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Abstract

Clostridium difficile is a Gram-positive obligate anaerobic pathogen that causes debilitat-
ing infections which can ultimately be fatal. The life cycle of C. difficile from gut colonisa-
tion in vegetative cell form, to survival in the aerobic environment as spores is not fully
understood.

Sporulation is a cell-cycle stress response that produces a daughter cell by asymmetric
division. This forespore is engulfed by the mother-cell and matured before release into the
environment. The SpollQ-SpolllAH complex has been proposed to enable communication
between the two cells during this process. The aim of this work was to characterise the
inter-sporangial domains of the complex in C. difficile. Localised to the forespore mem-
brane, SpollQ was shown to bind a Zn?* within a conserved LytM endopeptidase domain.
Furthermore, it was demonstrated that Zn2* is essential to form a stable interaction with
SpolllAH, located in the mother cell membrane, a role not previously observed in homo-
logous SpollQ-SpolllAH complexes.

Cell-surface adhesion is an important factor in gut colonisation. Type IV pili (TFP)
form filamentous protein appendages that extended from the cell wall into the environ-
ment and have recently been recognised in Gram-positive bacteria. In C. difficile, TFP
enable twitching-motility. This work aimed to determine the structures of major and minor
pilins in TFP filaments in C. difficile. The crystal structures of the major pilin, PilA1, were
determined from two strains of C. difficile. These exhibit similarities to pseudo-pilins from
Gram-negative bacteria. Although crystals of a minor pilin, PilK, were obtained, structure
determination was so far unachievable. Investigations of potential interactions between
major and minor pilins were performed suggesting they may interact, presumably to form
the complete pilus.

This work contributes to the understanding of proteins involved in sporulation and col-

onisation, two key mechanisms in C. difficile pathogenicity.
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Chapter 1

Introduction

1.1 Clostridium difficile
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Figure 1.1.1 — Incidence of C. difficile infection in England. Annual number of confirmed
C. difficile infections in English hospitals between March 2007 and March 2016. Source: Office
for National Statistics, C. difficile: annual epidemiological commentary, July 2016.

Clostridium difficile is a Gram-positive obligate anaerobic bacterium. As a pathogen,
C. difficile was the cause of over 14,000 hospital-acquired infections in England during
2015 (Figure 1.1.1) and continues to be a burden on Western healthcare systems (Office
for National Statistics, July 2016). Since 2008, the number of C. difficile infections has de-
creased (Figure 1.1.1) due to improved hospital infection controls and cleaning protocols
(Gerding et al., 2008). However, the number of cases and associated deaths seems to

have plateaued in recent years, indicating that control measurements are unlikely to be



able to reduce the number of infections further (Figure 1.1.1). Importantly, new strains of
C. difficile that have greater virulence are often identified as the cause of C. difficile infec-
tions (CDI) (Merrigan et al., 2010). A problem in CDI treatment is that C. difficile displays
resistance to the most commonly used antibiotics (Huang et al., 2009). As the last antibi-
otic in the cupboard is reached for, there is a pressing need for new approaches to treating
and preventing CDI. Some of these new approaches include treating CDI with populations
of normal gut bacteria from healthy donors via faecal transplant (Khanna et al., 2016).

While CDI is most often a hospital-associated disease that is predominantly reported in
elderly individuals, there is an increasing emergence of community acquired CDI (Khanna
and Gupta, 2014). Although there is little data available on the epidemiology of community-
acquired infection, one study determined that infection was most prevalent in individuals
aged between 30-40 years (Fellmeth et al., 2010). It is increasingly clear that CDI affects
a more diverse demographic than had previously been acknowledged and further work is
needed to understand the life style of C. difficile in and outside of the clinical environment.

An opportunistic pathogen, C. difficile colonises the gut of individuals on antibiotic ther-
apies, in whom the normal gut microbiota has been compromised (Kachrimanidou and
Malisiovas, 2011). Through poorly understood mechanisms, C. difficile colonises the gut,
where it expresses two enterotoxins, toxin A and toxin B. These toxins damage the lining
of the gut causing severe diarrhoea, a hallmark symptom of CDI (Carter et al., 2012).
In serious cases, toxin damage can lead to pseudomembranous colitis, mega colon and
sepsis that can ultimately prove fatal.

