X-100, ensuring the cellular integrity of the organisms used (Figure 4A-D) (Cameron et
al., 2008). Related investigations further showed that unlike wild type (WT) T. phagedenis,
pallilysin/pKMR/T. phagedenis is able to bind to laminin, suggesting that pallilysin confers
upon this bacterium the ability to bind to host component-coated surfaces, an interaction
that is inhibited by pallilysin-specific serum (Cameron et al., 2008; Houston et al., 2011).
These indirect studies involving T. phagedenis further support previous experimental
observations that suggested surface exposure / secretion of pallilysin, and its interaction
with host components (Cameron et al., 2005; Houston et al., 2011; Houston et al., 2012).
However, the means whereby this virulence factor is secreted/exported remains to be

elucidated.
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DAPI-stained Immunofluorescence DAPI-stained Immunofluorescence

B a-FlaA F a-pallilysin

H a-pallilysin

Figure 4. Surface expression of pallilysin on T. phagedenis.

(A), (C), (E), (G) show DAPI-stained images of the T. phagedenis constructs. (B), (D),
(F), (H) show the corresponding immunofluorescence images. (A) and (B): WT
T. phagedenis, treated with Triton X-100 (positive control). (C) and (D): WT
T. phagedenis, no Triton X-100 treatment. (E) and (F): pallilysin/pKMR/T. phagedenis.
(G) and (H): pKMR/ T. phagedenis. Adapted from (Cameron et al., 2008). Printed with

permission.

1.4 Bacterial secretion systems

Gram-negative bacteria have developed a number of secretion systems employed
for the transport of effectors. These macromolecular systems can transport not only
virulence factors, but also other substrates like small molecules and DNA (Costa et al.,
2015). Secretion machineries are widely present both in disease-causing bacteria, such as
those responsible for skin, oral cavity, gastrointestinal tract and sexually transmitted
infections, as well as in commensal bacteria, found throughout the body, to fight off

competing microbes.

The secretion systems found in Gram-negative bacteria include the general
secretory system (Sec), the Twin-arginine translocation (TAT) pathway, the B-barrel

assembly machinery (BAM) complex, the localization of lipoproteins (LOL) system and
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type I, 11, 11, 1V, V, VI secretion systems (T1SS, T2SS, T3SS, T4SS, T5SS, T6SS). The

Sec and TAT pathways are responsible for the transport of proteins across bacterial plasma
membranes in the unfolded and folded state, respectively (Natale et al., 2008), and the rest

of the secretory machineries are either Sec-dependent or Sec-independent.

1.4.1 Sec and TAT-dependent pathways

Sec and TAT-dependent bacterial secretion systems comprise a two-step secretion
mechanism involving a periplasmic intermediate. Thus, the substrate is first recognized,
transported across the 1M, and delivered to the periplasm via the Sec system or the TAT
system (Costa et al., 2015), followed by recognition via another secretory machinery for
further transport when required. Periplasmic intermediates that are not meant to remain in
the periplasm can then either be positioned in the OM or secreted into the extracellular
space, each pathway carried out by different specialized bacterial machineries (Costa et al.,

2015).

1.4.1.1 The B-barrel assembly machinery (BAM)

The B-barrel assembly machinery (BAM) is responsible for the appropriate
folding and positioning of B-barrel proteins into bacterial OMs (Kim et al., 2012). Upon
secretion of substrates into the periplasmic space via the Sec or TAT systems, B-barrel-
containing proteins destined to the OM are recognized by the BAM complex (Silhavy et
al., 2010). In E. coli, this complex is composed of five proteins, as shown in Figure S 1:
the OMP BamA, and the four lipoproteins BamB through BamE, which are anchored to
the periplasmic side of the OM (Wu et al., 2005). BamA is predicted to possess a C-

terminal P-barrel that crosses the OM, and has up to five polypeptide translocation
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associated (POTRA) domains at the N-terminus that extend into the periplasm (Kim et al.,

2012). These domains are thought to function as interacting sites for BamB, BamC, BamD
and BamE, and may have substrate chaperone capabilities (Kim et al., 2007). BamB is
thought to be involved in delivering B-barrel precursors to BamA, and BamC seems to play
a regulatory role via interactions with BamD (Kim, Aulakh, et al., 2011). Additionally,
BamD may be involved in initial substrate recognition via interactions between the C-
terminus sequence of substrate OMPs and Tetratricopeptide repeat (TPR) motifs found on
BamD (Albrecht and Zeth, 2011; Sandoval et al., 2011). Finally, BamE is thought to play
a structural role on the BAM complex as a whole (Sklar et al., 2007), and to improve the
insertion of OMP into bacterial OMs (Endo et al., 2011). Hence, all the five components
play an important role in proper folding and localization of -barrel OMPs, and are required
at the same ratio to achieve a fully functional BAM complex (Hagan et al., 2010).
However, the molecular mechanism whereby the BAM complex is able to properly fold

and insert OMPs into the OM remains to be fully elucidated (Kim et al., 2012).

1.4.1.2 Lipoproteins and the localization of lipoproteins (LOL) system

Lipoproteins in Gram-negative bacteria can have a variety of functions, including
roles in biogenesis, maintenance of cell surface structures, transport of substrates and
pathogenesis (Bernadac et al., 1998; Clavel et al., 1998; Ehrmann et al., 1998; Nikaido,
1998; Okuda and Tokuda, 2011). Thus, the appropriate positioning of lipoproteins is of
great importance and different signals dictate their final destination, which can be either
the IM or the OM (Schulze and Zuckert, 2006; Tokuda, 2009). Lipoproteins are
synthesized as prolipoproteins and contain at the N-terminus a signal peptide with a

consensus sequence, Leu-Ala/Ser-Gly/Ala-Cys, called lipobox (Hayashi and Wu, 1990;
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Tokuda and Matsuyama, 2004). Upon transport across the IM, most commonly via the Sec

system, prolipoproteins become anchored in the outer leaflet of the IM through a reaction
carried out by an enzyme called Phosphatidylglycerol/ prolipoprotein diacylglyceryl
transferase (Lgt). This enzyme catalyzes the formation of a thioester linkage between a
diacylglycerol and a conserved Cys residue at the N-terminus of the prolipoprotein,
anchoring the protein to the IM. The signal peptide is then cleaved by a lipoprotein signal
peptidase (Lsp, also called signal peptidase I1), and the N-terminal Cys residue is acylated
by a phospholipid: apolipoprotein transacylase (Lnt) (Sankaran and Wu, 1994). If the
mature lipoprotein contains a LOL avoidance signal, it remains anchored to the outer leaflet
of the IM (Narita and Tokuda, 2007; Tanaka et al., 2007; Terada et al., 2001). Lipoproteins
lacking the LOL avoidance signal are recognized by the localization of lipoproteins (LOL)
system and delivered to their final destination in the OM (Okuda and Tokuda, 2011,
Zuckert, 2014). The E. coli LOL system, depicted in Figure S 2, is composed of the five
proteins LolA, LolB, LolC, LolD and LolE. The LolCDE complex is found embedded in
the IM and four domains form a functional unit. Hence, a cytoplasmic LolD homodimer
forms the ABC transporter, and a LolCE heterodimer spans the IM, extending into the
periplasm (Yakushi et al., 2000; Yasuda et al., 2009). Once acylated, the lipoprotein is
recognized by LoICE and is transferred to the periplasmic chaperone LolA. Thus, ATP
hydrolysis carried out by LolD provides the energy required for the transfer (Okuda and
Tokuda, 2011). LolA then interacts with LolB, transferring the lipoprotein to the latter. The
exact molecular mechanism whereby LolB delivers lipoproteins to the periplasmic side of
the OM remains unknown (Matsuyama et al., 1997; Okuda and Tokuda, 2011). Moreover,

the delivery of lipoproteins to the outer leaflet of the OM requires transversal of the surface
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through the membrane, and although it is not known how bacteria carry out such a

transport, a model involving a flippase complex located within the OM has been proposed.
Thus, the lipoprotein becomes anchored in the periplasmic side of the OM, and interacts
with a flippase complex that enables translocation through the OM, delivering the protein

to its final destination, the bacterial surface (Chen and Ziickert, 2011; Schulze et al., 2010).

1.4.1.3 The Type Il Secretion System

The T2SS acts in concert with the Sec or TAT system to secrete folded proteins
in a two-step manner (Costa et al., 2015). This secretory machinery consists of 12-15
components divided into four parts, an OM complex, a periplasmic pseudopilus, an IM
platform and a cytoplasmic ATPase (Costa et al., 2015). During transport across the IM
the Sec or TAT system, the N-terminal signal peptide of the substrates is cleaved and the
mature protein released into the periplasm where it adopts a folded conformation (Filloux,
2004). Export from the periplasm and into to the extracellular space (or directly into target
host cells) occurs upon interaction of the substrate with periplasmic domains of the T2SS,
such as the pseudopilus tip, which results in ATPase activity that powers substrate secretion
via a piston-like activity of the pseudopilus that is thought to push the substrate across the
OM complex. Substrates of the T2SS include lipases, proteases, carbohydrate-degrading
enzymes and toxins (Korotkov et al., 2012). Although it seems like a folded conformation
IS necessary for secretion, the specific interactions between the T2SS and its substrates

remain to be elucidated.
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1.4.1.4 The Type V Secretion System

The T5SS, also called autotransporter, depends on the Sec or TAT and BAM
complexes to cross the inner and outer membranes, respectively. Thus, the multi-domain
autotransporters secrete substrates in a two-step manner. A signal peptide found at the N-
terminus of autotransporters mediates secretion across the IM via the Sec system. Upon
cleavage of the signal peptide and release into the periplasm, the C-terminal pB-barrel
domain of the autotransporter gets inserted into the OM via the BAM complex (van Ulsen
et al., 2014). It is this C-terminal B-barrel (or translocator domain), that acts as a pore
whereby the N-terminal passenger domain of the autotransporter is able to cross the OM.
The passenger domain adopts a hairpin conformation allowing for transport across the OM
in a carboxy- to amino- direction. Once across the OM, the autotransporter undergoes
proteolytic cleavage whereby the passenger domain is released from the surface into the
extracellular space, or remains attached to the bacterial cell via non-covalent interactions
(van Ulsen et al., 2014). Due to the multiple domains that characterize autotransporters,
these proteins are generally large, however, the size constraints of the B-barrel pore suggest
that the passenger domain remains mostly unfolded during secretion and fold upon contact
with the extracellular milieu (Leyton et al., 2011; van Ulsen et al., 2014). The passenger
domain of different autotransporters possesses different functionalities including
proteolysis, toxicity, adhesion and biofilm formation. Hence, autotransporters are
important virulence determinants since they secrete factors that contribute to invasion,

colonization and immune evasion of Gram-negative pathogens (van Ulsen et al., 2014).
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1.4.2 Sec or TAT-independent pathways

The other group of secretion systems, the T1SS, T3SS, T4SS and T6SS, are
independent of the Sec or TAT pathways and thus transport their substrates across both the
IM and OM of Gram-negative bacteria, without a periplasmic intermediate (Costa et al.,
2015). These machineries are able to localize their respective substrates either on the
bacterial OM, into the extracellular milieu, or directly into a target cell, which can be either

bacterial or eukaryotic (Gerlach and Hensel, 2007).

1.4.2.1 The Type | Secretion System

The first protein secretion system discovered was the E. coli hemolysin A (HIyA)
T1SS (Mackman and Holland, 1984), which is one of the few well-characterized T1SSs,
along with the Hemophore HasA T1SS from Serratia marcescens.

The general T1SS spans the entire Gram-negative bacterial cell envelope, crossing
both the IM and OM, and as shown in Figure 5, this system is an oligomeric channel with
three multimeric components: an ATP-Binding Cassette (ABC) transporter, a membrane
fusion protein (MFP) and a TolC, which is an OMP (Kanonenberg et al., 2013).

The ABC transporter is found embedded within the IM of Gram-negative bacteria
and provides energy via ATP hydrolysis required for substrate transport. The structure of
ABC transporters consists of four modules from two types of domains, which are the
cytoplasmic nucleotide binding domain (NBD), and the IM transmembrane domain (TMD)
(Balakrishnan et al., 2001; Kerr, 2002; Zolnerciks et al., 2011). Bacterial ABC transporters
consist of two polypeptides, each with a NBD and a TMD, that interact to form a functional
transporter (Davidson et al., 2008; Kerr, 2002; Zolnerciks et al., 2011). For instance, the

hemolysin ABC transporter, HIyB, in E. coli, contains a C-terminal NBD and an N-
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terminal TMD, expressed as a single polypeptide which then dimerizes upon ATP binding

to form the active conformation of HlyB (Schmitt et al., 2003; Zaitseva et al., 2005;
Zaitseva et al., 2006). While the NBD is generally highly conserved amongst transporters,
the TMD shows little sequence conservation between TMDs of ABC transporters in
different bacteria. Furthermore, the specific domain responsible for ATP binding is the
NBD, whereas the TMD is in charge of forming a channel toward the periplasmic space,
via six to eight predicted transmembrane segments that span the IM toward contact with
the MFP (Dawson and Locher, 2006).

The second component of the T1SS, the MFP, is located within the periplasm and
is involved in substrate recognition (Balakrishnan et al., 2001; Nicaud et al., 1985; Thomas
et al., 1988; Zhang, Yin, et al., 1995). In the E. coli hemolysin transport system, the MFP
HIyD has an N-terminal cytoplasmic region with a single transmembrane a-helix that spans
the IM and has been shown to interact with T1SS substrates (Balakrishnan et al., 2001,
Jorgensen et al., 1980; Moayeri and Welch, 1994). Indeed, in vivo cross-linking
experiments carried out with E. coli harboring HlyD and the substrate HIyA, but not HIyB,
showed a HIyD-HIyA interaction (Balakrishnan et al., 2001). Moreover, HlyD seems to
affect HIyA folding upon contact, either after or during substrate transition through the
system. These studies showed that mutations within the HIyD periplasmic domain affected
HIyA translocation and/or final folding (Pimenta et al., 2005). In addition, the MFP
component interacts with the TMDs of the ABC transporter and extends toward the OM.
There is evidence showing that the MFP forms trimers and hexamers to constitute a
functional unit. Indeed, the structure of HlyD was recently solved by X-ray crystallography

and suggested a hexameric complex with an a-helical periplasmic domain (Kim et al.,
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2016), as shown in the model in Figure 5. Finally, the MFP of the T1SS is the component

that links the ABC transporter to the TolC.

The third component of the T1SS is the OMP TolC, which forms a channel within
the OM through which the substrate gets secreted (Balakrishnan et al., 2001). This OMP
can either be part of the T1SS operon, as is the case of the B. pertussis CyaA T1SS, which
encodes for all the components within a single operon, or can be found elsewhere in the
bacterial chromosome, as is the case of the hemolysin T1SS from E. coli (Angelos et al.,
2003; Linhartova et al., 2010). The solved structure of the E. coli TolC showed that this
OMP is composed of a short 3-barrel embedded in the OM, and long a-helices that extend
into the periplasm. Moreover, TolC proteins appear to form homotrimers resulting in a
channel of 140A in length (Koronakis et al., 2000) that forms a pore of maximum 40A in
external diameter, or 20A in internal diameter, and narrowing to 3.5A at the periplasmic
end (Koronakis et al., 1997; Thanabalu et al., 1998). Although the internal diameter
appears to be too small for transport of appropriately folded proteins and even ions,
(Delepelaire, 2004) there is evidence showing an iris-like movement that results in the o-
helices rearranging into a larger opening of 30A, which is large enough for substrate
transport, including the transport of unfolded proteins that retain some degree of secondary
structure (Andersen et al., 2002; Eswaran et al., 2003; Sharff et al., 2001).

The assembly mechanism of the three components of the T1SS is not fully
understood. However, two of the E. coli hemolysin T1SS components, the ABC transporter
and the MFP, have been shown to be essential for the secretion of HIyA, since they provide
substrate specificity prior to secretion (Nicaud et al., 1985; Zhang, Yin, et al., 1995). This

results in the recruitment of the TolC, leading to the finalized assembly of the T1SS



25
(Balakrishnan et al., 2001; Thomas et al., 1988; Zhang, Yin, et al., 1995). Moreover, early

studies using the substrates PrtC and HasA suggested that the ABC and MFP are able to
interact with each other in the absence of TolC. Additionally, the ABC transporter and
MFP associate with TolC only upon substrate binding. During substrate secretion however,

the TolC is found bound to the complex (Letoffe et al., 1996; Thanabalu et al., 1998).
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Figure 5. Model of the general structure of a Type 1 Secretion System (T1SS).

Adapted from (Linhartova et al., 2010). The solved crystal structures of all the
components of the T1SS are shown, from top to bottom: the trimeric conformation of
TolC (Koronakis et al., 2000), hexameric MFP, adapted from (Kim et al., 2016), and
dimeric NBD of the ABC transporter (Jumpertz et al., 2005). Printed with permission.
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1.4.2.1.1 Mechanism of substrate secretion by the T1SS

Translocation of polypeptides via the T1SS is achieved in a single-step across both
the inner and outer membranes, from the cytoplasm into the extracellular environment
without a periplasmic intermediate (Bakas Laura, 2012; Mackman et al., 1985; Oropeza-
Wekerle et al., 1989). Most known T1SS substrates are released from within the bacterial
cell and into the host extracellular environment, however there are exceptions where the
substrate remains loosely associated with the bacterial cell surface. There is evidence, for
instance, that the adhesin SiiE from Salmonella enterica can exist as an exoprotein and
remain loosely associated to the bacterial OM until host cell contact, which triggers
bacterial cell surface retention of SiiE (Gerlach et al., 2007). Similarly, BapA (a protein
also from Salmonella, that is required for biofilm formation), and the adhesin LapA from
P. fluorescens are both secreted extracellularly and remain in a loose association with the
bacterial cell surface (Hinsa et al., 2003; Latasa et al., 2005). Finally, HIyA has been shown
to associate with the OM of E. coli and form outer membrane vesicles (OMV), as shown
in Figure 6, that are released into the host environment carrying more than one HIyA per

vesicle (Balsalobre et al., 2006).
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Figure 6. Model of the secretion of HIyA in Outer Membrane Vesicles (OMVs) via the

E. coli T1SS.
Adapted from (Balsalobre et al., 2006) and printed with permission.

1.4.2.1.2 The Type 1 Secretion System substrates

In pathogenic Gram-negative bacteria, T1SSs are known to secrete virulence
factors with a wide range of functions. Some of the known T1SS substrates are mentioned
in Table 1 and include toxins, adenylate cyclases, adhesins, leukotoxins, nodulation
proteins, lipases, nutrient acquisition factors and proteases, among others (Lenders et al.,
2015). These TA1SS substrates vary greatly in size, from small proteins such as E. coli
5.8 kDa bacteriocin Colicin V or the 19kDa HasA, to the 900kDa adhesion factor LapA
from P. fluorescens (Hinsa et al., 2003; Letoffe et al., 1994; Satchell, 2011). The known
T1SS substrates are secreted in an unfolded conformation (or partially folded), and adopt
a stable structure once in contact with the extracellular milieu (Holland et al., 2005). It is
not completely understood how the substrates are able to remain unfolded within the
bacterial cell and then spontaneously fold appropriately once translocated. However, there

are a few theories thought to be involved in misfolding prevention, such as the presence of
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a substrate binding protein (SBP), a C39-like domain (CLD) on the ABC transporter, or

ion concentration differences between the intra and extra-cellular environments
(Delepelaire and Wandersman, 1998; Lecher et al., 2012; Linhartova et al., 2010).