Even when successfully treated initially, CDI can often reoccur in individuals several
times during their lifetime. In some of these cases, the previous choice of treatment is no
longer effective and other options must be pursued. It is in these individuals that CDI can
be most debilitating. The mechanisms of CDI recurrence are even less well understood,
although it is believed that persistent populations that adapt to the therapeutics used are
likely to be the underlying cause (Abt et al., 2016). Only by understanding the basic
lifestyle of C. difficile, throughout its life cycle, will new therapeutic targets be discovered.

There are many strains of C. difficile that display considerable sequence and virulence
variability (Kurka et al., 2014). The most studied C. difficile strain is 630, which was

isolated from a patient in 1982 and represents a virulent, drug resistant strain although it is



not a reliable spore forming variant (Wust et al., 1982). Used widely as a lab strain, the 630
genome, which includes 1 circular chromosome and a plasmid, has been sequenced and
annotated, containing over 4 million base pairs that encode 3,762 proteins (Sebaihia et al.,
2006; Eijk et al., 2015). In the past decade, new ‘hyper-virulent’ strains have emerged such
as R20291 (027/BI/NAP1), a strain that has a greater resistance to antibiotic treatment and
greater ability to sporulate (Akerlund et al., 2008; Burns et al., 2011). R20291 has been
responsible for recent outbreaks in hospitals in the UK (Cartman et al., 2010; Merrigan
et al., 2010). The genome of R20291, which is also contained on a circular chromosome
and a plasmid, has also been fully sequenced and annotated. R20291 contains 3505

protein-expressing genes on its chromosome (Stabler et al., 2009).

1.1.1 Life cycle of C. difficile

The life cycle of C. difficile can be divided into three stages (Figure 1.1.2): sporulation; ger-
mination; colonisation. Since the aerobic environment is toxic to C. difficile, these stages
can be categorised into anoxic (in vegetative form) and oxic (in spore form) periods. An-
aerobic environments such as the human and animal gut are ideal for colonisation by C.
difficile (Smits et al., 2016). Populations of C. difficile that do not cause infection can reside
within many individuals and it has been recognised that a balanced gut microbiota is an
important factor for this and for the prevention of CDI (Buffie, 2013). Recently, new treat-
ments have sought to repopulate the gut of C. difficile infected individuals with a normal
gut flora because C. difficile colonies only thrive in a non-competitive environment such as
in the compromised gut.

C. difficile forms biofilms rich in proteins, polysaccharides and DNA (Dapa and Un-
nikrishnan, 2013). These biofilms are a recognised virulence factor in CDI and are as-
sociated with infection and antibiotic resistance (Dapa and Unnikrishnan, 2013). A class
of proteins that has been implicated in biofilm formation are the Type IV pili (TFP), which
have only recently been identified in Gram-positive bacteria and appear to represent an
important virulence factor (Dapa and Unnikrishnan, 2013; Maldarelli et al., 2016).

During sporulation, a highly resistant dormant cell, known as a spore, is formed, con-
taining the C. difficile chromosome and the components required for germination. This

ability of C. difficile to sporulate is critical to its survival in aerobic environments and also
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Figure 1.1.2 — Life cycle of Clostridium difficile. Life cycle of C. difficile in relation to the
aerobic and anaerobic environments. Spores (yellow) are ingested and are stimulated to ger-
minate by the anaerobic environment and other germinants such as bile salts. The vegetative
cells (blue) colonise the compromised gut, forming biofilms and releasing enterotoxins (red)
that disrupt the lining of the gut. Nutrient deprived or oxygen exposed cells sporulate in re-
sponse to such stresses, producing highly resistant dormant spores which are released into
the aerobic environment.



enables the transfer of CDI between individuals (Smits et al., 2016). Sporulation can occur
at any time during the life cycle of C. difficile and it is often recognised as stress-induced
(Underwood et al., 2009).

Once C. difficile spores are in a favourable, nutrient rich and anoxic environment, they
undergo an understudied process known as germination. The product of germination is
a viable vegetative cell that can replicate normally and form colonies as described above.
Environment specific molecules such as bile salts or nutrients that can activate the ger-

mination process are known as germinants (Sorg and Sonenshein, 2008).