In S. marcescens, chaperone SecB functions as a SBP, which is able to interact
with the T1SS substrate HasA and is essential to maintain it in the unfolded conformation
(Delepelaire and Wandersman, 1998). Indeed, studies have shown that if HasA is allowed
to fold in the cytoplasm, secretion is inhibited (Delepelaire and Wandersman, 1998). A
CLD on the ABC transporter of a T1SS, on the other hand, is found in the hemolysin
system, where it tethers HIyA and prevents its aggregation and/or degradation during
secretion (Lecher et al., 2012). Finally, it has been shown that certain types of T1SS
substrates interact with divalent cations, which are present in higher concentrations in the
extracellular environment (in comparison to the lower concentrations found within

bacterial cells), and lead to a stable, active substrate conformation (Linhartov4 et al., 2010).

Table 1. Examples of T1SS substrates in Gram-negative bacteria.

Organism Virulence Function Reference
Factor
_ : . (Bailey et al., 1992;
Escherichia coli HIyA Toxin Bakkes et al., 2010)
Escherichia coli Colicin V  Bacteriocin (Gérard et al., 2005)
. Adenylate

Bordetella pertussis CyaA . (Basler et al., 2007)
cyclase-toxin

Salmonella enterica SiiE Adhesin (Morgan et al., 2007)

Pseudomonas fluorescens  LapA Adhesin (Hinsa et al., 2003)

Mannheimia haemolytica  LktA Leukotoxin Davies et al., 2002)

Rhizobium leguminosarum  NodO gﬁ;ﬁﬂf“on (Scheu et al., 1992),

Serratia marcescens LipA Lipase (Akatsuka et al., 1997),
Nutrient (iron)

Serratia marcescens HasA acquisition (Arnoux et al., 1999)
factor

Erwinia chrysanthemi PrtB, PrtC  Protease (Hege and Baumann,

2001)
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1.4.2.1.2.1 Repeats in toxin (RTX) proteins

Repeats in toxin (RTX) proteins are a highly diverse family of proteins secreted
by the T1SS. These T1SS substrates possess a variable number of tandem repeats with the
typically nonapeptide glycine-rich sequence consensus Gly-Gly-X-Gly-X-Asp-X-U-X
(where X is any amino acid and U is a nonpolar amino acid). The number of tandem repeats
within these proteins varies greatly, from less than 5 to more than 40 repeats (Barlag and
Hensel, 2015; Lenders et al., 2015; Linhartova et al., 2010; Meier et al., 2007). Even
though over 1000 RTX family members have been identified, only a few biological
functions have been uncovered. The RTX toxins that have been characterized function as
pore-forming leukotoxins, hemolysins, multifunctional enzymatic toxins, and hydrolytic
enzymes (such as proteases and lipases), among others (Linhartova et al., 2010; Oropeza-
Wekerle et al., 1989).

Additionally, it has been shown that these T1SS substrates, the RTX proteins,
have the ability to bind calcium ions (Baumann et al., 1993) via both high and low affinity
calcium binding sites (Linhartova et al., 2010). The calcium concentration within a
bacterial cell is generally low, in the uM range, whereas extracellular calcium is in the mM
range (Lecher et al., 2012). As shown in Figure 7, it is thought that in the case of many
T1SS substrates, substrate—calcium interactions prevent misfolding within the bacterial cell
and promote secretion upon initial contact of the substrate with the extracellular space.
Calcium ions interact with calcium-binding sites within the substrate, pulling away from
the secretion complex and triggering/ aiding in substrate folding toward a functional
conformation within the extracellular environment (Baumann et al., 1993; Linhartova et

al., 2010). Hence, these ions are essential for the toxins’ stability and functionality.
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RTX proteins are generally pore-forming toxins and have a few characteristics in

common: they are secreted via a T1SS, their activation requires both the amide-linked fatty
acylation of internal lysine residues as well as interaction with calcium ions once exposed
to the extracellular environment, and they contain a hydrophobic domain thought to be
responsible for the formation of pores in target cell membranes (Linhartova et al., 2010).

Pore-forming RTX cytotoxins are produced as inactive protoxins that then
undergo activation via acylation within the bacterial cytosol, prior to export. The acylation
reaction is catalyzed by acyltransferases that are co-expressed with the protoxin substrate
(Linhartova et al., 2010). In E. coli, for instance, the acyltransferase HIyC is able to use
fatty acyl residues brought by an acyl-ACP protein to acylate HIyA at Lys 540 and Lys 648
(Linhartova et al., 2010; Stanley et al., 1994). Bordetella pertussis CyaA is another
example of a well-studied acylated RTX toxin; this substrate becomes acylated on Lys860
and Lys983, and as expected, this post-translational modification (PTM) is necessary for
CyaA activity. Thus, acylation confers upon CyaA its full capacity to bind to its amfB2
integrin receptor (CD11b/CD18) triggering the toxin’s integration into host cell
membranes (Basar et al., 2001; Masin et al., 2005).

Although RTX toxin acylation is not essential for secretion, there is evidence of
this PTM being critical to activating the toxicity of these proteins. For instance, it has been
shown that acylation activates HIyA (Linhartova et al., 2010; Stanley et al., 1994) and is
necessary for the hemolytic activity of the toxin, since it is the acyl chains that enable the
toxin to penetrate the host cell membrane leading to pore formation (Stanley et al., 1998).
However, the exact role of this PTM in the mechanism of action of the toxins is not fully

elucidated. Indeed, experiments showed that the non-acylated proHIyA and proCyaA are
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able to form pores in lipid bilayers and in liposome membranes, although less effectively

than their acylated counterparts. Hence although it seems like acylation is not absolutely
required for toxin penetration, it may mediate the oligomerization required for the RTX
toxins to bind target cell receptors, thereby leading to cytotoxicity (EI-Azami-El-Idrissi et
al., 2003; Masin et al., 2005).

Indeed, recent studies suggested that the highly potent RTX toxins, such as CyaA
and HIyA, not only can recognize and bind the N-linked oligosaccharide of their 3, integrin
receptors, but also show detectable activity on cells other than their main target (e.g. cells
other than erythrocytes in the case of HIyA), regardless of the absence of the specific
protein receptors (such as amP2 integrin on leukocytes, which is used by CyaA) (Chenal et
al., 2009; El-Azami-El-Idrissi et al., 2003).

Nonetheless, the exact mechanism whereby RTX toxins insert to form a pore
within the host cell remains poorly understood, and whether pore formation requires
oligomerization is controversial. The initial interaction between the RTX toxin and the host
cell required for pore-formation is possible due to the ability of these toxins to interact with
the plasma membrane itself. Hence, the toxin first adsorbs reversibly to the plasma
membrane via electrostatic forces and then inserts irreversibly (i.e. it cannot be recovered
from the membrane without detergent treatment (Linhartova et al., 2010)) into the plasma
membrane (Ostolaza et al., 1997). Studies with HIyA showed that this toxin coordinates
the adsorption to host cells through its calcium binding domains (Sanchez-Magraner et al.,
2007), other investigations suggest that a hydrophobic region within the toxin is
responsible for the insertion event, and others that the toxins form cation-selective pores of

a defined size and for only a few seconds (Hyland et al., 2001; Schmidt et al., 1996).
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RTX proteins are the most abundant and diverse T1SS substrates and hence there

are many predicted RTX proteins that remain to be characterized. Much is left to be

uncovered regarding their different mechanisms of action.

CaCl, (2 mM)

Folded and stable state

B. pertussis Extracellular milieu

Figure 7. Model of the B. pertussis T1SS substrate, CyaA, an RTX toxin

The lower calcium concentration within the bacterial cell prevents premature substrate
folding. Upon contact with higher calcium concentrations in the extracellular milieu,
RTX toxins adopt a folded and stable conformation (Sotomayor-Pérez et al., 2015).

1.4.2.1.2.2 Non-RTX proteins

The other group of T1SS substrates lack RTX repeats and hence are referred to as
non-RTX proteins. These non-RTX proteins lack consensus sequences or unique
characteristics, making them more challenging to identify and resulting in their poor
characterization compared to RTX proteins.

Thus, only two T1SS substrates that are non-RTX proteins have been studied in

detail, the hemophore HasA from S. marcescens and the bacteriocin Colicin V from E. coli.
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HasA is secreted via the T1SS and is able to take heme from other heme-binding proteins

within the host in order to transfer it to a receptor on the bacterial surface leading to its
uptake (Létoffé et al., 1994). This virulence factor appears to differ from other known T1SS
substrates in that, prior to secretion, it interacts with the cytoplasmic chaperone, SecB.
SecB aids in maintaining HasA in an unfolded, or loosely folded conformation necessary
for secretion. Indeed, in vitro experiments have shown that in the absence of SecB, HasA
undergoes quick and spontaneous folding, highlighting the crucial role of this chaperone
in HasA secretion (Wolff et al., 2003). Moreover, a delayed expression of the ABC
transporter and MFP components of the S. marcescens T1SS leads to the accumulation of
HasA in the cytoplasm, resulting in premature folding and secretion inhibition, thus
suggesting that synthesis and secretion of this non-RTX T1SS substrate are coupled
activities (Debarbieux and Wandersman, 2001). Furthermore, studies have suggested that
in addition to the C-terminal secretion signal, HasA possesses extra T1SS-interacting,
primary recognition, sites that become exposed via the HasA-SecB interaction, as shown
in Figure 8 (Masi and Wandersman, 2010). Additionally, the first ten residues at the
N-terminus of HasA appear to be important for efficient secretion. Indeed, experiments
have shown that HasA lacking the C-terminal secretion signal retains its ability to interact
with the ABC transporter, and thus trigger the full assembly of the T1SS (Cescau et al.,
2007; Sapriel et al., 2002). Interestingly, and differing from most T1SS substrates, the C-
terminus of HasA was originally thought to undergo unusual random cleavage at several
sites during secretion (Letoffe et al., 1994). More recent studies however, have shown that
hemophores do undergo cleavage but it occurs in the extracellular medium, and likely

through the activity of bacterial proteases. Regardless, both cleaved and uncleaved
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hemophores seem to properly fold upon secretion, and retain heme-binding capabilities

(Létoffé et al., 2000).

The other well-studied non-RTX T1SS substrate, Colicin V, is a small antibiotic
agent, a bacteriocin produced and secreted by some Gram-negative organisms to kill other
bacteria with a similar cellular structure that compete for resources. This peptide antibiotic
is able to kill competing bacteria by disrupting their membranes (Belkum et al., 1997;
Geérard et al., 2005). Colicin V gains entry to bacterial cells by interacting with surface
receptors dedicated to nutrient uptake, followed by active transport into the cell (Wu et al.,
2012). Bactericidal activity is only observed once Colicin V gains access to the bacterial
inner membrane from the periplasmic space (Zhang, Fath, et al., 1995), and it is thought
that the formation of a disulfide bond within the oxidizing environment of the periplasm
may be responsible for the polypeptide activation (Havarstein et al., 1994). Interestingly,
bacteria that produce Colicin V also produce a Colicin VV immunity protein that protects
them from its bactericidal activity (Wu et al., 2012).

Although bacteriocins are secreted via the T1SS, they seem to differ from other
T1SS substrates in that these polypeptides are virulence factors produced to target
competing bacteria rather than a host. Additionally, bacteriocins contain an atypical T1SS
signal located at the N-terminus that is cleaved during secretion, rather than the typical
uncleaved C-terminus signal sequence found in most T1SS substrates (Wooldridge, 2009).

The T1SS responsible for Colicin V secretion is thought to bind the substrate via
a substrate-binding site located within the ABC transporter component. This component
possesses a Ca?*-dependent cysteine proteolytic domain and ATP hydrolysis by the

ATPase drives the cleavage of the leader peptide from the bacteriocin precursor and
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simultaneous translocation (Havarstein et al., 1995). Indeed it has been shown that both

the NBD of the ABC transporter and the protease domain are crucial for Colicin V secretion
(Wu and Tai, 2004; Zhong and Tai, 1998). The protease domain is thought to be part of the
C39 peptidase superfamily containing the Cys-His-Asp sequence that acts as a catalytic
triad for proteolysis, which results in the mature Colicin V ready to lyse competing

bacterial cells (Wu et al., 2012).

//,/
HasA \
ATP ADP C-terminal
+Pi  Secretion
Signal

® Primary Recognition Sites

Figure 8. Model of T1SS secretion of S. marcescens HasA, a non-RTX protein.
The C-terminal secretion signal and the primary recognition sites are shown, adapted
from (Masi and Wandersman, 2010). Printed with permission.
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1.4.2.1.3 The Type 1 Secretion signal

Secretion via the T1SS begins with the interaction of the substrate with the ABC
and MFP components of the T1SS (Balakrishnan et al., 2001; Thomas et al., 1988; Zhang,
Yin, et al., 1995). Substrates of this system most commonly possess a C-terminal secretion
signal, which differs from other secretory proteins and suggests that secretion occurs post-
translationally. Additionally, this C-terminal sequence remains uncleaved throughout the
secretion process.

The less common T1SS substrates bacteriocins differ from the canonical T1SS
substrates in that they harbor their secretion signal at the N-terminus. This signal consists
of a 15-30 residue leader peptide that is cleaved during transport at a conserved double
glycine motif (Kanonenberg et al., 2013). Indeed, the ABC transporter component of
bacteriocin secretion systems usually possesses C39 peptidase activity that functions to
cleave the leader N-terminal peptide characteristic of these substrates, resulting in substrate
maturity (Dirix et al., 2004; Lecher et al., 2012).

Thus, generally there is no structure or sequence consensus and no real
conservation between T1SS signals from different bacteria (Boyd et al., 2014). However,
a few characteristics are observed in a great number of substrates which is useful when
screening for potential T1SS substrates. There is evidence showing that the T1SS signal is
amphipathic in nature and located within the last 60 to 80 amino acids (Boyd et al., 2014).
The E. coli HIyA has been one of the few T1SS substrates studied in detail and is often
used as a baseline to compare other putative T1SS substrates, since, as shown in Figure 9,
HIyA possesses a clear amphiphilic a-helix within the last 60-70 residues at its C-terminus

(Koronakis et al., 1989).
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Figure 9. Amphiphilic a-helical wheel diagram of the consensus T1SS substrate,
HIyA, from E. coli.

(A) Amphiphilic a-helix from E. coli HIyA, adapted from (Koronakis et al., 1989),
printed with permission, (B) Amphiphilic a-helix from E. coli HIyA as predicted by the
software, HeliQuest Analysis. Note that diagrams were made using the underlined, bold
portion from the HIyA sequence

1.4.2.1.4 Hybrid T1SS and cross-secretion

The lack of primary sequence conservation among T1SS substrates makes it
challenging to identify and characterize T1SS substrates. However, this lack of
conservation seems to allow for secretion of non-endogenous substrates by other Gram-
negative bacteria harboring a T1SS. Hence, the type 1 secretion signal seems to allow a
certain degree of cross-complementation in which a T1SS from a specific organism is able
to secrete T1SS substrates from another Gram-negative bacterium. For instance, there is
evidence that the hemolysin system from E. coli can secrete RTX toxins from other Gram-
negative bacteria such as CyaA (Masure et al., 1990) and LktA (Chang et al., 1989), both
substrates carrying their endogenous type | secretion signal. Additionally, if the secretion
signal of the E. coli HIyA is exchanged for that of LktA, secretion of HIyA still occurs

(Zhang et al., 1993). The nodulation protein, NodO, can similarly be secreted via the
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hemolysin and Prt systems from E. coli and E. chrysanthemi, respectively (Scheu et al.,

1992). The Prt T1SS from Erwinia has also been shown to secrete E. coli’s Colicin V (Fath
etal., 1991), and the substrate PrtC can be secreted by the Lip exporter from S. marcescens
(Akatsuka et al., 1997). Conversely, this cross-secretion between Gram-negative bacteria
T1SSs and their substrates is weaker in other cases, such as the low PrtC secretion levels
observed by the Hly transporter (Guzzo et al., 1991). Nonetheless it is important to note
that a low level of secretion still occurs, suggesting that substrate recognition does occur

to a certain extent (Wooldridge, 2009).

1.4.2.2 The Type Il Secretion System

The T3SS is a molecular syringe able to inject bacterial effector proteins directly
into host cells (Beeckman and Vanrompay, 2010). This system is composed of
approximately 25 proteins that together span the bacterial IM and OM, as well as the host
cellular membrane. The basal body of the system consists of stacked rings that span both
bacterial membranes, and a cytoplasmic IM-associated ATPase provides the energy
required for substrate transport (Beeckman and Vanrompay, 2010). A needle-like structure
projects from the bacterial surface toward the host cell and upon contact, a pore is built
within the host cell membrane (Marlovits et al., 2006; Marlovits et al., 2004) through
which T3SS effectors can be directly inserted into the host cytoplasm. The T3SS signal
required for effector recognition and subsequent transport has been a matter of controversy.
There is evidence suggesting that T3SS effectors possess an N-terminal sequence of 30
residues in length responsible for T3SS targeting (Samudrala et al., 2009). However, other
evidence supports the presence of a signal sequence in the mRNA rather than the

polypeptide sequence (Sorg et al., 2005). Once inside the host cell, these effectors disturb
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host cell functions to favor pathogen invasion, colonization and survival within the host

(Beeckman and VVanrompay, 2010; Costa et al., 2015).

1.4.2.3 The Type IV Secretion System

The T4SS is unique among other secretion systems in that not only can it transport
proteinaceous virulence factors, but it is also capable of transporting DNA into the
environment, or directly into bacterial or eukaryotic target cells (Costa et al., 2015)
(Wallden et al., 2010). This system is composed of 12 proteins that make up an OM
complex connected to an IM complex by a central elongated structure, a stalk (Costa et al.,
2015). Additionally, a pilus extends into the extracellular space and three cytoplasmic
ATPases provide the energy required for transport (Trokter et al., 2014). Preparation of
DNA for transport is carried out by accessory proteins that unwind, nick and deliver the
DNA to the T4SS ATPase components that may lead to subsequent transport (Cascales and
Christie, 2004; Wallden et al., 2010). Thus, the T4SS mediates conjugation of DNA which
results in the distribution of antibiotic resistance genes between bacteria (Costa et al.,
2015). Additionally, protein virulence factor secretion occurs in a similar way and directly
into the cytoplasm of target cells, in a contact-dependent manner (Wallden et al., 2010).
Much about the T4SS remains to be elucidated, including the exact mechanism of substrate

transport and interacting sites between the substrate and the system.