1.2 Sporulation

Sporulation is a cell cycle response to environmental stresses imposed on a cell such as
nutrient deficiency or external factors such as an aerobic environment. The product of
sporulation, a highly resistant dormant cell type, can tolerate heat, radiation and chemical
assault (Setlow, 2006). The vegetative cell undergoes asymmetric division, producing a
mother cell and a forespore, which is then engulfed by the mother cell in an endocytosis-
like manner, isolating it from the external medium (Figure 1.2.1) (Hilbert and Piggot, 2004;
Higgins and Dworkin, 2011). The forespore undergoes maturation, where the different
spore layers are assembled. Finally, lysis of the mother cell releases the mature spore
into the external environment (Errington, 2003).

Until recently, most of the understanding of sporulation was based in the Gram-positive
model organism Bacillus subtilis. In B. subtilis, over 500 genes have been identified that
are involved in the sporulation mechanism (Fawcett et al., 2000). Gene expression must
be coordinated between the mother cell and forespore, and this is performed by four sigma
factors: oF; oF; 6G; oK (Iber et al., 2006). Sigma factors direct RNA polymerase to spe-
cific promoter sequences to direct transcription of small sub-groups of genes. Factors oF
and oC are expressed and activate gene expression in the forespore whilst s& and o
are expressed and act in the mother cell (Figure 1.2.1) (Steil et al., 2005). Some sigma
factors are expressed in an inactive form with an N-terminal pro-peptide, which is cleaved
by a protease to produce the active sigma factor (Errington, 2003). The master regulator

of the sigma factor cascade is SpoOA (Fawcett et al.,, 2000). As part of the stress re-
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Figure 1.2.1 — Sporulation mechanism and spore layers. A: The stressed cell undergoes
asymmetric division producing a daughter cell, known as a forespore, that is engulfed by the
mother cell. The forespore is isolated from the external medium by a double membrane and
undergoes maturation. Once the forespore is matured, the mother cell lyses releasing the
mature spore into the environment. Gene expression is controlled during sporulation by com-
partment specific o-factors that are divided into early stage (before completion of engulfment
of the forespore) and late stage sporulation (post forespore engulfment). During early stage
sporulation, gene expression is regulated by o in the forespore and by oF in the mother cell
and in late stage sporulation by o€ in the forespore and o in the mother cell. B: The mature
spore has several layers that surround the spore core that contains the chromosome includ-
ing an inner membrane, germ cell wall, cortex, outer membrane, coat layer and exosporium.
(Paredes-Sabja et al., 2014)



sponse, Spo0A is activated by a complex phosphorelay pathway that eventually results in
the expression of 500 gene products and, the activation of the compartment-specific sigma
factors, o™ and oF (Eichenberger et al., 2004; Camp et al., 2011). Activation of oF results
in the activation of the forespore factor, C, finally leading to activation of oK in the mother
cell, which is only activated once engulfment has taken place (Figure 1.2.2A) (Eichenber-
ger et al., 2003; Wang et al., 2006). This relay between mother cell and forespore sigma
factors allows the controlled division, engulfment and maturation of the forespore into a
complete spore. Mutants of any of these sigma factors, particularly early stage sporula-
tion factors (oF and oE), prevent completion of sporulation or the sporulation mechanism
entirely.

As work extends to more clinically relevant bacteria such as C. difficile it is becoming
apparent that the same rules do not fully apply. An example of this is the differing nature of
the sigma-factor cascade that controls gene expression during sporulation (Pereira et al.,
2013; Fimlaid and Shen, 2015). Even though the sigma factors are conserved between C.
difficile and B. subtilis, not all of the gene products under the control of these sigma factors
are conserved (Stephenson and Lewis, 2005). It has recently been determined that there
are different dependencies between the sigma factors downstream of o™ (Figure 1.2.2B)
(Pereira et al., 2013; Fimlaid et al., 2013). As in B. subtilis, but without the involvement
of a complex phosphorelay pathway, SpoOA activates oF; oG is then activated by of,
however, unlike in B. subtilis, activation of c© is independent of whether oF is activated or
not (Saujet et al., 2013; Fimlaid et al., 2013; Saujet et al., 2014; Fimlaid and Shen, 2015).
In C. difficile, oF activation is required for oK, activation which, is not strictly coupled to
forespore engulfment as observed in B. subtilis (Saujet et al., 2013; Fimlaid et al., 2013;
Saujet et al., 2014; Fimlaid and Shen, 2015). The C. difficile mother cell factor, K does not
have an N-terminal pro-peptide element, is not found in an operon with cognate regulators,
nor is its open reading frame interrupted with a phage-like element as in B. subtilis, and
its mechanism of activation is thus unclear (Haraldsen and Sonenshein, 2003).