1.4.2.4 The Type VI Secretion System
The T6SS is one of the most recently discovered bacterial secretory machineries
and it is structurally related to the injection apparatus of phage. This secretion system is

composed of three parts, an IM complex, a nanotube structure built with hemolysin
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coregulated protein (Hcp) monomers, and a spike-like feature composed of a trimer of

valine—glycine repeat protein G (VgrG) at the tip of the complex (Pukatzki et al., 2009).
The IM complex appears to be responsible for the secretion of the VVgrG, followed by Hcp
monomers that assemble within the periplasm into hexameric rings that stack under the
VgrG trimer to form the nanotube structure. Upon full elongation, the nanotube spans the
periplasm and extends through the OM, to the extracellular milieu and into the host cell
cytosol. It is thought that the VgrG structure at the tip of the complex is able to puncture
the host cell membrane in a manner that appears to be a similar mechanism to that used by
phage to insert DNA into bacterial cells. Once inserted into the host cell, the T6SS can
deliver important virulence factors (Pukatzki et al., 2009). Indeed, the T6SS has been
involved in virulence such as lung infection, cell adherence and actin cross-linking
(Pukatzki et al., 2006). However only a few candidate T6SS substrates have been identified
and the molecular mechanism of secretion remains to be fully elucidated (Pukatzki et al.,

2009).

1.5 Secretion systems in T. pallidum

Bacterial secretion systems are an important means through which bacteria
interact with their environment and are an important field of study since they can be
virulence determinants. Thus, understanding their mechanism of action can lead to the
development of improved therapeutics and preventative vaccines. T. pallidum research has
shown that this pathogen possesses a BamA homolog (Tp0326) suggesting the presence of
a BAM complex that may be responsible for positioning rare OMPs into the OM
(Desrosiers et al., 2011). Interestingly, bioinformatic analyses of the T. pallidum proteome

failed to identify homologs of all the LOL system components. T. pallidum is predicted to
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possess a potential chaperone LolA (Tp0333), and a putative inner membrane complex

LolCDE (Tp0580, Tp0581, Tp0582), but no LolB has been identified. Hence, the
molecular mechanism whereby T. pallidum transports and inserts lipoproteins into the OM
remains to be elucidated. Despite efforts, no other secretion systems have been identified
and therefore the molecular mechanism whereby T. pallidum may secrete virulence factors

that aid in its invasiveness and overall pathogenesis remains unknown.

1.5.1 Putative Type I Secretion System in Treponema pallidum

Bioinformatic analyses were recently carried out to investigate the Tp34 operon
from T. pallidum, which consists of genes tp0959 through tp0972. Thus, tp0959 through
tp0961 are predicted to encode flagellar proteins, tp0962 through tp0969 gene products are
predicted to form a transport complex, and the small coding region of tp0970 is thought to
be untranslated. Finally, the tp0971 and tp0972 gene products are proposed to be involved
in metal homeostasis. Indeed, there is experimental evidence showing that Tp0971 (also
called Tp34) binds specifically to the iron-carrying protein lactoferrin, suggesting a role in
iron acquisition. Additionally, Tp0972 in silico predictions showed sequence similarity to
the iron/lead transporter superfamily of Fe3*/Pb?* further supporting this potential role
(Brautigam et al., 2012).

The predicted transport system encoded by tp0962 through tp0969, has been
suggested to be involved in the export of small molecules such as lipids and peptides
(Brautigam et al., 2012). The Cameron lab proposes a more refined function, since this
operon harbors all the components of a putative T1SS (Houston and Cameron, unpublished
data): two permeases (tp0962 and tp0963), an ATPase (tp0964), a membrane fusion

protein (tp0965), and four TolC-like proteins (tp0966 through tp0969) (Brautigam et al.,
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2012). The putative T. pallidum T1SS differs from the canonical T1SS in that it is

composed of eight proteins, instead of three. Thus a total of three proteins are predicted to
form the ABC transporter found within the IM: two permeases (Tp0962 and Tp0963, which
make up the TMD components), and a cytoplasmic ATPase (Tp0964, which contains the
NBD). A single type of periplasmic protein is predicted to be the MFP (Tp0965); and four
TolC-like proteins are predicted to form the OM channel (Tp0966, Tp0967, Tp0968,
Tp0969).

The unusual number of components predicted to form this transport system is
consistent with a “mix-and-match” mechanism that is believed to be adopted by
T. pallidum (Brautigam et al., 2012). Due to its minimalistic genome, it would be most
efficient for this pathogen to possess multiple permeases and TolC-like proteins that could
assemble in different combinations to form variations of a T1SS. This would represent a
successful strategy to survive with its reduced genome, while keeping the versatility
required for the recognition and secretion of multiple substrates using the same core
structure (Brautigam et al., 2012).

Indeed, some organisms have been reported to harbor T1SSs that possess
additional features or differ from the traditional three component complex, such as the
T1SS harbored by Vibrio. This system is responsible for the secretion of a subgroup of
very large RTX proteins, the multifunctional autoprocessing RTX toxins (MARTX), and
is composed of four proteins rather than three: two ABC transporter components RtxB and
RtXE (each one with a NBD and a TMD), a MFP RtxD and a TolC-like protein.

Surprisingly, both ABC transporter proteins seem to be necessary for protein secretion
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(Boardman and Fullner Satchell, 2004), suggesting that although the basic core structure

of most T1SSs is conserved, there are some systems that show compositional differences.

This putative non-canonical T. pallidum T1SS would be the first of its kind and
its characterization would represent a breakthrough in the syphilis field since it would lead
to a better understanding of the invasion and dissemination mechanisms employed by this
pathogen. Moreover, the investigation and characterization of pathogen secretion systems
and their substrates has been shown to be useful in the identification of vaccine targets for
the prevention of other diseases. Indeed, evidence suggests that immunization against OM
components and secretion systems substrates can provide protection against infection
(Baldi et al., 2012; Notti and Stebbins, 2016; Shrivastava and Miller, 2009). Thus, the
characterization of the putative T. pallidum T1SS and potential substrates could contribute
to the development of a successful vaccine as a preventative measure against syphilis

infection.

1.5.1 Pallilysin, a potential T. pallidum T1SS substrate

The virulence factor, pallilysin, has been shown to be secreted from pallilysin-
expressing T. phagedenis and T. pallidum, however, the complex in charge of its secretion
remains to be elucidated. There is evidence suggesting that pallilysin is lipidated within
T. pallidum and bioinformatic predictions of pallilysin previously indicated that this protein
possesses a signal peptidase 1l cleavage site and thus suggested a putative lipidation site at
Cys?* (Setubal et al., 2006). Follow-up experiments with the culturable and pallilysin-
expressing, T. phagedenis/pKMR/pallilysin model treponeme, tailored to confirm these in
silico predictions, showed the palmitoylation of pallilysin in T. phagedenis (Houston et al.,

2011). These results further suggested the export of pallilysin and its membrane-
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association within T. phagedenis and indirectly provided supporting evidence for

membrane-association within T. pallidum (Houston et al., 2011).

The putative T. pallidum secretory machineries identified thus far do not convey
a complete picture on how virulence factors could get secreted during infection. Moreover,
the presence of an incomplete LOL system within this pathogen, may suggest an alternative

secretion mechanism involved in lipidated virulence factor secretion.

1.6 Research hypotheses and objectives

Uncovering the mechanisms whereby T. pallidum is able to rapidly disseminate
and invade all of'its host’s tissues has proven to be challenging. However, the identification
of virulence factors that may play an important role in pathogenesis has been a significant
step toward defining key vaccine targets. Moreover, the bioinformatic characterization of
a potential T1SS in T. pallidum represents an important breakthrough in elucidating the
potential mechanisms for secretion of these virulence factors and provides an important
direction to understanding the invasion mechanisms of this pathogen, hence bringing us a
step closer to designing a successful preventative vaccine.

As mentioned above, the MFP component of other T1SSs, has been shown to
provide substrate recognition (Balakrishnan et al., 2001). Hence, the T. pallidum MFP,
Tp0965, may interact with potential T1SS substrates. The putative T1SS may thus play a
key role in exporting virulence factors, thereby contributing to the unique invasiveness and
pathogenesis of this spirochete.

The objective of the studies presented in this thesis is to begin the characterization
of the putative T1SS from T. pallidum by investigating the possible interaction between

the previously identified T. pallidum virulence factor, pallilysin, and the MFP component
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of the putative T1SS, Tp0965. These experiments are intended to shed light on the

possibility of this pathogen using a T1SS to transport virulence factors into the host
environment to aide in dissemination.

Moreover, since it has been shown that the closely related model treponeme
T. phagedenis is able to heterologously express pallilysin and appropriately localize it on
its surface, combined with the fact that some secreted T1SS substrates remain associated
with the external face of the OM following secretion (Cameron et al., 2008), it is
hypothesized that the secretory machinery in charge of exporting pallilysin from
T. pallidum and T. phagedenis might possess some degree of homology between the two
organisms. Additionally, as described in Chapter 4, bioinformatic analyses performed on
the T. phagedenis genome identified a similar operon harboring components of a putative
T1SS. Thus, it is of further interest to use a T. phagedenis lysate in an unbiased, global
pull-down experiment with recombinant T. pallidum Tp0965 to investigate potential
protein-protein interactions between the T. phagedenis proteins and Tp0965. Proteomic
methods and bioinformatic tools could then be used to identify putative novel T1SS
substrates in T. phagedenis with sequence similarity to T. pallidum proteins that may be

candidate virulence factors aiding in the pathogenesis of T. pallidum.

1.7 Experimental approach

The characterization of the potential T. pallidum T1SS was carried out using plate-
based binding assays and pull-down assays to investigate the protein-protein interaction
between the virulence factor pallilysin and Tp0965 (the MFP of the putative T1SS).
Furthermore, to identify novel potential T1SS substrates, the model treponeme,

T. phagedenis, was used in a non-biased, global pulldown approach to identify protein-
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protein interactions with the recombinant T. pallidum protein Tp0965. Upon identification

of a candidate T1SS substrate in T. phagedenis, bioinformatic approaches were used to
scan the T. pallidum proteome in search of a protein with sequence similarity to the putative
T. phagedenis T1SS substrate. Finally, confirmatory binding assays were carried out to
show the interaction between the newly identified putative T. pallidum T1SS substrate /

virulence factor and Tp0965.
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Chapter 2: Materials and methods

2.1Preliminary investigation of a potential Treponema pallidum T1SS
via in vitro protein-protein interaction studies

2.1.1 Construct cloning

PCR amplification and cloning of tp0327, tp0750 and pallilysin. The negative
control, tp0327 (12%-S172) was previously cloned into pET28a and the virulence factors,
tp0750 (G*-D??%) and tp0751 (pallilysin HAXXH C?*-P?%") were previously cloned into
pDEST-17 (Houston et al., 2011; Houston et al., 2014).

PCR amplification and cloning of tp0965. The DNA encoding the predicted MFP,
Tp0965, amino acid residues P*-A3%8 was PCR amplified from T. pallidum subsp.
pallidum (Nichols strain) genomic DNA using the forward primer 5’- CAGACTGCTAGC-

CCTACCCTCAGTGTGAGTAAGG-3’ and reverse primer 5’- CTGTCTGGCGGCCG-

CCGCTGCACTTTGGTCTTTGACG-3". The resulting amplicon was cloned into a
pET28a-derived construct, pETHiISTEVNTerm. This expression vector was designed and
kindly provided to us by the Boulanger lab at the University of Victoria, Canada. The
PETHiISTEVNTerm expression vector is Isopropyl p-D-1-thiogalactopyranoside (IPTG)-
inducible and adds a TEV-cleavable N-terminal hexahistidine-tag for easy purification of

recombinant proteins.

2.1.2 Recombinant TEV protease expression and purification
Recombinant TEV protease was produced in-house by Charmaine Wetherell.
E. coli strain BL21(DE3)-RIL (codon plus) transformed with the TEV protease-encoding
plasmid, pRK792 was used. Successful soluble expression of recombinant TEV protease

was achieved at an ODggo of 0.6 with a final IPTG concentration of 0.4 mM to induce
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overexpression. TEV protease was then purified using Fast Protein Liquid

Chromatography (FPLC) as well as immobilized metal ion affinity chromatography
(IMAC) followed by size exclusion chromatography (SEC). Briefly, E. coli lysate was
loaded onto 1 ml HisTrap FF affinity columns (GE Healthcare, Baie D’Urfe, QC) pre-
packed with nickel sepharose; the columns were washed with binding buffer (20 mM
HEPES pH 8.0, 500 mM NacCl, 30 mM imidazole, 10% glycerol) and bound recombinant
protein was eluted with elution buffer (20 mM HEPES pH 8.0, 500 mM NaCl, 280 mM
imidazole, 10% glycerol). Concentrated eluted protein was then transferred to the HiLoad
16/60 Superdex 75 (GE Healthcare) SEC column to further remove contaminants; the
proteins were further washed and eluted using SEC buffer with 20 mM HEPES, 150 mM
NaCl, 2.5 mM TCEP, 10% glycerol. Purified TEV protease was stored at -20 °C in SEC

buffer.

2.1.3 Recombinant T. pallidum protein expression and purification

Tp0327, tp0750 and pallilysin. The recombinant negative control His-Tp0327
(123-S%72 H-Tp0327"¢) was expressed in the E. coli strain BL21 (*DE3) (Invitrogen). The
positive control His-Tp0750 (G%-D??%, H-Tp0750"), and the putative T1SS substrate His-
tagged Tp0751 (HAXXH C?*-P?%  H-pallilysin™) were expressed in the E. coli strain
BL21-Al (Invitrogen). All proteins were expressed under growth conditions described
previously (Houston et al., 2011; Houston et al., 2014).

Tp0965. Recombinant His-tagged Tp0965 (P*%-A38 H-Tp0965") was expressed
in the E. coli strain BL21 (*DE3) (Invitrogen) where successful soluble expression was

achieved at an ODgge of 1.0 with a final IPTG concentration of 1 mM to induce
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overexpression. The production of H-Tp0965"™ was successfully carried out by a former

honours student in the Cameron lab, Bianca Jackson.

All recombinant T. pallidum proteins used were expressed solubly and purified
using FPLC, IMAC and SEC, as carried out for the TEV protease purification mentioned
in Section 2.1.2. As above, IMAC columns were washed with binding buffer (20 mM
HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 1% glycerol) and bound recombinant
protein was eluted with elution buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 500 mM
imidazole, 1% glycerol). Concentrated eluted proteins were transferred to the SEC column
to further remove contaminants (Figure S1-S5); the proteins were washed and eluted using
SEC buffer with 20 mM HEPES pH 7.5, 150 mM NaCl, 1% glycerol. For H-pallilysin™t
purification, IMAC buffers were supplemented with 10 uM ZnCl and 25 mM CacCl; and
the SEC buffer with 25 mM CacCl..

When necessary, His-tags were removed using thrombin agarose (Thrombin
CleanCleave kit, Sigma-Aldrich) for H-Tp0327"¢, and TEV protease for H-Tp0965™¢,
added at a 1:25, TEV to H-Tp0965"¢ ratio. TEV protease produced in-house as described
above, was allowed to cleave for 16-18h at 16 °C in the presence of 0.5 mM Tris (2-
carboxyethyl) phosphine (TCEP) and at a pH of 7.5. Upon cleavage, proteins were run
through the SEC column once again and the purity of all recombinant proteins and removal
of His-tag was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) analysis (Figure S3- S7).

2.1.4 Protein quantitation

Bicinchoninic acid assay (BCA). Bovine Serum Albumin (BSA) standards were

prepared in 0.1% SDS/PBS to cover a protein concentration range of 10 to 250 ug/ml. Two-



50
fold serial dilutions were carried out in a 96-well plate for both the standards and the

samples. The standards and samples had a final volume of 25 pl per well and were analyzed
in triplicate. BCA reagents A and B (Thermo Scientific Pierce BCA Protein Assay Kit)
were mixed at a 50:1 ratio and 200 ul of the prepared reagent were added to each well.
Samples were incubated and absorbance read at 570 nm after 30 and 60 minutes using a
BioTek plate reader (Fisher Scientific). Protein concentrations were then extrapolated
according to the BSA standards.

NanoDrop. The NanoDrop® ND-1000 spectrophotometer was used as a second
method to determine protein concentration by measuring the absorbance of each purified
protein at 280 nm. Calculations were performed using the absorbance of a 0.1% (=1 g/l)
solution of each protein, as obtained from the online software ExPASy ProtParam. Thus
the absorbance at 280 nm, as measured by the NanoDrop, was divided by the absorbance
value of a 0.1% obtained for each protein.

Spectrophotometer. The Beckman Coulter DU Series 700 Spectrophotometer was
used as a third method for protein concentration determination by measuring absorbance
at 280 nm. As with the NanoDrop, calculations were carried out using the absorbance 0.1%
(=1 g/l) value of each protein. In this case, the instrument parameters required the
absorbance measurements to be multiplied by 10 and divided by the absorbance of a 0.1%
(=1 g/l) solution of each protein to calculate protein concentrations.

2.1.5 Plate-based binding assays with recombinant Tp0965 and
pallilysin

Protein-protein interactions between Tp0965™° and the potential T1SS substrate

pallilysin was investigated using plate—based binding assays built upon previously
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described methodology (Cameron, 2003). Briefly, and as shown in Figure 10, Nunc-

Immuno™ 96 Microwell™ solid plate MaxiSorp Surface (Thermo Fisher Scientific) wells
were coated with 100 ul of 1 uM of Tp0965™ in Tris-Buffered Saline (TBS) and incubated
for 90 minutes at 37°C. All wells were blocked with 1% BSA in TBS-0.1% Tween-20
(TBS-T) for 60 minutes at 37°C, and then coated with 100 ul of 1 uM of either H-
pallilysin™® or H-Tp0327" (negative control) in TBS for 90 minutes at 37°C. TBS-only
was used as the blank sample. A 1:5,000 dilution of Ni-conjugated horseradish peroxidase
(Ni-HRP, KPL, Gaithersburg MD) in 1%BSA/TBS-T was used for His-tag detection;
plates were incubated 60 minutes at room temperature (RT, 25°C) and wells were washed
three times in between incubations using TBS-T. Finally, plates were developed with the
Tetramethylbenzidine (TMB) peroxidase substrate system (Kirkegaard and Perry
Laboratories) and read at 600 nm with a BioTek plate reader (Fisher Scientific). All

statistical analyses were performed using the Student’s two-tailed t-test in Microsoft Excel.

Colorimetric Detection

(4) Ni-HRP —

H- pallilysin /
H- -F:-p03>2/7rec @ His-tagged protein

Tp0965 @ Cleaved protein

Figure 10. Diagram of plate-based binding assay methodology to investigate a
potential pallilysin - Tp0965 interaction.
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2.1.6 Pull-down assays with recombinant Tp0965 and pallilysin

The interaction between Tp0965 (the MFP of the putative T1SS) and pallilysin
was investigated via in vitro pull down assays where 300 pg of purified “bait” protein,
either recombinant T. pallidum H-pallilysin™* or H-Tp0327", were coupled to 100 pl
Nickel-conjugated Nitrilotriacetic acid (Ni-NTA) beads (Qiagen) by incubating each set of
beads with protein at 4 °C with gentle rotation for 1 hour. Unbound protein was removed
with three gentle washing steps, 300 pg of purified, non-his-tagged “prey” protein,
T. pallidum Tp0965™¢, was added to each bead-coupled bait protein sample (as well as a
blank sample with Ni-NTA beads alone), and incubated for 2 hours at RT with gentle
rotation. Another three washes were carried out prior to collecting elution fractions. All
washes were performed with 20 mM Hepes pH 7.5, 150 mM NaCl, 20 mM imidazole, 1%
glycerol, and elution was performed by increasing the imidazole concentration to 500 mM.
Fractions were collected during every step of the experiment (including bait and prey flow
through, washes and elution) and were analyzed visually via SDS-PAGE and Coomassie

Brilliant Blue staining.