The differences in sigma factor regulation between C. difficile and B. subtilis result in
temporal differences in gene activation. Specifically, genes expressed under the control of
oG can be detected before engulfment is complete in C. difficile, but are exclusively found

post-engulfment in B. subtilis (Pereira et al., 2013; Saujet et al., 2014). Importantly, it has



Bacillus subtilis Clostridium difficile
C
o Spo0A Spo0OA
g of < oF <
wn
© oE c;E
()] w
£ |
|_
C
Ke}
=
o
2
o
& g v
8 Q'G —_—t—— gK O'G OK
©
-
v
Forespore Mother Cell Forespore Mother Cell

Figure 1.2.2 — Comparison of the sporulation gene cascades in B. subtilis and C. diffi-
cile. A: The sigma factors in B. subtilis activate in a sequential manner between the mother
cell and forespore. SpoOA is the master regulator in the mother cell that activates oF in the
forespore, in turn oF in the mother cell is then activated by " up to and during engulfment.
Post-engulfment % is activated by expression of oF regulated genes and o€ activation in the
forespore results in the activation of oX in the mother cell. B: In C. difficile, the master reg-
ulator SpoOA activates o, however, c" activation then results in the activation of both o€ in
the forespore and oFin the mother cell. Unlike in B. subtilis, o* activation is independent of
oCactivation in the forespore (Fimlaid et al., 2013; Pereira et al., 2013; Saujet et al., 2014).

been shown in C. difficile that not only is SpoOA a master sporulation regulator but is also
involved in toxin and biofilm production (Deakin et al., 2012).

The mechanism of coordination of the sigma factors across the double membrane
barrier between the forespore and the mother cell in either C. difficile or B. subtilis is not
fully understood. However, it is proposed that a channel between the two compartments,
the SpollQ:SpolllAH complex, is required for the completion of engulfment in both species

and could provide a possible signalling mechanism (Camp and Losick, 2009).

1.2.1 SpollQ and SpolllAH

SpolllAH is part of the eight-gene spolllA operon which encodes a group of proteins loc-
alised to the mother cell membrane that are expressed under the control of oF and is a
conserved hallmark of sporulation capability in many species (Camp and Losick, 2008).
Anchored to the membrane by a 30 residue N-terminal transmembrane spanning domain,
the C-terminus of SpolllAH is located in the inter-sporangial space (Figure 1.2.3). The

intersporangial domain of SpolllAH shares sequence identity to the YscJ/Escd pore form-



ing proteins found in Type Il secretion systems, more commonly associated with Gram-
negative bacteria, and as such is predicted to organise in a pore-like arrangement in the
mother cell membrane (Camp and Losick, 2008; Meisner et al., 2008).

SpollQ is a forespore membrane bound protein that is expressed by the spoll regulon,
under the control of oF during early stage sporulation. SpollQ is an essential protein for
forespore engulfment after asymmetric division has occurred (llling and Errington, 1991;
Londofo-Vallejo et al., 1997; Sun et al., 2000; Serrano et al., 2015; Fimlaid et al., 2015).
An N-terminal transmembrane domain consisting of 30 residues also anchors SpollQ to
the forespore membrane, with the C-terminal region of the protein located in the interspor-
angial space between the mother cell and forespore membranes (Meisner and Moran,
2011). The C-terminal domain of C. difficile SpollQ has 38% sequence identity with the
LytM family of endopeptidases (Meisner and Moran, 2011).

It was previously reported that there was no spollQ homologue in C. difficile (Galperin
et al., 2012), however, gene CD0125 has since been identified as a spollQ homologue in
C. difficile strain 630 and spolllA operon containing a SpolllAH homologue has long been
annotated in the C. difficile 630 genome (Sebaihia et al., 2006; Monot et al., 2011; Fimlaid
etal., 2013).