2.1.7 Cross-linking studies with recombinant Tp0965 and pallilysin

Recombinant T. pallidum proteins H-pallilysin™!and Tp0965™ were cross-linked
using the cross-linker, cyanurbiotindipropionylsuccinimide (CBDPS) (Petrotchenko et al.,
2011). The T. pallidum recombinant proteins Tp0965™ and H-pallilysin™! as well as
pallilysin™* and H-Tp0327™ (negative control), were incubated at room temperature,
cross-linked using varying concentrations of CBDPS (10, 25, 50, 75, 100 mM), and
guenched using ammonium bicarbonate after 25 minute incubations. The cross-linking

reactions were analyzed visually via SDS-PAGE and Coomassie Brilliant Blue staining to
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assess the formation of possible complexes. Upon visualization of bands migrating higher

on the SDS-PAGE gel and thus possibly containing potential complexes, they were

excised, digested with trypsin, and subjected to mass spectrometric analysis.

2.1.7.1 In-gel trypsin digestion

Upon protein separation via SDS-PAGE, protein bands visualized above
approximately 57 kDa in the titration gel containing H-pallilysin™! and Tp0965"¢, and
above approximately 42 kDa in the titration gel containing H-pallilysin™* and H-Tp0750"¢
were excised from the gels. Trypsin digestion using sequencing grade Trypsin (Promega)
was carried out using an adapted version of the methodology described previously (Parker
et al., 2005). After the first lyophilisation step described in the mentioned protocol, 100 ul
of 50 MM ammonium bicarbonate were added to each sample until gel pieces were
hydrated, then the solution was removed. Then, 100 ul acetonitrile (ACN) was added,
incubated for 5 minutes, followed by removal of the solution. This step was repeated twice.
The gel pieces were cooled at 4 °C for 30 minutes prior to trypsin digestion carried out as
outlined by Parker et al. On day 2, 50 ul ACN were added to each sample and incubated
10 minutes at RT before transferring the solution to a new, clean Eppendorf tube. Then,
30 pl of dH20 were added to the gel pieces and incubated for 10 minutes, then 50 ul ACN
were added on top and incubated another 10 minutes at RT. The solution was removed
from the gel pieces and added to the Eppendorf tube which was then frozen at -80 °C and
Iyophilized. Finally, samples were reconstituted with 50% ACN, reduced with TCEP and

acidified with 10% trifluoroacetic acid (TFA) prior to MS/MS analysis.
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2.1.7.2 ldentification of cross-links using mass spectrometry

The mass spectrometry (MS) experiments were carried out using a Thermo
Scientific LTQ Velos Orbitrap MS mass spectrometer and the data generated was
processed via the ICC-CLASS software developed by Petrotchenko et al. (Petrotchenko

and Borchers, 2010).

2.2 Investigation of potential novel T1SS substrates via protein-protein
interaction studies with a T. phagedenis lysate

2.2.1 Bacteria

Treponema phagedenis biotype Kazan previously transformed with the pallilysin-
expressing construct pallilysin/pKMR4PEMCS (pallilysin/pKMR) (Cameron et al., 2008)
was grown in tryptone-yeast extract-gelatin-volatile fatty acids-serum (TYGVS) medium
(Ohta et al., 1986) supplemented with 10% heat-inactivated (56 °C for 30 minutes) rabbit
serum (HI-NRS; Life Technologies, Frederick, MD) in the presence of 10 ug/ml rifampin
and 40 ug/ml erythromycin (Sigma-Aldrich) at 37 °C in a custom Coy Laboratory Products
anaerobic chamber (Mandel Scientific Company Inc., Guelph, ON).

T. phagedenis cultures were grown to a density of 3.5 x 108 cells/ml and a total
estimated count of 3.5 x 10° organisms were harvested. Bacteria were washed with TBS,
lysed using gentle sonication and centrifuged. After centrifugation, the lysate was prepared
in 20 mM Hepes pH 7.5, 0.1% Triton X-100, 20 mM imidazole and stored on ice to be

used the same day for pull-down assays.
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2.2.2 Recombinant protein expression and purification

The negative control, Tp0327™, the putative MFP of the potential T. pallidum

T1SS, H-Tp0965™, and H-pallilysin™* were produced as described in Section 2.1.1.

2.2.3 Pull-downs using recombinant T. pallidum Tp0965 and a
T. phagedenis protein lysate

Pull-downs with recombinant T. pallidum proteins as “bait” and a T. phagedenis
lysate as “prey” were carried out as summarized in Figure 11. First, 300 ug of purified
“bait” protein, H-pallilysin™* or negative control H-Tp0327"¢, were coupled to 100 pl Ni-
NTA beads (Qiagen) by incubating together at 4 °C with gentle rotation for 1 hour.
Unbound protein was removed with three gentle washing steps. The T. phagedenis lysate
was added to the Ni-NTA bead-coupled bait proteins H-Tp0965, negative control H-
Tp0327'¢, as well as a blank sample of only Ni-NTA beads with no “bait” protein attached.
All samples were incubated for 4 hours at RT with gentle rotation, washed gently and
finally the “bait” protein was eluted along with putative interacting partners. All washes
were performed with 20 mM Hepes pH 7.5, 150 mM NaCl, 20 mM imidazole, 1% glycerol
and the elution was performed by increasing the imidazole concentration to 500 mM.
Fractions were collected during every step of the experiment and were analyzed visually
via SDS-PAGE followed by Coomassie Brilliant Blue staining for further analysis via mass
spectrometry. Additionally, another set of gels were run and silver stained to achieve higher
sensitivity using the BioRad Silver Stain Kit (catalog number 161-0443) to confirm the

presence of a band in the elution fraction.
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2.2.4 In-gel trypsin digestion

Upon protein separation via SDS-PAGE and staining with Coomassie Brilliant
Blue, protein bands present on the H-Tp0965™ — T. phagedenis gel, but not on the
H-Tp0327"° — T. phagedenis (negative control) or the Ni-NTA beads — only (blank) gels,
were excised and digested with trypsin using the same protocol described in Section
2.1.7.1. The reduced, acidified samples were then spotted onto a matrix-assisted laser
desorption/ionization (MALDI) plate and overlaid with a-Cyano-4-hydroxycinnamic acid

(HCCA) matrix prior to tandem mass spectrometry (MS/MS) analysis.

2.2.5 Mass spectrometric analysis and protein identification

The mass spectrometry (MS) experiments were carried out using an Applied
Biosystems 4800 MALDI-TOF/TOF mass spectrometer using data-dependent acquisition
(DDA) to generate MS/MS spectra for the ten most intense peaks in the corresponding MS
spectra. TS2 Mascot software (Matrix Science) was used to generate Mascot generic format
(mgf) files. The generated mgf files were searched against the T. phagedenis proteome
database kindly uploaded by Derek Smith at the UVic — Genome BC Proteomics Centre,
and the Uniprot-SwissProt database using the following parameters: MS/MS lon Search
type, enzyme used was trypsin, variable modifications: Acetyl (K), Deamidated (NQ),
Methyl (C-term), monoisotropic mass values, unrestricted protein mass, peptide mass
tolerance of £100 ppm, fragment mass tolerance of +£0.8 Da, maximum of 2 missed

cleavages, and instrument type used was MALDI TOF-TOF.
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2.2.6 Bioinformatic analyses

Protein-protein and Position-Specific Iterated Basic Local Alignment Search Tool
(BLASTP, PSI-BLAST) (Altschul et al., 1990) were used to search for a T. pallidum
protein with sequence similarity to the T. phagedenis proteins identified via the pull-downs
and mass spectrometry experiments described above (Sections 2.6 — 2.8). Upon
identification, the T. pallidum proteins’ primary sequences were aligned to the
T. phagedenis originally found proteins, using Clustal Omega (Clustal W 2.1)
Bioinformatics, to assess regions of sequence variation and similarity in more detail
(Sievers et al., 2011). Additionally, Phyre2 Protein Fold Recognition Server (Kelley et al.,
2015) was used to infer on the predicted structures of the proteins in question and as a
complementary tool to confirm the functional predictions performed by BLAST and the
Conserved Domains Database (CDD) (Marchler-Bauer and Bryant, 2004). Further, PRED-
TMBB (Bagos et al., 2004) and TMHMM Server, v. 2.0 (Sonnhammer et al., 1998) online
software were used to investigate the possibility of the proteins forming B-barrels or
possess transmembrane a-helices, respectively. Finally, HeliQuest (Gautier et al., 2008)
was used to screen for putative amphiphilic a-helices at the C-terminus of potential T1SS
substrates identified, and create helical wheel diagrams outlining physiochemical

properties of individual residues.
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Figure 11. Summary of the unbiased, global pull-down approach to identify novel
putative T1SS substrates in T. phagedenis

T. phagedenis containing a predicted T1SS was cultured in vitro, washed, harvested and
lysed (prey protein). His-tagged T. pallidum recombinant H-Tp0965¢ was immobilized
on nickel beads and used to pull out potential interacting T. phagedenis prey proteins.
Upon gentle washes and elution, all the experiment fractions were run in an SDS-PAGE
gel to obtain protein band separation. Bands from the elution lane were excised and
digested using MS-grade trypsin. MS/MS analysis was carried out using a 4800
MAVLDI-TOF/TOF mass spectrometer and TS2 Mascot software (Matrix Science) was
used to generate Mascot generic format (mgf) files. Extensive bioinformatic analyses
were then carried out to search against the T. pallidum proteome for a protein with
sequence similarity.
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2.3 Confirmatory plate-based binding assays to explore an interaction
between the novel putative T1SS substrate, Tp0854, and Tp0965

2.3.1 Construct cloning

Putative phosphatase domain of tp0854. The DNA encoding the predicted
phosphatase domain of Tp0854, amino acid residues D**4-R%3, was PCR amplified from
T. pallidum subsp. pallidum (Nichols strain) genomic DNA using the forward primer
5’-AGACTGCTAGCGATGATCACGTGGAGT-3’ and reverse primer 5’-ATGTCTTG-
CGGCCGCTCTCTTTCTTATTCCCAAGATAGTG-3’. The resulting amplicon was

cloned into pETHISTEVNTerm, an expression vector described in Section 2.1.1.

2.3.2 Recombinant protein expression and purification

The tp0854 (D1%4-R533)/pETHisTEVNTerm construct was then transformed into
the E. coli strain BL21 (*DE3) (Invitrogen) where successful soluble expression of His-
tagged Tp0854 (D%4-R538 H-Tp0854P") was achieved at an ODgoo Of 1.0 with a final
IPTG concentration of 0.4 mM to induce overexpression.

Soluble recombinant protein was purified as above (Section 2.1.1) using FPLC,
IMAC and SEC. As before, the columns were washed with binding buffer (20 mM HEPES
pH 7.5, 500 mM NaCl, 20 mM imidazole, 1% glycerol) and protein was eluted with elution
buffer (20mM HEPES pH 7.5, 500 MM NaCl, 500 mM imidazole, 1% glycerol).
Concentrated eluted proteins were transferred to the HiLoad 16/60 Superdex 75 (GE
Healthcare) SEC column to further remove contaminants, were washed and eluted using
SEC buffer with 20 mM HEPES pH 7.5, 150 mM NaCl, 1% glycerol.

The His-tag from H-Tp0854P" was removed using TEV protease under the

conditions mentioned above: at a 1:25, TEV to H-Tp0854°"* ratio, 16 °C overnight.
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Proteins were run through the SEC column once again, and both recombinant protein purity

as well as His-tag removal were assessed visually via SDS-PAGE analysis.

2.3.3 Plate-based binding assays with recombinant Tp0965 and
Tp0854

Protein-protein interactions between Tp0965 and the novel potential substrate
Tp0854 were investigated using plate-based binding assays as described in section 2.1.5.
As shown in Figure 12, for these assays, Tp0854P" was used to first coat the plate and
Tp0327™° was used as a negative control. H-Tp0965"¢ was added as the second protein to
both samples. Additionally, this assay was reversed and hence Tp0965™° or the negative
control Tp0327"° were added to first coat the plate, followed by the addition of H-
Tp0854P"° as the second protein.

The dose-dependent attachment of recombinant Tp0965 to the phosphatase
domain of Tp0854 was also investigated by varying the molarity of either H-Tp0965"¢ to

Tp0854PM°s or H-Tp0854°" to Tp0965™°, from 0.1 to 3 uM and 0.01 to 1 uM, respectively.

Colorimetric Detection

(4) Ni-HRP —@ @
H- Tp0965 or - -

H-Tp0854
@ His-tagged protein — ¥ !

Tp0854 or
TE0965 or @ Cleaved protein— |

Tp0327ree

Figure 12. Diagram of plate-based binding assay methodology to confirm a
Tp0854 - Tp0965 interaction.
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Chapter 3: Direct investigation of potential Type | Secretion
System substrates using recombinant T. pallidum proteins

3.1 Contributions to the data

The data presented in this chapter represents the first in vitro analysis of a
previously characterized virulence factor, pallilysin, as a potential T1SS substrate in the
syphilis spirochete, Treponema pallidum. Binding assays, previously developed by Dr.
Caroline Cameron (Cameron, 2003) were adapted for experiments tailored to detect a
potential interaction between pallilysin and Tp0965 (the MFP of the putative T1SS in
T. pallidum). Moreover, traditional pull-down assays were carried out as a complementary
technique to assess said interaction. Finally, Jason Serpa from the UVic — Genome BC
Proteomics Centre kindly processed the trypsin-digested excised bands from the cross-

linking experiments.

3.2 Introduction

The syphilis spirochete, Treponema pallidum, possesses highly invasive and
disseminating properties that allow it to invade even the most privileged tissues of the
human host, including ocular tissues, the CNS and the uterus (LaFond and Lukehart, 2006).
T. pallidum is able to bind to varying host ECM components, endothelial cells in vitro, and
disrupt the intercellular junctions and hence it is able to cross the host vascular endothelial
barrier and the basement membrane (Blanco et al., 1997; Fitzgerald et al., 1984; Thomas
et al., 1988). Several characteristics contribute to T. pallidum’s invasiveness and host
immune evasion; however, the exact molecular mechanism and virulence factors involved
in dissemination have just recently begun to emerge. The T. pallidum virulence factor,

pallilysin, was first identified in 2003 as a laminin-binding protein, via binding assays
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carried out by Dr. Caroline Cameron (Cameron, 2003). This adhesin is thought to play an

important role in T. pallidum’s pathogenesis by being one of the constituents that confer
upon this pathogen the ability to bind to ECM components and hence aid in invasion and
dissemination (Cameron et al., 2008; Houston et al., 2012). Moreover, previous studies in
the Cameron lab suggested that wild-type pallilysin may possess proteolytic and self-
activating properties (Houston et al., 2012). Since there is evidence showing that pallilysin
is expressed and exposed to the host cellular milieu under infection conditions (Cameron,
2003; Cameron et al., 2008; Houston et al., 2012), it is hypothesized that this virulence
factor might be secreted via a putative T. pallidum T1SS.

The preliminary investigation of pallilysin as a putative T1SS substrate was
initiated by studying the potential protein-protein interaction between the MFP of the
putative T1SS (Tp0965) and a pallilysin mutant previously generated. This mutant
pallilysin [Tp0751(C24-P237) HAXXH (E199A), pallilysin™] lacks proteolytic activity
(Houston et al., 2012) and could be used to study protein-protein interactions without
compromising the in vitro integrity of this virulence factor and/or that of other recombinant
proteins used during experiments. Hence, the initial protein-protein interaction studies
between Tp0965 and pallilysin were carried out using two methods: in vitro binding assays
and pull-down techniques. Moreover, in an attempt to identify specific protein-protein
interaction sites, cross-linking experiments were performed. In all the experiments carried

out, Tp0327, an unrelated T. pallidum chaperone, was used as a negative control.
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3.3 Binding assays to investigate a potential interaction between Tp0965
and the virulence factor, pallilysin

Binding assays can be used successfully to study protein-protein interactions in a
variety of scenarios and hence, it was determined to be an adequate initial step into the
investigation of a putative interaction between the T. pallidum virulence factor pallilysin
and Tp0965 from the potential T1SS. Binding assays were performed as described
previously (Cameron, 2003) and as mentioned in section 2.1.5. Each triplicate sample was
averaged and plotted as shown in Figure 13. It can be seen that the absorbance value for
the negative control H-Tp0327"¢ was found to be considerably lower than the absorbance
value for pallilysin. The student t-test statistical analysis, showed a p-value lower than
0.005 between the negative control and the Tp0965™° - H-pallilysin™® binding levels,
suggesting significantly more binding of H-pallilysin™! to Tp0965"™¢ in comparison with
the binding of H-Tp0327™ to Tp0965™¢. The greater interaction between H-pallilysin™
and Tp0965™° suggests that the MFP of the putative T1SS may indeed interact with this
key T. pallidum virulence factor and could indicate secretion via this system.