SpollQ and SpolllAH are required for the completion of engulfment in both B. subtilis
and C. difficile (Londono-Vallejo et al., 1997; Dembek et al., 2015; Serrano et al., 2015). In
B. subtilis, SpollQ and SpolllAH were shown by SEC-MALLS to form a 1:1 heterodimer via
their extracellular, C-terminal intersporangial domains (Levdikov et al., 2012). The com-
plex connects the forespore and mother cell together in a zipper-like mechanism, allowing
access between the two cells, as visualised by fluorescence microscopy (Meisner et al.,
2008; Blaylock, 2004; Ojkic et al., 2014; Rubio and Pogliano, 2004). The interaction was
further illustrated by the determination of the crystal structure of the intersporangial do-
mains of SpollQ:SpolllAH complex from B. subtilis, which revealed an anti-parallel 3-sheet
interface between SpollQ and SpolllAH (Figure 1.2.4) (Meisner et al., 2012; Levdikov et
al., 2012).

The work presented in this thesis was part of a collaboration with Professor Adri-
ano Henriques’ lab at IQTB, Lisbon, Portugal, who performed in vivo studies on the

SpollQ:SpolllAH complex in C. difficile. 1t was shown that the C-terminal domains of
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Figure 1.2.3 — Organisation of SpollQ:SpolllAH at the mother cell to forespore septum.
Both SpollQ (blue) and SpolllAH (orange) have N-terminal transmembrane domains that an-
chor the proteins in the forespore and mother cell membranes, respectively. The globular
C-terminal domains of the proteins are positioned in an extracellular space known as the in-
tersporangial space between the these membranes. SpollQ and SpolllAH interact via their
respective C-terminal domains. The complex is localised to the forespore-mother cell inter-
face and as engulfment proceeds, clusters of SpollQ:SpolllAH complex are observed to move
around the forespore with a ratchet-like motion until the forespore is completely surrounded by
a double membrane punctate with SpollQ:SpolllAH complexes.
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Figure 1.2.4 — B. subtilis SpollQ:SpolllAH crystal structures. The crystal structures of the
intersporangial domains of B. subtilis SpollQ (blue, yellow) and SpolllAH (green, magenta)
were determined by Levdikov et al. (A) and Meisner et al. (B). The terminal residues of each
chain are labelled accordingly. Both of these structures reveal an anti-parallel 3-sheet interface
between SpollQ and SpolllAH (Levdikov et al., 2012; Meisner et al., 2012).

SpollQ and SpolllAH also interact in C. difficile across the intersporangial space (Fig-
ure 1.2.5A/B) (Serrano et al., 2015). Neither spolllAH nor spollQ mutants could produce
mature C. difficile spores as these mutants did not progress beyond spore engulfment
initiation (Serrano et al., 2015; Fimlaid et al., 2015). In C. difficile, the SpollQ:SpolllAH
complex is required for the late stage activity of G, however, early stage oG activity can be
detected in spollQ and spolllAH mutants (Serrano et al., 2015; Fimlaid et al., 2015). In B.
subtilis, no c© activity is observed in mutants of either spollQ or spolllAH. We showed that
a C. difficile spolllAH mutant has a reduced cX signal, indicating that SpolllAH is involved
in oXactivation (Serrano et al., 2015). In addition, both spo//Q and spolllAH mutants dis-
played membrane buckling or inverse septa, indicating that peptidoglycan processing was
impaired (Figure 1.2.5C) (Serrano et al., 2015). Such membrane buckling has not been
described in B. subtilis spollQ or spolllAH mutants but has been observed in spollD and
spollP mutants, which could not complete forespore engulfment (Londono-Vallejo et al.,
1997). SpolID and SpollP are peptidoglycan peptidases that form a complex with SpollM
(DMP machinery) and have been identified in the forespore engulfing mother cell mem-
brane (Fredlund et al., 2013; Rodrigues et al., 2013). It appears that there is an associ-

ation between the SpollQ:SpolllAH and DMP complexes in both C. difficile and B. subtilis,
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although the function of such an interaction appears to differ between the species. In C.
difficile, it appears that SpollQ and SpolllAH are required for the localisation of the DMP
complex to the engulfing membrane. Conversely in B. subtilis, spollD and -P mutants
result in incorrect localisation of SpollQ, localised away from the sporulation septum of
the forespore membrane, indicating that the DMP machinery is required for correct local-
isation of SpollQ (Aung et al., 2007; Fredlund et al., 2013). However, in B. subtilis spollQ
mutants can complete engulfment under certain growth conditions and the DMP complex
may instead be localised through proteins for which there are no direct homologues in C.
difficile (Aung et al., 2007; Fredlund et al., 2013). In B. subtilis, an interaction has been
observed between SpollQ and the phosphatase, SpollE (Flanagan et al., 2016).