Even though statistical analysis showed that the absorbance of the Tp0965"¢ - H-
pallilysin™! sample was significantly higher than that of the negative control, H-Tp0327"¢
to Tp0965™¢, the overall absorbance values for both samples were low, possibly due to the
potentially transient nature of the interaction, and therefore it was decided that further
investigation using alternative techniques were required to verify the detected potential

interaction.
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Figure 13. Plate-based binding studies between recombinant T. pallidum pallilysin
and Tp0965, using Tp0327 as a negative control.
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3.4 Pull-down assays to further investigate a potential interaction between
Tp0965 and the virulence factor, pallilysin

Pull-down assays are commonly used in the biological sciences to investigate
protein-protein interactions and the presence of a His-tag in our recombinant proteins made
this technique a relatively simple approach to further explore our hypothesis. Therefore,
the second technique used in an attempt to show an interaction between pallilysin and
Tp0965, was in vitro pull-downs with recombinantly-produced T. pallidum H-pallilysin™t
and Tp0965™¢, as mentioned in section 2.1.6. Upon collection of washes and elution
fractions, all samples were run on SDS-PAGE gels and stained, leading to the results shown
in Figure 14. Neither the blank, Tp0965™° incubated with beads alone, nor the negative
control, Tp0965"¢ with H-Tp0327'¢, showed a visible Tp0965 band on the elution fraction
lane upon gel staining. The Tp0965™° with H-pallilysin™ sample on the other hand, did
show a Tp0965™° band on the elution fraction. There is a significant loss of Tp0965"¢
during the washes in all cases, including the gel showing an interaction between pallilysin
and Tp0965™C. It is thought that the reason why Tp0965™¢ does not remain completely
attached to the His-pallilysin sample is because the hypothesized interaction between
pallilysin and Tp0965"¢ is expected to be transient. If pallilysin were indeed secreted via
this system, the interaction between the MFP, Tp0965 and this virulence factor would be
short lived. Even though the interaction between a T1SS and its substrate would be
expected to be of transient nature, in vitro conditions and the presence of excess protein

make it possible to visually assess such weak interactions.
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Figure 14. Coomassie Brilliant Blue stain of fractions obtained from pull-down
assays between the virulence factor H-pallilysin™¢, and the MFP Tp0965¢
(A) Fractions collected during pull-down assay between Tp0965™ and H-pallilysin™,
showing a visible Tp0965™¢ band in the elution fraction lane. (B) Fractions collected
for the negative control sample Tp0965 and H- Tp0327"¢ showing no visible Tp0965™¢
band in the elution fraction lane. (C) Fractions collected for the blank sample (no bait
protein) show no visible Tp0965™¢ band in the elution fraction lane. All samples were
treated equally, with the same amount of lysate and same amount of bait protein (except
in the blank), and incubated under the same conditions. MW: Molecular Weight protein
ladder, Bait: bait flow through, W2: Wash #2, last wash after bait flow through, Prey:
prey flow through, W6: Wash #6, W7: Wash #7, W10: Wash #10, last wash after prey
flow through, E: Elution fraction.
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3.5 Cross-linking experiments between Tp0965 and pallilysin to identify
specific interacting sites

Due to the transient nature of the interactions observed between secretory
machineries and their substrates, novel techniques have been developed in attempts to
capture such contacts between proteins. One such technique is cross-linking, which is
successfully used to detect interactions that would otherwise remain unknown.
Furthermore, cross-linking, followed by mass spectrometry allows for the identification of
the specific residues from two interacting proteins whose interaction becomes covalently
linked due to reaction with the cross-linker. For instance, the novel homobifunctional
primary amine reactive (primarily lysines and N-termini) cross-linker with a 14 A spacer
arm, CBDPS, has been developed to be isotopically coded, biotinylated to allow for an
enrichment step prior to mass spectrometric analysis, collision-induced dissociation (CID)-
cleavable and possesses isotopic MS/MS signatures for dead-end and inter-peptide cross-
links (Petrotchenko et al., 2011). The versatility and spacer arm flexibility, as well as the
mass spectrometry-friendly characteristics of this cross-linker made it suitable for in vitro
cross-linking studies between Tp0965 and pallilysin. H-pallilysin™* with Tp0965™, the
negative control H-Tp0327'¢, with Tp0965™¢, and the positive control H-Tp0750™° with
H-pallilysin™* were cross-linked and run on an SDS-PAGE gel. The results in Figure 15A
shows a similar banding pattern between the titration of H-pallilysin™* with Tp0965™ and
that of Tp0965™° alone with 100 mM CBDPS. However, it can be seen that as the
concentration of CBDPS increases, the pallilysin band seems to decrease in intensity,
suggesting that it might not be migrating to its monomeric location but rather might be

interacting with Tp0965™° and hence appear at an additive molecular weight higher on the

gel.
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Furthermore, the sample containing H-pallilysin™' alone and the highest

concentration of CBDPS (100 mM) shows a fainter band than the sample lacking any
CBDPS, indicating that the conditions at which cross-linking was carried out might have
resulted in a certain degree of pallilysin precipitation (loss), hence preventing its full
migration into and through the SDS-PAGE gel. Moreover, since Tp0965 is predicted to be
the MFP component of the putative T. pallidum T1SS, it is expected that this protein might
form trimeric or hexameric complexes, as is the case for the MFP, HlyD, from the E. coli
hemolysin system (shown in Figure 5). Hence, the banding pattern of the Tp0965™° sample
cross-linked with 100 mM CBDPS on its own is to be expected, with monomeric, dimeric,
trimeric, tetrameric, pentameric and hexameric forms at approximately 35, 72, 93, above
125, above 165, and below 240 kDa, respectively. It was thought that perhaps the band
observed in the titration sample lanes at approximately 60 kDa could be a complex between
pallilysin™* and Tp0965™ and due to the multimeric nature of Tp0965 it was unclear if
one or more of the Tp0965™° complex bands were masking pallilysin™", thereby making it
unclear whether there was indeed an interaction between pallilysin™* and Tp0965™¢. Thus,
the bands highlighted in red in Figure 15A were excised, digested with trypsin and
subjected to mass spectrometric analysis as described in section 2.1.4. Interestingly it was
found that pallilysin™ and Tp0965™¢ were present together in the four sample bands, and
Table S1 shows the high sequence coverage obtained for both proteins in each band.
Unfortunately, exact cross-links could not be identified. Although CBDPS has been shown
to be a powerful reagent, it is mainly reactive with the primary amines on lysines and N-
termini, as mentioned above. Even though the primary sequence of Tp0965 contains 21

lysines, pallilysin contains only two, substantially reducing the probability of CBDPS
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reacting with this virulence factor, hence if only minimal reactivity between the two

proteins in question occurred, it might explain why specific cross-links were not identified
upon mass spectrometric analysis.

Similarly, in the case of the positive control shown in Figure 15B, a band at
approximately 50 kDa can be seen in the titration samples of H-Tp0750" (which has 12
lysines) with pallilysin. However, the lane showing H-Tp0750™¢ with 100 mM CBDPS
alone also shows a band at the same migration distance, suggesting that the appearing band
in the titration samples could simply be a dimer of H-Tp0750™¢. Moreover, the lane
showing pallilysin with 100 mM CBDPS alone also shows a very faint putative dimer at
approximately 57 kDa, suggesting a potential pallilysin dimer that interestingly does not
seem to appear in the titration samples.

The interaction between Tp0750 and pallilysin was previously investigated via
dynamic light scattering (DLS) techniques by the Cameron lab, and results showed a
positive interaction between these two virulence factors (Houston et al., 2014). Hence, it
was decided that Tp0750 would be an adequate positive control for cross-linking
experiments with pallilysin. The fact that the interaction between H-Tp0750™ and H-
pallilysin™! was not detected via cross-linking experiments using CBDPS once again
suggests that this reagent is inadequate for experiments involving pallilysin under the
experimental conditions used.

The negative control in Figure 15C, H-Tp0327™° (containing 11 lysines) with
Tp0965™° showed the interesting dimerization and trimerization of H-Tp0327"° alone with
100 mM CBDPS, which can also be seen throughout the titration samples. The Tp0965"¢

with 100 mM CBDPS sample again shows the multimeric pattern described above, and the
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titration samples show no clear interaction between Tp0965™° and H-Tp0327"¢, since all

the bands that appear can be accounted for by bands that show up in the H-Tp0327"¢ with

100 mM CBDPS alone as well as the Tp0965™¢ with 100 mM CBDPS alone.
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Figure 15. Cross-linking experiments between the virulence factor H-pallilysin™t

and the MFP H-Tp0965"¢

(A) Cross-linking titration of Tp0965 and pallilysin; from left to right: Protein ladder,
H-Tp0965™ 0 mM CBDPS, pallilysin 0 mM CBDPS, titration of H-Tp0965"¢ with
pallilysin: 10 MM to 100 mM CBDPs, pallilysin 100 mM CBDPS, H-Tp0965™°
100 mM CBDPS. (B) Cross-linking titration of H-Tp0750"¢ and pallilysin (positive
control); from left to right: Protein ladder, H-Tp0750™ 0 mM CBDPS, pallilysin 0 mM
CBDPS, titration of H-Tp0750™¢ with pallilysin: 10 mM to 100 mM CBDPs,
H-Tp0750™° 100 mM CBDPS, pallilysin 100 mM CBDPS. The red boxes show the band
excisions subject to mass spectrometric analysis. (C) Cross-linking titration of
H-Tp0965™ and H-Tp0327™¢ (negative control); from left to right: Protein ladder,
H-Tp0965™ 0 mM CBDPS, H-Tp0327"¢ 0 mM CBDPS, titration of H-Tp0965"¢ with
H-Tp0327"¢: 10 mM to 100 mM CBDPS, H-Tp0965™ 100 mM CBDPS, H-Tp0327"¢

100 mM CBDPS.
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3.6 Conclusions

Three different techniques were used for the preliminary investigation of the
putative T1SS in Treponema pallidum that might be responsible for the secretion of
virulence factors that confer upon this pathogen its highly invasive properties. The MFP
component (Tp0965) of the putative T1SS and potential T1SS substrate, virulence factor
pallilysin, were used for binding studies, pull-down assays and cross-linking experiments.
The binding studies and pull-down assays carried out suggested a weak interaction between
the putative MFP Tp0965™¢ and pallilysin™!. The cross-linking experiments further
showed potential co-migration of Tp0965"¢ and pallilysin™ along the SDS-PAGE gel, and
mass spectrometric analysis suggested the presence of both Tp0965™ and pallilysin™ in
all the bands analyzed, which appeared to have the molecular weight of multimeric
complexes. Unfortunately, no specific cross-links were identified and it was concluded that
the cross-linker used might not have been appropriate for the discovery of interactions
involving the lysine-devoid virulence factor pallilysin. Regardless, the three experimental
approaches successfully showed a potential transient interaction between the MFP Tp0965
and the T. pallidum virulence factor pallilysin. Further studies are required in order to
obtain more details regarding the functionality of this system as an actual T1SS and more

investigations should lead to the discovery of novel putative T1SS substrates.
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Chapter 4: Bioinformatic analyses show a predicted T1SS
homolog in Treponema phagedenis

4.1 Contributions to the data

In this chapter, bioinformatic techniques were used to screen the proteome of the
closely related spirochete, Treponema phagedenis, to explore the possibility of it
possessing a T1SS homologous to the putative T1SS in T. pallidum. My contribution to the
data is the novel investigation of an operon in T. phagedenis, which might encode a

homolog corresponding to each and every component of the putative T. pallidum T1SS.

4.2 Introduction

The spirochete T. phagedenis is a poorly characterized organism that has been
recognized as being part of the normal human flora, a genitalia commensal and thus non-
pathogenic to humans. However, a recent study showed that the causative agent of Bovine
papillomatous digital dermatitis (PDD), a Treponema phagedenis-like spirochete, which
affects cattle and represents a great economic burden to society, shows no significant
differences at the genomic and phenotypic levels between several isolates from cows and
the human commensal T. phagedenis (Wilson-Welder et al., 2013). Like the human
commensal T. phagedenis, the causative agent of Bovine PDD is a strict anaerobe that
requires serum and volatile fatty acids to grow. Hence, technically speaking, Treponema
phagedenis is a pathogen that does not affect humans and as such is able to live in a
commensal relationship with the human host.

Unfortunately, although the genome of Treponema phagedenis has been
completely sequenced via whole genome shotgun approaches by the Human Microbiome

Project, it has not yet been fully annotated. Nonetheless, the 16S rRNA sequence has been
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previously used to assess phylogenetic relationships between a diverse number of

spirochetes (Paster et al., 1991; Woese, 1987). Interestingly, these studies showed a 91.1%
similarity between the 16S rRNA from T. pallidum and T. phagedenis (Paster et al., 1991),
indicating a high degree of sequence conservation and great similarity between these
genomes, but confirmatory whole genome analyses remain to be carried out.

Due to the similarities between T. pallidum and T. phagedenis, and the ability of
the latter to express and appropriately lipidate and position pallilysin on its surface when
transformed with the pallilysin/pKMR vector (Cameron et al., 2008), it was of interest to
use bioinformatic analyses to scan the Treponema phagedenis proteome in search for the
presence of a T1SS homologous to the putative T1SS in T. pallidum that might be
responsible for the secretion and appropriate localisation of not only pallilysin, but also

other virulence factors from within these treponemes.

4.3 The predicted T1SS homolog in T. phagedenis

As mentioned earlier in this thesis, the T1SS can be found in a wide variety of
Gram-negative microorganisms. Bacteria that produce bacteriocins, such as Colicin V,
have been shown to use T1SSs to secrete these virulence factors to the extracellular space,
targeting competing microorganisms (Gérard et al., 2005; Wooldridge, 2009). Moreover,
recent studies showed that even non-pathogenic microorganisms, such as the Antarctic
Gram-negative bacterium Marinomonas primoryensis, can carry T1SSs to secrete
specialized proteins that aid in survival, as is the case of the MpAFP antifreeze protein
adhesin secreted by M. primoryensis and used to bind to the underside of ice covering lake

surfaces, allowing for the bacteria to remain in a favorable position with access to oxygen
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and nutrients from nearby photosynthetic organisms (Vance et al., 2014). However, T1SSs

are most commonly found in pathogenic bacteria.

Interestingly, bioinformatic analyses using BLAST and Phyre2 identified in
T. phagedenis protein homologs to the putative T1SS protein components in T. pallidum
and an illustration comparing both operons is shown in Figure 16. Unlike most T1SSs
known, which are made up of three proteins, there were five proteins identified that could
make up the potential T1SS in T. phagedenis: two permeases, an ABC transporter, a
membrane fusion protein and a TolC-like protein. Table 2 shows the proteins from the
predicted T1SS in T. pallidum and their corresponding potential homologs in
T. phagedenis.

In these bioinformatic studies, the two T. phagedenis permeases, denoted as efflux
ABC transporter permeases, and with accession numbers WP_002695293 and
WP_002695296, showed high homology to the T. pallidum Tp0962 and Tp0963, with
amino acid sequence identity of 42% and 43%, respectively, as well as query cover of 99%
in both cases. As seen in Table 2, the predicted structures of Tp0962 and Tp0963 show
great resemblance to their T. phagedenis homologs, and transmembrane helix predictions
(TMHMM Server, v. 2.0, (Sonnhammer et al., 1998)) further showed that the
T. phagedenis proteins are predicted to contain transmembrane helices and hence it is
thought they might form a pore within the inner membrane, similar to the predicted
T. pallidum T1SS permeases.

The ATPase protein component of the putative T1SS in T. pallidum, Tp0964,
showed 71% identity to the T. phagedenis ABC transporter ATP binding protein, accession

number WP_002695297, with 97% query cover, suggesting great homology. Table 2
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shows the clear structural identity in the models predicting both ATPases from the putative

T1SSs of these spirochetes. This ATP-binding protein is predicted to be cytoplasmic, and
would be essential to supply the energy required for substrate transport across both the
inner and outer membranes.

Importantly, the membrane fusion protein component of the putative T. pallidum
T1SS, Tp0965 showed 59% identity to the T. phagedenis protein with accession number
WP_002695300, and 92% query cover suggesting a high level of homology, also clearly
represented in the Phyre2 predicted structures showing clear similarities.

Finally, unlike the T. pallidum potential T1SS, which contains four predicted
TolC-like proteins, the T. phagedenis putative T1SS contained only one predicted TolC-
like protein with accession number WP_002695302. The reason why there might be such
a difference in the number of TolC-like proteins between these two spirochetes could be
due to the fact that Treponema pallidum has a characteristically small genome, encoding
for just over 1000 proteins, whereas the Treponema phagedenis genome is substantially
larger, about three times the size of T. pallidum’s. Thus, T. phagedenis possesses a
significantly higher number of proteins that could be employed to assemble a greater
number of secretory machineries, whereas the limited number of proteins encoded by
T. pallidum’s genome would favor a “mix-and-match” mechanism where the same core
structure of a secretion system is used and components of the system can be interchanged
(e.g. the four TolC-like proteins in the case of the putative T1SS). In fact, proteins in
T. pallidum have previously shown multi-functional properties such as the proteolytic and

adhesin abilities of Tp0750 and pallilysin (Houston et al., 2011; Houston et al., 2014).
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Table 2. Structure predictions of the putative T. pallidum T1SS components and
potential T. phagedenis homologs

Phyre2 BLAST
T. pallidum T. phagedenis Identity |Query Cover
WP_002695293
42% 99%
43% 99%
71% 97%
Tp0965 ‘Q
4
59% 92%




Tp0968

Tp0969

~1

WP_002695302

27%

81%
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Figure 16. Schematic representation of the T. pallidum and T. phagedenis operons
encoding putative T1SSs

Top: The T. phagedenis operon encoding a putative T1SS, showing two permeases, an
ATPase, a MFP and a single TolC-like protein. Bottom: The T. pallidum operon
encoding a putative T1SS, showing two permeases, an ATPase, a MFP and four TolC-
like proteins.

4.4 Conclusions

Despite the fact that the Treponema phagedenis genome has not been fully
annotated we were able to find in its genome an operon that encodes for all the components
of a potential T1SS homologous to the putative T. pallidum T1SS. All the potential
components of the T. phagedenis putative T1SS show sequence similarity to the
corresponding potential T1SS components in T. pallidum. This suggested that an
experiment with recombinant proteins and a T. phagedenis lysate may lead to novel
discoveries due to a possible cross-recognition between the T1SS components from

T. pallidum and T. phagedenis putative T1SS substrates as described in the next chapter.
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Chapter 5: Global and unbiased pull-down approach to detect
putative novel Type | Secretion System substrates using the model
spirochete Treponema phagedenis

5.1 Contributions to the data

This chapter describes the results obtained from a global and unbiased pull-down
approach used to screen for novel T. pallidum putative T1SS substrates using recombinant
T. pallidum proteins and the model spirochete T. phagedenis. My contribution to the data
is the successful identification of a potential interaction between Tp0965 and a novel,
uncharacterized T. phagedenis protein that may constitute a T1SS substrate in Treponema

phagedenis.

5.2 Introduction

Research in the syphilis field is severely hindered by the inability to culture the
syphilis spirochete, T. pallidum. Direct work with this pathogen requires the passage of
bacteria using rabbits, and upon harvest, the bacteria remain viable and adequate for
experimentation for only a few hours. The model treponeme T. phagedenis, on the other
hand, although also delicate in its own way, is relatively easy to work with since it is
culturable and not pathogenic to humans.

As described in the previous chapter, bioinformatic analysis predicted that
T. phagedenis possesses homolog proteins to each of the components of the putative
T. pallidum T1SS. The non-invasive nature of T. phagedenis, however, would suggest that
the core function of the putative T. pallidum T1SS may have been augmented to facilitate
a role in pathogenesis. Regardless, due to the difficulties of working directly with
T. pallidum, and the possibility of T. phagedenis possessing a homologous T1SS, a global

and unbiased pull-down approach was implemented. Hence, the degree of homology
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between these two systems would allow to use the culturable spirochete T. phagedenis in

an experiment tailored to the identification of novel potential T1SS substrates. The
T. phagedenis novel putative T1SS substrates could then be used to screen the T. pallidum
proteome to find a homolog that might be a virulence factor conferring upon this spirochete
its characteristic pathogenesis.

As shown in Table 2, the MFP homolog in T. phagedenis is predicted to have a
59% identity to the T. pallidum MFP Tp0965, over a 92% query cover. This high degree
of sequence similarity suggested that perhaps these MFPs are similar enough for Tp0965
to cross-interact with substrates from the T. phagedenis potential T1SS machinery. A
global and unbiased analysis via pull-down experiments was performed using the
T. pallidum MFP (Tp0965) from the putative T1SS as bait, to investigate protein-protein
interactions with a T. phagedenis lysate prey. These studies were carried out with the goal
of identifying more potential T1SS substrates in T. phagedenis via mass spectrometric
analysis. Bioinformatic analyses were then used to find proteins with sequence and/or

structure similarity in T. pallidum that might be a T1SS effector in the syphilis spirochete.