After the forespore has been engulfed by the mother cell, spore coat proteins are ex-
pressed and surround the forespore (Figure 1.2.1A) (Yutin and Galperin, 2013; Fimlaid
et al., 2013). However, 15% of spolllAH C. difficile mutants expressed cotE, a oK regu-
lated protein, compared with 84% of WT cells, indicating that SpolllAH is required for late
stage expression (Serrano et al., 2015). Even though neither spollQ nor spolllAH mutants
completed engulfment, these mutants displayed disorganisation of the coat proteins when
compared with the wildtype (Fimlaid et al., 2015). Late forespore expression defects have
also been observed in B. subtilis spollQ mutants that develop malformed spore coats
(McKenney and Eichenberger, 2012). In B. subtilis, SpollQ:SpolllAH remain in a complex
until engulfment is complete and the intersporangial domain of SpollQ is cleaved from
the transmembrane domain, releasing the complex (Chiba et al., 2007). The timescale
of complex degradation in C. difficile is currently not clear as SpollQ and SpolllAH are
detectable post-engulfment (Serrano et al., 2015).

The substrate of the SpollQ:SpolllAH channel is to-date unknown in many bacteria.
It has been proposed that the SpollQ:SpolllAH complex functions as a feeding tube to
the otherwise isolated forespore, or as a signalling channel in the temporal regulation of
the sporulation o-factor cascade (Camp and Losick, 2009; Fimlaid et al., 2015; Serrano
et al, 2015). It is clear that SpollQ:SpolllAH is required for late oG expression and is
involved in the regulation of oK and therefore the production of mature C. difficile spores.
While the regulation of the o-factor cascade differs between C. difficile and B. subtilis, it is

possible that the function of the complex in these species is similar. The SpollQ:SpolllAH
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Figure 1.2.5 — Membrane defects in spollQ and spolllAH mutants and complex localisa-
tion in C. difficile. Adapted from Serrano et al., 2015. A: Schematic of the split fluorescent
SNAP tag (brown), the N-terminal domain of SNAP was fused to SpollQ and the C-terminal
domain was fused to SpolllAH. When the two domains of the SNAP tag were in proximity
the binding site for the fluorophore, TMR-Star, was formed and resulted in a fluorescence
signal. B: The split SNAP SpollQ-SNAPN/SpolllAH-SNAPC showed the formation of clusters
(yellow arrows) at the forespore-mother cell septum and as the forespore was engulfed these
clusters were observed around the entirety of the forespore.The presence of a fluorescent sig-
nal for TM-Star showed that The C-termini of SpollQ and SpolllAH interacted in C. difficile. C:
Membrane staining (FM-64) of mutants of spollQ (left) and spolllAH (right) revealed bulging
(yellow arrows), buckled (blue arrows) or inverse septa (white arrows) during engulfment of the
forespore which indicated improper peptidoglycan processing.
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complex could transport a molecule required for the complete activation of oG and oK
in the mother cell. In addition to the conveyance of a o-factor related signal, it appears
that SpollQ:SpolllAH also has a role in the recruitment and localisation of other proteins
that are required for proper engulfment of the forespore, such as the DMP complex. An
interaction between B. subtilis SpollQ and SpollE, was stabilised by Tyr28 within the trans-
membrane domain and its mutation resulted in improper localisation of SpollE and was
required for maximum o€ activity via the anti-sigma factor CsfB (Flanagan et al., 2016).

However, there are no Tyr residues in the transmembrane domain of C. difficile SpollQ.