5.3 Potential interaction of the putative T. pallidum T1SS MFP component,
Tp0965, with a novel T. phagedenis protein

As shown in Figure 17, the SDS-PAGE gels resulting from the global and
unbiased pull-down assays carried out with recombinant T. pallidum proteins and a
T. phagedenis lysate, showed a protein band in the elution fraction in the gel run with the
H-Tp0965™ fractions (Figure 17A), whereas the negative control H-Tp0327"¢ and the

blank (Figure 17B and C, respectively) did not show such a band.
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Under the conditions tested, most of the T. phagedenis proteins did not seem to

interact with H-Tp0965™°. Thus, as shown in Figure 17A, most of the proteins from the
T. phagedenis lysate flowed through, past the beads (prey flow through) and were washed
off leading to little to no protein through consecutive washes 4, 5 and 6. However, the
elution fraction showed a new protein band, band X, at approximately 45 kDa, that was
absent in the fraction containing the last wash, wash 6 and was therefore concluded to be a
potential H-Tp0965™ -interacting protein from T. phagedenis. There are three additional
faint bands in this elution fraction, however, the H-Tp0965"°-alone lane also shows three
bands at the same approximate molecular weights, indicating that these are not proteins
from the T. phagedenis lysate, but rather H-Tp0965™° contaminants.

The negative control pull-down between H-Tp0327"¢and a T. phagedenis lysate
showed the same trend where all the lysate seemed to be washed off throughout the prey
flow through and the washing steps. Furthermore, as shown in Figure 17B, the elution
fraction did not show any bands other than that corresponding to H-Tp0327"¢, thus it
appears that H-Tp0327'¢, as expected, did not interact with any T. phagedenis proteins
under the conditions tested.

Similarly, the blank sample containing just beads and a T. phagedenis lysate, did
not show any protein bands in the elution fraction (Figure 17C), indicating that band X
observed in the elution fraction in Figure 17A is not due to non-specific binding of the
lysate to the beads, but rather a specific H-Tp0965™‘-interacting protein from
T. phagedenis.

The results presented indicate a possible interaction between the T. pallidum H-

Tp0965™¢ and a novel T. phagedenis protein, suggesting cross-interaction between the



82
T. pallidum putative T1SS MFP Tp0965 and putative T1SS substrates from T. phagedenis.

Coomassie Brilliant Blue stain was used to visually analyze all the gels run and to be able
to further analyze gel excisions via mass spectrometry. Due to the low intensity of band X
observed in Figure 17A, another set of SDS-PAGE gels was run and stained using the more
sensitive Silver stain kit (BioRad) to show bands of higher intensity (Figure 18).
Unfortunately, the samples were stored at -20 °C for approximately 10 months before the
silver stains were run, potentially resulting in significant protein degradation. Thus, the
band intensity observed in the silver stained gels was found to be very similar to the
intensity seen in the Coomassie stained gels. Nonetheless, the presence of band X in the
pull-down assay fractions obtained from the H-Tp0965¢ samples was shown in both sets
of gels, stained via both silver staining methods and Coomassie staining methods, thereby
increasing the confidence in our findings. Mass spectrometric analysis of excisions from

the Coomassie stained gels was then carried out to identify the protein present in band X.
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Figure 17. Coomassie Brilliant Blue stained SDS-PAGE gels for analysis of fractions

from pull-down assays between recombinant T. pallidum proteins and a

T. phagedenis lysate.
(A) Pull-down assay between H-Tp0965™° and a T. phagedenis lysate; shows a visible
putative H-Tp0965"-interacting T. phagedenis protein band, band X, in elution fraction.
(B) Negative control sample H-Tp0327"¢ and a T. phagedenis lysate; shows no visible
band X in elution fraction. (C) Blank sample, only Ni-NTA beads with a T. phagedenis
lysate and no bait; shows no visible band X in elution fraction. MW: Molecular Weight
protein ladder, Bait: bait flow through, W3: Wash #3, Prey: prey flow through, W4: Wash
#4, W5: Wash #5, W6: Wash #6, last wash after prey flow through, E: Elution fraction.
Red box: band excisions for mass spectrometric analysis.
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Figure 18. Silver stained SDS-PAGE gels for analysis of fractions from pull-down
assays between recombinant T. pallidum proteins and a T. phagedenis lysate

(A) Pull-down assay between H-Tp0965" and a T. phagedenis lysate; shows a visible
putative H-Tp0965™°-interacting T. phagedenis protein band, band X, in elution
fraction. (B) Negative control sample H-Tp0327" and a T. phagedenis lysate; shows
no visible band X in elution fraction. (C) Blank sample, only Ni-NTA beads with a
T. phagedenis lysate and no bait; shows no visible band X in elution fraction. MW:
Molecular Weight protein ladder, Bait: bait flow through, W3: Wash #3, Prey: prey
flow through, W4: Wash #4, W5: Wash #5, W6: Wash #6, last wash after prey flow
through, E: Elution fraction. MW: Thermo Fisher Scientific Spectra Multicolor Broad
Range Protein Ladder (catalog number 26634).
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5.4 Mass spectrometric analysis of band X identified a novel T. phagedenis
protein that may interact with the MFP from the putative T. pallidum
T1SS.

Mass spectrometric analysis was used to find the identity of the novel
T. phagedenis protein pulled-out with recombinant T. pallidum H-Tp0965™°. Band X,
visualized at approximately 45kDa was excised from the Coomassie-stained SDS-PAGE
gel shown in Figure 17A, digested with trypsin as described in section 2.2.4 and then
subjected to mass spectrometric analysis as mentioned in section 2.2.5. Two peptides,
unique to T. phagedenis were successfully obtained via MALDI-TOF/TOF MS and upon
searches against the MASCOT database, a match was found. As shown in Table 3, band X
was identified as a T. phagedenis protein labelled as “conserved exported protein”, with
accession number CEM60944 with a protein sequence coverage of 9%. The high
MASCOT score of 235, and the predicted molecular weight of 43 kDa, which is highly
similar to the observed 45 kDa in the SDS-PAGE gels shown in Figure 17A, and Figure
18A give high confidence in the protein identification. For simplicity, this T. phagedenis
protein will be referred to as TphBlg (for T. phagedenis protein with a Blg domain, as
explained in the following sections).

Moreover, the portion of the negative control gel H-Tp0327"¢, shown in a red box
in Figure 17B, and corresponding to the absence of band X was also subjected to trypsin
digestion and mass spectrometric analysis. However, no proteins were identified in this
sample, supporting the unique presence of band X in the H-Tp0965™¢ - T. phagedenis lysate
pull-down elution fraction, as shown in Figure 17A.

Figure 19A shows the primary sequences of the two peptides used for protein

identification, highlighted within the TphBIg protein sequence in red and blue, and Figure
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19B shows the corresponding MS/MS spectra. The peptide sequence coverage was 100%

in both cases, further increasing confidence in the T. phagedenis protein identification.



Table 3. MASCOT results obtained for a novel potential Tp0965-interacting partner from T phagedenis.

Bait protein | Observed MW MASCOT Hit Hit MW MASCOT Peptide Hits Protein Sequence
(SDS-PAGE) Score Coverage
H-Tp0965™¢ | 45kDa Conserved 43kDa 235 RYKNPFQILEEGAFDISYRG 9%
Exported Protein
Accession: KEAVYTVFPSDSVVDAEGRI
CEM®60944
H-Tp0327™° | N/A N/A N/A N/A N/A N/A
N/A N/A N/A N/A N/A N/A N/A
(beads only)

A MIKKTLLGTACAVFFFSAWAQAPQTIGTDYQRVATHYSDGKKEFVNSDVFFKLNASDKETGLDFVEFSLDGTKFMRY

KNPFQILEEGAFDISYRGLDNSRNLEVPKTLSVVVDNTPPKAEIETTEPVYRKGLTTYCSANTKWYVSASDNLTGAGV

AGTYIGTNLQALELRGKGKEAEDAYFSFESEGPAKLYYTALDNVGNLTPIALTSVIVDMTPPVIYLENSDRLINKEAVY
TVFPSDSVVDAEGRIISTSEAIAFGAKDELSGLDAIYIKINDAEYTKYVEPIKFNTEDVYTIEVKAIDNVGNVSEPVTYTF

YVDKINPASSVEMIDRSGNKLDTITPDGTIPAEGSAEVTPVESDIETAPAEEAVEVTPEEEETDVVPAEDEVPVLE
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Figure 19. Mass spectrometric analysis results for the identification of a T. phagedenis protein that showed a potential

interaction

with H-Tp0965"

(A) Sequence of the newly identified T. phagedenis labelled as “conserved exported protein” (labelled TphBIg in this thesis);
(B) mass spectra showing the complete breakage of the two unique peptides (blue and red) used for its identification upon finding a
potential interaction with H-Tp0965"™¢
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5.5 Bioinformatic analysis shows that TphBlg may possess characteristics
of a T1SS substrate

Upon the identification of the novel T. phagedenis protein, TphBlg, it was of
interest to carry out bioinformatic analysis to characterize this protein in silico and
determine if it could potentially be a T1SS substrate within this model treponeme.

A series of analyses showed that TphBIg is predicted to have sequence similarity
to the bacterial immunoglobulin-like (Blg) domain. A Conserved Domain (CD) search
with the National Center for Biotechnology Information (NCBI) showed that TphBlg
contains, close to its C-terminus, a sequence of 35 residues in length corresponding to a
putative Blg domain, group 3, shown in Figure 20A. Blg domains can be found in a variety
of putative bacterial surface proteins with a wide variety of functions, including proteins
that play roles in pathogenesis (Matsunaga et al., 2003). For instance, virulence factors
such as intimin and invasin from E. coli and Yersinia pseudotuberculosis, respectively,
have been shown to play a role in host cell invasion, and Lig proteins from Leptospira
interrogans, seem to function as adhesins that aid in bacterial host cell-binding (Matsunaga
etal., 2003; Wang et al., 2013). Furthermore, Blg-domain repeats in some virulence factors
are thought to be linkers that project a C-terminal domain away from the bacterial cell to
act as the host-cell receptor required for interaction (Luo et al., 2000). Interestingly, the
Blg domain was also recently documented as a novel, strong Ca?*-binding module,
suggesting a role in calcium-dependent processes. Structural studies of the Streptococcus
pneumoniae potential surface protein SP0498, showed an NMR structure of its Blg domain

forming a B-barrel-like fold able to bind calcium (Wang et al., 2013).
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As shown in Figure 20B, a search for similar domain architectures to the novel

TphBIg protein via the Conserved Domain Architecture Retrieval Tool, NCBI, suggested
that the architecture of TphBlg shows similarities to a wide array of Blg-domain-
containing proteins, including a number of predicted biofilm-promoting factors and
adhesins. Some of these are putative T1SS substrates, such as the Biofilm-Associated
Protein (BAP), found in Acinetobacter baumannii (De Gregorio et al., 2015; Goh et al.,
2013). Others have been shown to be T1SS substrates, such as Bap/RTX cell surface
protein (BpfA), a Ca2*-binding protein mediator of biofilm formation found in the soil
opportunistic pathogen Shewanella oneidensis (Theunissen et al., 2010).

Furthermore, a Phyre2 structure prediction of TphBlg, depicted in Figure 20C,
showed highest architectural similarity to SiiE from Salmonella enterica, with 68%
coverage, 14% identity and 99.8% confidence. SiiE, is a giant Ca?*-binding and Blg-
domain-containing adhesin known to be secreted via the T1SS. The crystal structure of a
fragment from SiiE was recently published and provided further evidence of the ability of
Blg-domains to interact with calcium. SiiE has been shown to be secreted via a T1SS and
promotes initial contact of Salmonella to host cells (Griessl et al., 2013). The predicted
structural similarity between TphBIg and SiiE suggests a potentially shared function and
perhaps even shared means of secretion.

Finally, the TphBIg primary sequence was further analyzed with the goal to
identify clear T1SS substrate characteristics. Although TphBIg did not show any of the
typically nonapeptide glycine-rich RTX repeats (consensus sequence GGXGXDXUX),

some of the known T1SS substrates, such as HasA from S. marcescens (Arnoux et al.,
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1999), also lack clear similarities to the consensus T1SS substrate characteristics, such as

RTX repeats, or a perfect amphiphilic a-helix.

However, TphBIg did show an amphipathic a-helix close to the C-terminus, as
depicted in Figure 20D. The amphipathic a-helix in TphBlg showed 7/9 non-polar residues
on one side, and 6/9 polar residues on the other side, which is close to the consensus
amphipathic a-helix in the known T1SS substrate, HIyA, from E. coli. This amphipathic
a-helix contains 9/9 and 7/9 non-polar and polar amino acids, respectively. This

observation further suggests that TphBlg might be a T1SS substrate in T. phagedenis.
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Figure 20. Bioinformatic analyses of a novel putative T1SS substrate from

T. phagedenis

(A) Single Blg-domain found in TphBIlg novel T. phagedenis protein (Marchler-Bauer
and Bryant, 2004). (B) Results obtained from a search in the Conserved Domain
Architectural Retrieval Tool, showing similar domain architectures between TphBIg and
T1SS substrates including RTX toxins, and Blg-domain containing proteins, among
others; the score obtained was 1 since there was a single domain match (i.e. the Blg-
domain). (C) Phyre2-predicted structure of TphBIlg, Blg-domain highlighted in green,
potential Ca?*-interacting aspartic acid residues within and around the Blg-domain, shown
in cyan. (D) a-helical wheel prediction of the TphBlg C-terminus showing a pseudo-
amphiphilic a-helix (HeliQuest analysis); linear primary sequence in bold and underlined,
note that this sequence is not present in the Phyre2 prediction (Kelley et al., 2015).
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5.6 Conclusions

The bioinformatic preliminary characterization of a putative T1SS in both
T. phagedenis and T. pallidum, as well as the predicted similarities between the MFP
components from both systems, was essential in providing a strong foundation to carry on
with in vitro pull-down assays between a T. phagedenis lysate and the T. pallidum MFP
Tp0965. Thus, global and unbiased pull-down assays between the putative MFP of a
potential T1SS in T. pallidum, Tp0965, and a T. phagedenis lysate followed by mass
spectrometric analysis resulted in the successful and confident identification of a novel
putative T1SS substrate in T. phagedenis, TphBlg.

Detailed in silico analysis of the Tp0965-interacting TphBIg, using bioinformatic
tools such as BLAST, CD searches, Phyre2, HeliQuest, as well as manual bioinformatic
analyses showed that TphBIg has a Blg-domain, and possesses clear structural similarities
to T1SS substrates. Hence, overall in silico analysis of the novel TphBIg suggests that there
is a high possibility of this protein being a T1SS substrate, giving additional confidence to
the previous findings that indicated a potential interaction with Tp0965.

Although in silico studies suggest that TphBlg might be a T1SS substrate, in vitro
analysis using recombinantly produced TphBIg would be necessary to confirm the putative
interaction with Tp0965 (or the T. phagedenis homolog WP_002695300.). However, since
T. phagedenis is not a pathogen that affects humans, but rather a model used to study
pathogens, such as the non-culturable T. pallidum, follow-up studies to characterize the
putative T. phagedenis T1SS and its substrates is of minor interest at this moment.
Nonetheless, the cross-interaction between Tp0965 and TphBIg does support the presence

of a putative T1SS both in T. phagedenis and in T. pallidum. Furthermore, these findings
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represent an important step towards the indirect identification of novel T. pallidum putative

T1SS substrates, as well as a key step toward the development of a methodology for the

direct identification of T1SS substrates in T. pallidum.
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Chapter 6: Indirect identification and in silico characterization
of Tp0854, a novel putative T1SS substrate from T. pallidum

6.1 Contributions to the data

This is the first study showing a potential T1SS substrate in T. pallidum that was
indirectly identified via a global, unbiased pull-down assay between the recombinant
T. pallidum protein Tp0965 (P*-A38) and a T. phagedenis lysate followed by
bioinformatic analyses to identify potential T1SS substrates. My contribution to the data is
the finding of a novel T. pallidum putative T1SS substrate via an indirect approach using a
lysate from the culturable, model treponeme T. phagedenis, as well as the development of
a new methodology applicable to T. phagedenis and possibly directly to T. pallidum for de
novo substrate identification of predicted secretory complexes and/or protein-protein

interactions in general.

6.2 Introduction

Bioinformatic analyses in the field of molecular biology have become powerful
tools to characterize novel proteins. These tools are especially important in fields where
experimental procedures are challenging and expensive. For instance, it is thought that
T. pallidum virulence factors might be key in the highly invasive nature of this pathogen.
However, the inability to culture and genetically modify T. pallidum makes it impossible
to study the specific functionalities of each protein in vivo. Hence, the availability of a
model treponeme, T. phagedenis as well as powerful bioinformatic tools and recombinant
protein expression systems are key to enable scientists to indirectly study the pathogenesis

of T. pallidum.
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The preliminary characterization of a putative T1SS in T. pallidum and potential

substrates began with in vitro assays using recombinant T. pallidum proteins, but the
identification of more putative T1SS substrates continued with an indirect approach, using
T. phagedenis as a bridging tool to identify T. pallidum’s T1SS substrates that may confer
upon this spirochete, properties that contribute to its characteristic pathogenesis.

Upon identifying a Tp0965-interacting T. phagedenis protein, denoted TphBlg, it
was of interest to scan the T. pallidum proteome in search for a homolog within the syphilis

spirochete that might possess sequence similarity and hence be a potential T1SS substrate.

6.3 Bioinformatic identification of a T. pallidum protein with sequence
similarity to the putative Tp0965-interacting, TphBlg

Bioinformatic analysis showed that TphBIg possesses sequence similarity to
Tp0854 from T. pallidum. It is important to mention that during our investigations, the
tp0854 nucleotide sequence was found to differ from that in the literature. As shown in
Figure S6, DNA sequencing analyses carried out revealed that Tp0854 contains an aspartic
acid residue at amino acid position 492, instead of a glycine residue as is suggested in the
Tp0854 sequence available in the literature. Hence, bioinformatic analyses were carried
out using the corrected sequence (G>D).

The amino acid sequence of the newly identified TphBIlg from T. phagedenis was
submitted to BLAST and searched against the T. pallidum proteome in hopes to identify a
protein with sequence similarity that might be a putative T1SS substrate. The highest
BLAST score obtained was 30.8 with an E-value of 0.19, 9% query cover, 34% identity

and corresponded to the T. pallidum protein Tp0854. This T. pallidum protein is 1533
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residues long, whereas TphBIg is only 392, and at first glance they appear to possess

different functionalities.

The amino acid sequences of TphBlg and Tp0854 were then aligned using the
Clustal W 2.1 software (Larkin et al., 2007), resulting in a calculated 20.95% identity
matrix between the two protein sequences. The lower percent identity value obtained from
the Clustal W 2.1 software can be explained by the differences in the alignment methods
used by BLAST (local alignment method) compared to Clustal W 2.1 (global alignment
method). Thus, percent identity obtained by BLAST was calculated from the 9% protein
coverage stretch of 38 residues that were found to be similar between the two proteins.
Clustal W 2.1 however, calculated the percent identity based on the full primary sequence,
taking into account gaps and mismatches along the whole sequences, and resulting in a
different value from that obtained via BLAST analysis.

Tp0854, like TphBIg was predicted to have a Blg-domain, highlighted in green in
Figure 21, however, Clustal W 2.1 failed to align the Blg domain sequences of these two
proteins. Interestingly, as shown in Figure 21, the strongest similarity was instead found to
be between part of the Blg-domain from TphBIg and a Tp0854 uncharacterized stretch of
amino acids with no predicted domain.

Since the majority of T1SS substrates possess a C-terminal secretion signal, the
amino acid sequences of the C-termini of TphBIg and Tp0854 were analyzed. Clustal W
2.1 was used to align the last 90 residues of these proteins, as shown in Figure 22, leading
to a percent identity matrix of 23.08%. Although this sequence similarity is weak, there
has been evidence showing that the T1SS signal has no sequence consensus and is not

conserved between different bacteria (Boyd et al., 2014). Furthermore, proteins such as
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HasA show extra T1SS-interacting sites dispersed throughout the protein, which remains

unfolded within the cytoplasm exposing these primary recognition sites, ready to contact
the T1SS (Masi and Wandersman, 2010). Moreover, secondary structure characteristics
have been reported to be involved in secretion (Boyd et al., 2014; Filloux, 2010). Thus, it
is unclear at this point how both TphBIlg and Tp0854 could interact with Tp0965, but it
can be hypothesized that it may involve subtle shared primary and mostly secondary
structures, perhaps including the Blg domain secondary structure, which is shared between
the two proteins, and described in Chapter 6.5. Moreover, the hybrid cross-secretion
observed in many T1SS, and as described in Section 1.4.2.1.4, provides evidence of this
possibility. Nonetheless, in depth studies using techniques such as crosslinking, would
need to be carried out to determine the specific interacting sites and means of secretion for

both TphBlg and Tp0854.
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Figure 21. Clustal W 2.1 amino acid sequence alignment of T. phagedenis TphBIg
and T. pallidum Tp0854 (G241-F732).

Predicted Blg-domains are highlighted in green; note that the red highlighted residue
has been changed from the literature glycine to an aspartic acid as per new sequencing
data. Most significant alignment shown in blue box and agrees with BLAST finding
(Larkin et al., 2007).
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Figure 22. Clustal W 2.1 amino acid sequence alignment of the C-termini of
T. pallidum Tp0854 and T. phagedenis TphBlg
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6.4 A Conserved Domain search shows that Tp0854 may be a multi-
domain, multi-functional protein

Upon identifying Tp0854 as the protein in T. pallidum with highest similarity to
TphBlg, its amino acid sequence was analyzed using several bioinformatic platforms as
well as manual analysis to characterize this novel T. pallidum protein in silico and infer on
the possibility of it being a virulence factor secreted via the putative T1SS.

The corrected full-length Tp0854 amino acid sequence was submitted to a CD
search that predicted a multi-domain and possibly a multi-functional protein. As shown in
Figure 23, Tp0854 from T. pallidum is predicted to have a sialidase domain close to its N-
terminus, followed by a Blg-domain, similar to TphBIg. Further toward the C-terminus it
is predicted to have a dimerization interface with a Histidine kinase, Adenylyl cyclase,
Methyl-accepting protein, and Phosphatase (HAMP) domain and finally a predicted
phosphatase domain at the C-terminus (Marchler-Bauer and Bryant, 2004).

Sialidases are hydrolases able to cleave glycosidic linkages of terminal sialic acid
residues in oligosaccharides, glycoproteins and glycolipids, among other substrates and
have been widely reported in the literature as virulence factors used by a broad spectrum
of pathogens as well as non-pathogens (Gaskell et al., 1995; Kim, Oh, et al., 2011). Sialic
acids are a family of monosaccharides present on all cell surfaces of vertebrates and on
some vertebrate-interacting bacteria. Due to their abundance and diversity in structure and
location, they possess multiple roles in immunity and pathogenesis. Sialic acids are
involved in many molecular and cellular recognition events and act as receptors or masking
structures that cover recognition sites. For instance, host sialic acid provides an effective
means of communication between cells, including those from the immune system. Sialic

acid-binding proteins on the surface of immune cells recognize sialic acid attached to host
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cells, leading to immune evasion and host cell survival (Varki and Gagneux, 2012).

Furthermore, Factor H from the complement system is able to bind sialic acid found on the
surface of host cells and mediate cleavage of C3b, a crucial step toward inhibiting
complement activation on host cells (Klein et al., 2005; Varki and Gagneux, 2012). The
importance of sialic acids is not limited to host-host cellular interactions, but can also be
used as receptors by pathogens such as bacteria, fungi, protozoa and toxins. Indeed, some
pathogens possess sialidases that are able to cleave sialic acid from host cell surfaces in
order to use sialic acid as a nutrient, to expose glycan-binding sites found under sialic acids,
to disrupt host cellular communication, or to coat their surfaces with sialic acid as an
immune evasion strategy (Varki and Gagneux, 2012). Further, the Tp0854 putative
sialidase domain is predicted to be followed by a Blg-domain which, as predicted in
TphBIlg, could also be involved in calcium-binding and host-cell interactions.

The predicted HAMP domain in the second half of Tp0854 is situated between
the Blg-domain and the phosphatase domain, and might be involved in cell signaling.
These domains have been documented to connect extracellular sensory structures with
intracellular signaling domains in proteins such as histidine kinases, chemotaxis proteins,
adenylyl cyclases and phosphatases (Hulko et al., 2006). The CD search predicts a
dimerization interface within the HAMP sequence (Marchler-Bauer and Bryant, 2004),
suggesting that if this prediction is true, Tp0854 may dimerize to carry out its function,
which may be to transmit a conformational change in the domain downstream, the
phosphatase, and thus aid in phosphorylation regulation.

Finally, Tp0854 is predicted to have a serine/threonine PP2C protein phosphatase

domain closest to the C-terminus. Phosphatases are important regulators of many signaling
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and metabolic processes (Cohen, 1989). Specifically, the PP2C serine phosphatases, such

as RsbP and RsbU, which are required for response to energy and environmental stresses,
respectively, regulate transcription in bacteria by interacting with ¢ transcription factors
(Vijay et al., 2000). PP2C-type phosphatases seem to have an absolute requirement for
Mg?* ions and are also involved in signaling pathways in eukaryotic cells (Schweighofer
et al., 2004). For instance, in mammals, the PP2C phosphatases have been implicated in
stress response signaling (Fujimoto et al., 2005) and have been shown to act directly on
activated Mitogen-Activated Protein Kinases (MAPKSs), which have a key role in cell
signaling and are essential in eukaryotic physiology (Martin et al., 2005; Saxena and
Mustelin, 2000). Thus, due to the ubiquitous nature of phosphatases, and the potential for
Tp0854 to be a secreted T. pallidum virulence factor with phosphatase activity, it is
possible that it may act to regulate host processes (described in more detail in Section 6.8).

Additionally, the full, corrected Tp0854 amino acid sequence was subject to the
TMHMM online tool, which resulted in the prediction of three putative transmembrane
helices at positions 753-775, 816-838 and 1085-1107, with a calculated probability close
to 100%. Thus, if Tp0854 is indeed a T1SS substrate secreted from T. pallidum, and like
most T1SS substrates mentioned before, interacts with host cells, the three predicted
transmembrane helices would suggest membrane association. Hence, one of the Tp0854
domains would remain in the extracellular space and the other could be inserted into the
host cell. Thus, it is thought that upon secretion, the potential sialidase domain could
remain in contact with the extracellular space and be involved in cleaving sialic acid from
host cells, while the phosphatase domain becomes inserted into the host cell where it can

regulate cellular processes (more details in section 6.8).
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Figure 23. Tp0854 Conserved Domain search results.

Tp0854 is predicted to possess a sialidase domain closest to the N-terminus, followed
by a Blg-domain, a HAMP domain and a PP2C-type phosphatase closest to the C-
terminus (Marchler-Bauer and Bryant, 2004). The three predicted transmembrane
helices are shown in red (Krogh et al., 2001).

6.5 Phyre2 structure predictions agree with the Tp0854 domain structure
found by the Conserved Domain search

Phyre2 predictions provided supporting evidence showing that Tp0854 may have
a sialidase domain, a Blg-domain, and a regulatory domain with potential PP2C-like
phosphatase activity. As shown in Figure 24A, the predicted sialidase structure shows
characteristics common of bacterial sialidases, which have been shown to have six -
propeller structures, an immunoglobulin module and a galactose-binding domain (Gaskell
et al., 1995). The Tp0854 sialidase structure prediction shows six B-propeller structures
containing Asp-box-motifs, shown in Figure 24A in pink, which is another characteristic
of bacterial sialidases. These motifs have the consensus sequence Ser/Thr-X-Asp-[X]-Gly-
X-Thr- Trp/Phe (Gaskell et al., 1995), and the Tp0854 Asp-boxes possess the sequences

Ser-Glu-Asp-Gly-Glu-Arg-Trp, Ser-Phe-Asp-GIn-Gly-Asn-Thr-Trp, and Ser-Asp-Asp-

Arg-Phe-Ala-Val-Thr-Trp and are found at positions 156-190, 200-250, and 258-293,

respectively. The immunoglobulin domain characteristic of sialidases is also predicted to
be part of Tp0854, as shown in Figure 24B in cyan. This Tp0854 Blg- domain, like in the

case of TphBlg, was predicted to show structural similarity to SiiE from Salmonella
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enterica and thus might be involved in Ca?*-binding. In bacterial sialidases, an

immunoglobulin-like fold serves as a linker to an additional domain closer to the C-
terminus, which has previously been documented as a galactose-binding domain (Gaskell
etal., 1995). In the case of Tp0854, however, it is predicted to be a phosphatase, as depicted
in Figure 24C. To our knowledge, this is the first putative sialidase with a potential

phosphatase domain documented.

A B
Asp-box
motif
Blg-domain —
C

PP2C —

Figure 24. Tp0854 structure prediction according to Phyre2.

(A) Predicted structure of the sialidase domain found closest to the N-terminus,
(B) predicted structure of the middle Blg-domain, (C) predicted structure of the PP2C
phosphatase found closest to the C-terminus. Modeled using Phyre2 (Marchler-Bauer
and Bryant, 2004).



104
6.6 Manual bioinformatic analysis of Tp0854 show characteristics of a
T1SS substrate

The complete and corrected Tp0854 amino acid sequence was further analyzed
manually in search for potential T1SS substrate characteristics resulting in the
identification of a putative RTX motif, as well as a putative amphipathic a-helix.

Tp0854 has a potential RTX-motif with sequence Gly-Gly-Phe-Gly-Val-Glu-Thr-
Leu-Thr, highlighted in yellow in Figure 25A. The consensus RTX motif contains an
aspartic acid residue instead of a glutamic acid residue, which plays a key role in the RTX
toxin known Ca?*-binding capabilities. However, there is evidence of interactions between
glutamic acid and calcium ions as well (Haber-Pohlmeier et al., 2007; Vavrusova and
Skibsted, 2013), suggesting that the Ca?*-binding function of this motif should be
conserved and that the presence of a glutamic acid instead of an aspartic acid in Tp0854
might retain a Ca?*-binding function. Moreover, the presence of a Blg-domain could aid in
conferring upon Tp0854 Ca?*-binding properties. Nonetheless, in vitro experiments would
need to be carried out to confirm any calcium-binding properties predicted in silico.

Furthermore, Tp0854 contains clusters of positively and negatively charged
residues, such as aspartic acid, glutamic acid, arginine and lysine, right at the C-terminus,
as shown inred in Figure 25A. These clusters at the C-terminus are also seen in some T1SS
substrates, (Filloux, 2010).

Finally, as highlighted in Figure 25A, the last 60 residues at the C-terminus of
Tp0854 were submitted to HeliQuest to create a-helical wheel diagrams and determine if
it may form an amphiphilic a-helix. Unfortunately, this analysis did not provide compelling
evidence for the presence of a C-terminal amphiphilic a-helix within this protein. As shown

in Figure 25B, the helix possesses a non-polar half that is interrupted by the presence of a
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polar, but uncharged glutamine. However, the other half of the helix with mostly polar

residues is interrupted by a few non-polar residues including a proline, alanine, valine and
methionine. Thus, the predicted a-helix at the C-terminus of Tp0854 does not seem to be
truly amphipathic, indicating that if Tp0854 is indeed a T1SS substrate, other recognition
signals, which are not clear at this time, may be required for secretion.
...AQTSAAGVFPSFMIDMKGGFGVETLTLRTGDVLFLYTDGIEEAKRLFRN
A KRFELVLCQEQGLAHDAPHETHTVGQAGEELGAERVSSIIESVFLRKGFSLQ
KWHNPVEGEKFEFDFSSCEGNLDEAVLALVAVEQVFRMYKHPRATNLDKI

RVDKKVDMFLARYFVQYPEYCARKEVNSEYEEYLYYTFIKEDDQYDDLTIL
GIRKR

Figure 25. Predicted a-helix and RTX-motif in the T. pallidum protein Tp0854, a
putative T1SS substrate.
(A) Portion of the Tp0854 primary sequence showing the last 60 residues at the C-
terminus highlighted in green; a putative RTX motif highlighted in yellow; the charged
residues toward the C-terminus in red; and the underlined sequence was used to generate
the predicted a-helix. (B) HeliQuest-predicted a-helix where 8/9 residues are non-polar
and 5/9 are polar, showing no amphiphilic nature.
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6.7 Confirmatory binding assays show a potential interaction between
recombinant T. pallidum Tp0854 and Tp0965

Since the in silico characterization of Tp0854 predicted potential T1SS substrate
properties, recombinant Tp0854 was produced to carry out confirmatory in vitro analyses.
The multi-domain nature and the large predicted size of Tp0854 suggested that soluble
expression in E. coli would be difficult. Therefore, it was determined that the C-terminus
phosphatase domain, which was predicted to contain the RTX repeat, would be the best
domain to express solubly and carry out plate-based binding assays with recombinant
Tp0965, as described in section 2.3.3.

Due to the fact that the MFP of other T1SSs is thought to form trimeric or
hexameric complexes, it was of interest to test the interaction of H-Tp0965™° with
Tp0854Ph°s at a 3:1 ratio. The results in Figure 26A, showed a significantly higher
absorbance value for the interaction of H-Tp0965™¢ with Tp0854°"* compared to that of
H-Tp0327"¢ with Tp0965™, the negative control. Indeed, a student t-test performed for
the values obtained from both samples resulted in a p-value lower than 0.005, suggesting
a significant difference between the negative control, H-Tp0965 with Tp0327'¢, and the
sample of interest, H-Tp0965 with Tp0854P"s. Furthermore, the interaction between H-
Tp0965 and Tp0854P"s showed characteristics of a dose-response relationship, as shown
in Figure 26B, where a constant concentration of 1.0 uM Tp0854°" was tested with
varying concentrations of H-Tp0965"¢, resulting in an evident decrease in absorbance with
decreasing amounts of H-Tp0965".

Equimolar concentrations were used to further assess an interaction between H-
Tp0965"¢ and Tp0854°P"°s (Figure 26C). Similar to the trend observed at a 3:1 ratio, the 1:1

molar ratio of H-Tp0965™ to Tp0854P"° showed a much higher absorbance value
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compared to the negative control, H-Tp0965™¢ with Tp0327™, suggesting again a

significant difference between the binding of H-Tp0965"™¢ to the negative control Tp0327"°
and the binding of H-Tp0965™ to Tp0854°"®, This significant difference was confirmed
by a student t-test which resulted in a p-value lower than 0.005. Hence, another experiment
to test the dose-response of this interaction was carried out by using a constant
concentration of 1.5 uM Tp0854P"s and varying H-Tp0965" concentrations to see a more
detailed response. As shown in Figure 26D, an almost perfect dose-response was obtained
with decreasing amounts of H-Tp0965"¢, confirming the results from Figure 26B.

Finally, the binding assay was reversed and H-Tp0854P" rather than H-Tp0965
was used as the second protein, to investigate whether the trend of interaction observed
would remain. As shown in Figure 26E, the absorbance resulting from the binding of H-
Tp0854P"s to Tp0965"C was twice as high as the absorbance observed for the interaction
between H-Tp0854P"% and Tp0327". Statistical analysis via a student t-test calculated a
p-value below 0.05 indicating a significant difference between the binding of H-Tp0854°"°s
to Tp0965™ compared to the binding of H- Tp0854P"% to Tp0327"¢ (negative control).
Moreover, the corresponding dose-response experiment, shown in Figure 26F, with a
constant concentration of 1 uM Tp0965™ and varying concentrations of H-Tp0854P"°s
showed a decrease in signal corresponding to a decreased amount of H-Tp0854P°s,

Overall, in vitro confirmatory binding studies using recombinant T. pallidum
proteins suggested a specific interaction between the MFP of the putative T1SS (Tp0965),
and the phosphatase domain of Tp0854. In comparison, there was minimal interaction
between Tp0965 and Tp0327 (negative control). Thus, the results presented in this section

support the in silico predictions mentioned above, suggesting that T. pallidum Tp0854 may
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contain characteristics of a T1SS substrate. Thus Tp0854 appears to interact with the MFP

of the potential T1SS, which could indicate secretion of this putative virulence factor.
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6.8 The potential role of Tp0854 in the context of T. pallidum pathogenesis

Tp0854 is predicted to have a sialidase and a regulatory phosphatase domain, both
domain types of which have been shown to be used by other pathogens to favour survival.
For instance, it was recently shown that the human parasite T. brucei gambiense possesses
sialidase activity and is able to activate endothelial cells via cell signaling through the
NF-kB pathway (Ammar et al., 2013). Clostridium chauvoei, the causative agent of
blackleg in cattle and sheep, has also been shown to contain the sialidase gene, nanA. NanA
from this bacterium is thought to be secreted and associate in dimers to become active
(Vilei et al., 2011). Sialidases and toxins produced by C. chauvoei are believed to play a
key role in the spread of the pathogen as well as lesions that result from invasion (Useh et
al., 2003). The epidemic strains of Vibrio cholerae have been shown to secrete a sialidase,
key to achieve infection by facilitating entry into epithelial cells by targeting the host
protective mucosal coat (Jermyn and Boyd, 2002; Ohyashiki et al., 1987). Furthermore,
this sialidase has been shown to cleave sialic acid from the receptor responsible for
interacting with cholera toxin on epithelial cells, resulting in an increased number of
available receptors (Merritt et al., 1994). Finally, bacteria that are transmitted sexually have
also shown to encode sialidases. Gardnerella vaginalis, found in women with bacterial
vaginosis, has been shown to produce sialidases that aid in dissemination and that have
been linked to premature birth and other adverse pregnancy outcomes (Cauci et al., 2003;
Lopes dos Santos Santiago et al., 2011). The highly invasive and disseminating properties
characteristic of T. pallidum have been well documented across the literature (LaFond and
Lukehart, 2006; Magnuson et al., 1948; Mahoney and Bryant, 1933) and thus, it is thought

that the predicted sialidase domain of Tp0854 may function in sialic acid cleavage to either
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expose receptors, break cellular communication, provide sialic acid monomers for

nutrition, or as a mimicry and immune evasion strategy by coating its surface with host
components. Furthermore, investigations of the activation of complement by T. pallidum
showed that this spirochete is able to bind to sialic acid (Fitzgerald, 1987). The study
compared the non-pathogen T. vincentii with T. pallidum and showed that T. pallidum
bound to four times more sialic acid than T. vincentii. Upon addition of an exogenous
sialidase, sialic acid was enzymatically removed from the surface of T. pallidum, resulting
in a significant increase in complement activation. Thus it was concluded that T. pallidum
may use sialic acid to coat its surface and delay complement-mediated damage, further
contributing to the poor antigenicity and limited reactivity that the characteristic paucity of
OMPs provide to T. pallidum. Importantly, syphilis is linked to premature births and
adverse pregnancy outcomes (De Santis et al., 2012; World Health Organization, 2015),
which might also be related to the presence of sialidase, like in the case of Gardnerella
vaginalis.

The regulatory domain found in Tp0854, a putative serine/threonine phosphatase,
may be involved in host cellular regulation. Some pathogenic bacteria have been shown to
produce and secrete regulatory proteins, such as phosphatases that are able to interact with
the host and regulate immune responses. For instance, Porphyromonas gingivalis, a major
pathogen of periodontal disease, secretes a phosphatase, SerB, that interacts with the
transcriptional regulator NF-xB resulting in suppression of the production of the pro-
inflammatory chemokine, IL-8, by epithelial cells. Thus the innate immune response is
dysregulated and recruitment of neutrophils is impaired, favoring bacterial survival

(Takeuchi et al., 2013). Moreover, this phosphatase can also facilitate invasion of
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P. gingivalis by influencing host actin remodelling (Moffatt et al., 2012; Takeuchi et al.,

2013). Mycobacterium tuberculosis produces and secretes a number of phosphatases:
PtpA, PtpB and SapM. PtpA inhibits V-ATPase trafficking to the mycobacterial
phagosome and blocks phagosome-lysosome fusion (Wong et al., 2011). PtpB might play
a role in downregulating the host immune response (Zhou et al., 2010), and SapM inhibits
the production of phosphatidylinositol3-phosphate, thus inhibiting host signaling pathways
as well as arresting phagosome maturation favoring the survival of M. tuberculosis (Vergne
et al., 2005; Wong et al., 2013). It is easier to imagine how the regulatory proteins from
the pathogens discussed above would have an impact in the host regulatory pathways, since
these are intracellular pathogens, however, in the case of T. pallidum, there is no evidence
of any cellular invasion.

Bordetella pertussis however, possesses a regulatory protein that although not a
phosphatase, is used to regulate host processes and may present a more likely scenario
applicable to the extracellular T. pallidum. B. pertussis is the causative agent of whooping
cough (Goodwin and Weiss, 1990). One of the key virulence factors secreted by Bordetella
during early respiratory tract colonization, is an adenylate cyclase toxin-hemolysin (CyaA,
AC-Hly, or ACT). CyaA is a T1SS substrate that is able to form pores and insert its
adenylate cyclase domain into host cells, resulting in cell lysis, as well as signal
transduction by the unregulated conversion of ATP to cCAMP. This toxin is synthesized as
a single polypeptide of 1706 residues, that contains RTX repeats located within the middle
of the protein sequence, and an adenylyl cyclase domain toward the C-terminus (Glaser et
al., 1988). CyaA toxin enables Bordetella to escape the host immune system by promoting

macrophage apoptosis (Hanski, 1989). Specific studies interested in the interaction of
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CyaA with the host membrane have shown that, as depicted in Figure S 9, CyaA may exist

in solution as two isomeric conformations that upon insertion into the host cell membrane
become either a precursor for subsequent translocation of the adenylyl cyclase domain or
a pore precursor that is prone to CyaA oligomerization within the host cell membrane
resulting in larger pore formation (Basler et al., 2007). CyaA has been shown to target
mostly cells that possess aMP2 integrin receptors, however its activity can be seen in other
cell types lacking such a receptor (Guermonprez et al., 2001). Unfortunately, there is no
structural data available for CyaA and thus its membrane-insertion mechanism along with
membrane pore formation and its ability to transfer its adenylyl cyclase domain across the
host cytoplasmic membrane have not been fully elucidated. There is however, evidence
suggesting that the translocation of the adenylyl cyclase domain and pore-formation
requires the involvement of two predicted transmembrane a-helices containing a pair of
glutamate residues each, within the pore-forming domain of CyaA (Basler et al., 2007;
Osickova et al., 1999). It is thought that the negative charges of the glutamate residues
provide a means to bring into the host cell the overall slightly positively charged adenylyl
cyclase domain (Basler et al., 2007). It is unclear at this moment if Tp0854 from
T. pallidum could use a similar mechanism to insert into the host cell and translocate its
phosphatase domain into the cell. The predicted Tp0854 transmembrane helices however,
are not predicted to contain any negatively charged residues, but rather positively charged
residues. The helix at position 753-775 may include two arginine residues and the helix at
position 816-838 may contain an arginine and lysine residue, thus, similar electrostatic
interactions allowing for the translocation of the overall negatively phosphatase domain

into the host cell may occur.
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The secretion of Tp0854 by T. pallidum could result in a double advantage to this

pathogen. The putative sialidase domain of Tp0854 could cleave off sialic acid from host
surfaces, to be used by T. pallidum as an immune evasion strategy, or to expose receptors
required for interactions between the host and T. pallidum. Additionally, the predicted
Tp0854 phosphatase domain could be translocated inside the host cell leading to a
disruption of host cellular processes, all whilst forming a pore that could eventually lead to

host cell lysis and tissue damage.

6.9 Conclusions

In silico analysis of a novel T. phagedenis protein, TphBlg, allowed us to
indirectly identify a novel T. pallidum protein that might be a virulence factor secreted via
a putative T1SS. Thus, bioinformatic investigations suggested weak sequence and
structural similarities between TphBIg and T. pallidum Tp0854. Further in silico analysis
indicated that T. pallidum Tp0854 may possess a sialidase domain, a Blg domain, a
regulatory HAMP domain and a phosphatase domain. Within the phosphatase domain and
closer to the C-terminus, Tp0854 appears to also possess a putative RTX motif, which is
characteristic of a certain type of T1SS substrates, the RTX proteins. The phosphatase
domain of Tp0854, containing the RTX motif and the full C-terminus, was successfully
cloned and expressed recombinantly in E. coli.

In vitro experimental approaches tailored to detect an interaction between
recombinant Tp0965, the MFP of the potential T1SS, and the recombinant T. pallidum
phosphatase domain of Tp0854, were able to provide strong supporting evidence that
agreed with the in silico analyses carried out. Plate-based binding assays showed that the

binding between Tp0854 and Tp0965 is significantly higher compared to the binding of
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Tp0327 and Tp0965. It was not possible to carry out pull-down assays as a confirmatory

method since the recombinant Tp0854 and Tp0965 proteins produced possess a similar
molecular weight, making it difficult to visually assess the presence or absence of their
respective protein bands.

Overall, the bioinformatic analysis, supported by the confirmatory binding assays
carried out, suggested that Tp0965 and Tp0854 might interact and thus Tp0854 may be a
T1SS substrate. Thus, these investigations supported the hypothesis that Tp0854 may
interact with the putative Tp0965, and thus might get secreted via the putative T1SS
predicted via bioinformatic analysis in T. pallidum.

The significance of secreting a multifunctional protein such as Tp0854, is that
having a minimalistic genome and hence a minimalistic proteome, T. pallidum would be
able to efficiently perform more than one function with a single protein. If the predicted
functions of Tp0854 are true, this protein may allow for both immune-evasion by coating
the surface of T. pallidum with sialic acid, and host damage both via host cell signaling

disruption, as well as host cell lysis via pore formation.
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Chapter 7: Significance and future directions

7.1 Significance

Syphilis is the most significant disease in fetuses worldwide, it has shown a strong
link to HIV infection and the number of affected patients is increasing despite the
availability of effective antibiotic treatment (World Health Organization, 2015). It is
strongly believed that a successful preventative measure is required to finally eradicate this
old disease (Cameron and Lukehart, 2014; LaFond and Lukehart, 2006). However,
studying the causative agent of syphilis, T. pallidum, is extremely challenging. T. pallidum
is one of the most invasive pathogens, certainly the most invasive spirochete; it is an
obligate human pathogen and possesses a minimalistic genome with a delicate outer
membrane, which makes it impossible to culture it in vitro and hence, impossible to
manipulate its DNA. Investigations carried out directly with T. pallidum require the
intratesticular inoculation of rabbits, which is challenging both ethically and economically.
Furthermore, upon harvesting the live bacteria, these are only viable and adequate for
experimentation for a few hours (LaFond and Lukehart, 2006). Thus, the syphilis field is
hindered by the inability to carry out modern techniques to study this simplistic pathogen
and therefore the molecular mechanisms whereby T. pallidum is able to undergo rapid and
widespread dissemination remain to be fully elucidated.

The significance of the studies presented in this thesis is that despite the inability
to successfully culture T. pallidum in vitro, the availability of the model treponeme,
T. phagedenis, makes it possible to carry out preliminary investigations of protein-protein
interactions. This non-pathogenic, culturable spirochete shares genomic features with

T. pallidum and the availability of a transformed strain that is able to appropriately localize
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one of the T. pallidum virulence factors, pallilysin, suggests shared features in their export

machineries. Thus, protein-protein interactions can be studied and optimized in an indirect
way by using a T. phagedenis lysate, avoiding unnecessary costs and ethical obstacles.
Moreover, modern computational technologies allow scientists to carry out
experiments in silico to avoid unnecessary expenses and waste of materials, providing an
important tool to predict the potential outcome of an in vitro / in vivo experiment and plan
accordingly. Hence, in this thesis we showed that the treponeme model T. phagedenis as
well as bioinformatic analyses, can be successfully used to study protein-protein
interactions. Thus, an experimental approach using first a T. phagedenis lysate and
T. pallidum recombinant proteins to study protein-protein interactions was developed.
Upon identification of an interacting protein, we showed that bioinformatic analyses can
be used to scan the T. pallidum proteome and find proteins with sequence similarity.
Hence, we propose that with this technique it is possible to work around the
inability to culture T. pallidum, by using the model treponeme T. phagedenis as a first step
in studying protein-protein interactions. This technique can be successfully applied to
general protein-protein interaction studies, and specifically in this case, the interaction
between the putative MFP from the predicted T1SS and a T. phagedenis lysate was used
to identify a potential novel T1SS substrate both in T. phagedenis and in T. pallidum.
Additionally, the observed interaction between a component of the putative T1SS
and a novel T. pallidum protein, Tp0854, not only indicated the presence of a potentially
functional T1SS, but also the identification of a putative virulence factor that may play a

key role in T. pallidum immune evasion, invasion and overall pathogenesis.
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Overall, this constitutes the first investigation of a putative T1SS and potential

substrates in the syphilis spirochete, T. pallidum. The interaction between Tp0965 with
both pallilysin and the recombinantly expressed phosphatase domain of Tp0854 may
indicate export via this secretory machinery.

Hence, the presence of a T1SS in T. pallidum would suggest that this system may
be crucial in exporting key T. pallidum virulence factors that confer upon this pathogen its
high invasiveness and dissemination properties. Even though much remains to be studied,
the insight gained from these investigations have led to a whole new path in the syphilis
investigations that will eventually lead to a better understanding of the mechanisms
facilitating T. pallidum host invasion and may reveal new potential vaccine targets that

may successfully prevent bacterial dissemination and chronic infection.

7.2 Future directions

The novel bioinformatic characterization and identification of Tp0854 as a
potential T1SS substrate represents the first step toward identifying more virulence factors
that may be of key importance for T. pallidum invasion and dissemination. Thus, it would
be of interest to use crosslinking techniques and find out specific binding sites between
Tp0854 and Tp0965 which would provide supporting evidence for the interaction
previously observed via plate-based binding assays.

Furthermore, in order to provide strong evidence for the secretion of Tp0854 and
pallilysin via a potential T1SS system, it would be necessary to heterologously express
Tp0854 or pallilysin in an E. coli strain harboring a T1SS and test for secretion. Moreover,
the reconstruction of the T. pallidum putative T1SS in liposomes would allow us to confirm

such a secretion of Tp0854 as well as pallilysin.



119
Regarding the virulent action of Tp0854 in the context of T. pallidum

pathogenesis, it would be necessary to carry out a full functional and structural
characterization of Tp0854, including applying sialidase and phosphatase assays to assess
enzymatic activity. If indeed Tp0854 has functional sialidase and phosphatase domains, it
would then be of interest to determine the substrate specificity of the sialidase domain, and
to uncover which host proteins may be dephosphorylation targets of the phosphatase
domain. Furthermore, the interaction of Tp0854 with host cells would need to be studied,
as well as the detailed mechanism of potential insertion and pore formation.

Finally, the technique developed in this thesis could be optimized to carry out
unbiased pull-down assays tailored to detect more protein-protein interactions within
T. pallidum. Direct T. pallidum lysate with recombinant T. pallidum proteins could allow
for the identification of a wider range of virulence factors that might be secreted via this

system.
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Figure S 1. g-barrel assembly machinery (BAM complex) from E. coli;
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Figure S 3. FPLC Ni-affinity and SEC chromatograms, with SDS-PAGE gels with
fractions of recombinant T. pallidum Tp0327¢ purification steps.
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Table S 1. Protein coverage (in red) obtained from MS analysis of cross-linked recombinant pallilysin and Tp0965

Band

Recombinant Pallilysin MS coverage

Recombinant Tp0965 MS coverage

MSYYHHHHHHLESTLYKKAGCCFQHGHVPPRRIPPHD
TFGALPTAALPSNARDTAAHPSDTADNTSGSSTTTDPRS
HGNAPPAPVGGAAQTHTQPPVQTAMRIALWNRATHGE
QGALQHLLAGLWIQTEISPNSGDIHPLLFFDREHAEITFS
RASVQEIFLVDSAHTHRKTVSFLTRNTAISSIRRRLEVTF
ESHAVIHVRAVEDVARLKIGSTSMWDGQYTRYHAGPA
SAPSP

GSMASPTLSVSKEVVLNRIEISGYIEAAQHQKLESPGEGIVRT
VRVQEGDTVKKGQLLFSLENSHQQLDLAEHEFAIEQEEINGV
SKKMEIMKLKRNMLQKRLRERYVTAQFDGVVAAFKLSPGQ
YAKPQDYFGTLIDRSYFKANVEIPEVDASRLKVGQRVEISFPA
EPSVKAVGSVTSYPSIARVTSVGRTVVDASIRIDELPEILPGYS
FSGAIVAGEQEEILVLKQDGLRYEKGAPFVDRVLPSGKIKSVP
VTVEPYVPGFVKIISGLGAGDRVKDQSAAAAA

MSYYHHHHHHLESTLYKKAGCCFQHGHVPPRRIPPHD
TFGALPTAALPSNARDTAAHPSDTADNTSGSSTTTDPRS
HGNAPPAPVGGAAQTHTQPPVQTAMRIALWNRATHGE
QGALQHLLAGLWIQTEISPNSGDIHPLLFFDREHAEITFS
RASVQEIFLVDSAHTHRKTVSFLTRNTAISSIRRRLEVTF
ESHAVIHVRAVEDVARLKIGSTSMWDGQYTRYHAGPA
SAPSP

GSMASPTLSVSKEVVLNRIEISGYIEAAQHQKLESPGEGIVRT
VRVQEGDTVKKGQLLFSLENSHQQLDLAEHEFAIEQEEINGV
SKKMEIMKLKRNMLQKRLRERYVTAQFDGVVAAFKLSPGQ
YAKPQDYFGTLIDRSYFKANVEIPEVDASRLKVGQRVEISFPA
EPSVKAVGSVTSYPSIARVTSVGRTVVDASIRIDELPEILPGYS
FSGAIVAGEQEEILVLKQDGLRYEKGAPFVDRVLPSGKIKSVP
VTVEPYVPGFVKIISGLGAGDRVKDQSAAAAA

MSYYHHHHHHLESTLYKKAGCCFQHGHVPPRRIPPHD
TFGALPTAALPSNARDTAAHPSDTADNTSGSSTTTDPRS
HGNAPPAPVGGAAQTHTQPPVQTAMRIALWNRATHGE
QGALQHLLAGLWIQTEISPNSGDIHPLLFFDREHAEITFS
RASVQEIFLVDSAHTHRKTVSFLTRNTAISSIRRRLEVTF
ESHAVIHVRAVEDVARLKIGSTSMWDGQYTRYHAGPA
SAPSP

GSMASPTLSVSKEVVLNRIEISGYIEAAQHQKLESPGEGIVRT
VRVQEGDTVKKGQLLFSLENSHQQLDLAEHEFAIEQEEINGV
SKKMEIMKLKRNMLQKRLRERYVTAQFDGVVAAFKLSPGQ
YAKPQDYFGTLIDRSYFKANVEIPEVDASRLKVGQRVEISFPA
EPSVKAVGSVTSYPSIARVTSVGRTVVDASIRIDELPEILPGYS
FSGAIVAGEQEEILVLKQDGLRYEKGAPFVDRVLPSGKIKSVP
VTVEPYVPGFVKIISGLGAGDRVKDQSAAAAA

MSYYHHHHHHLESTLYKKAGCCFQHGHVPPRRIPPHD
TFGALPTAALPSNARDTAAHPSDTADNTSGSSTTTDPRS
HGNAPPAPVGGAAQTHTQPPVQTAMRIALWNRATHGE
QGALQHLLAGLWIQTEISPNSGDIHPLLFFDREHAEITFS
RASVQEIFLVDSAHTHRKTVSFLTRNTAISSIRRRLEVTF
ESHAVIHVRAVEDVARLKIGSTSMWDGQYTRYHAGPA
SAPSP

GSMASPTLSVSKEVVLNRIEISGYIEAAQHQKLESPGEGIVRT
VRVQEGDTVKKGQLLFSLENSHQQLDLAEHEFAIEQEEINGV
SKKMEIMKLKRNMLQKRLRERYVTAQFDGVVAAFKLSPGQ
YAKPQDYFGTLIDRSYFKANVEIPEVDASRLKVGQRVEISFPA
EPSVKAVGSVTSYPSIARVTSVGRTVVDASIRIDELPEILPGYS
FSGAIVAGEQEEILVLKQDGLRYEKGAPFVDRVLPSGKIKSVP
VTVEPYVPGFVKIISGLGAGDRVKDQSAAAAA
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ok k Kk Kk Kk kk Kk Kk ok k ok Kk Kk ok k ok k kK k ok k ok Kk Kk ok kk ok kK ok ok ok ok ok k Kk ok kK Kk KKk Kk
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Figure S 8. Alignment of the Tp0854 amino acid literature sequence with the experimental sequence.
The glycine residue at position 492 has been corrected to an aspartic acid residue; correction is shown highlighted in green.
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Wild-type CyaA
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Figure S 9. Model for the mechanism of action of CyaA from Bordetella

pertussis.

CyaA toxin is thought to exist in equilibrium between two conformations, one that favors
an adenylyl cyclase translocation precursor and another one that favors oligomerization
within the host cellular membrane and thus pore formation. Figure adapted from (Basler
et al., 2007).
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