1.2.1.1 SpollQ:SpolllAH channel assembly

The current model in B. subtilis and C. difficile is that SpollQ and SpolllAH form a mul-
timeric complex, with SpollQ molecules interacting within the forespore membrane to form
a pore like assembly and SpolllAH organising in a similar manner in the mother cell mem-
brane (Figure 1.2.3). The crystal structures of the soluble, intersporangial domains of B.
subtilis SpollQ:SpolllAH in complex have been used to model possible pore-like assem-
blies (Figure 1.2.6) (Levdikov et al., 2012; Meisner et al., 2012). These models suggest
that SpollQ and SpolllAH can form 12-mer, 15-mer or 18-mer rings within their respective
membranes (Figure 1.2.6) (Levdikov et al., 2012; Meisner et al., 2012). Such models also
suggest that opening through such a system would be particularly large, with a lumen at
least ~60 A across. It is likely that other proteins, possibly from the mother cell expressed

spolllA operon, are required for regulation of the SpollQ:SpolllAH channel.
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Figure 1.2.6 — Proposed models for SpollQ:SpolllAH channel formation. Adapted from
Levdikov et al., 2012 and Meisner et al., 2012. Levdikov et al. superposed (A, D, E) SpolllAH
(green) and the structure of Escd (red or magenta), which crystallised in a helical manner (C)
to form a pore structure. The SpollQ:SpolllAH (SpollQ in blue) was superimposed on via the
SpolllAH chain with EscJ (B) to form a complete pore structure containing 12 SpollQ:SpolllAH
dimers (F cartoon representation and surface). Levdikov et al. modelled the transmem-
brane regions of SpollQ and SpolllAH within their respective membranes to build a complete
SpollQ:SpolllAH channel model. Two ring formation models were proposed by Meisner et al.
formed of 15 (H) and 18 (1) SpollQ:SpolllAH dimers based upon a set of assumption calculated
using the modelling package Rosetta, with a set of assumptions based on the similarities of
SpolllAH with EscJ.
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1.2.1.2 LytM endopeptidases

The C-terminal domain of SpollQ shares sequence homology with a group of endopepti-
dases known as LytM, part of the M23 family of metalloproteases that cleave the peptide
cross-bridges of peptidoglycan (Firczuk and Bochtler, 2007). Two motifs, HxxxD (motif 1)
and HxH (motif 2), are required for the coordination of a single catalytic Zn?* metal ion.
Comparison of SpollQ sequences from the Clostridia and Bacilli genera, the major spore
forming Firmicutes, showed that motif 1 was more conserved amongst the Clostridia than
in the Bacilli (Figure 1.2.7). The SpollQ of C. difficile contains a complete LytM domain
that may enable it to co-ordinate a catalytic Zn?*, which would be essential for endopepti-
dase activity (Firczuk et al., 2005; Firczuk and Bochtler, 2007). While motif 1 is conserved
in C. difficile it is degenerate in B. subtilis, where the His of motif 1 is substituted by a Ser
(Crawshaw et al., 2014).

LytM catalytic sites

Motif 1 Motif 2
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orthologues 2
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Figure 1.2.7 — Conservation of LytM motifs in SpollQ of Bacilli and Clostridia. Adapted
from Crawshaw et al. (Crawshaw et al., 2014) Conservation of the metal coordinating residues
within two motifs (HxxxD and HxH) in SpollQ across the Bacilli (top) and Clostridia (bottom).
The complete motif is conserved in almost half of Clostridia and in a very small group of
Bacilli, indicating that between these two genera SpollQ may have different roles in engulfment
(Crawshaw et al., 2014). A hidden Markov model derived SpollQ sequence was produced
using HMMERS (Eddy, 1998) from a selection of representative endospore formers (Hoon et
al., 2010) and used in BLASTp searches to identify SpollQ genes from the Bacilli and Clostridia
genera and Weblogo (Crooks et al., 2004) was used to create the sequence logo.
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Structures of Staphylococcus aureus LytM are represented in the PDB, including a
structure with a penta-glycine peptidoglycan analogue (PDB: 4ZYB) (Grabowska et al.,
2015), from which a catalytic mechanism has been proposed (Figure 1.2.8). The Zn2*
is important for the catalytic function of the endopeptidase, providing a mechanism for
nucleophilic attack of the scissile peptide bond bridging peptidoglycan strands (Figure
1.2.8) (Firczuk et al., 2005).

The crystal structures of B. subtilis SpollQ with its degenerate LytM domain do not
contain a metal ion at the coordination site (Meisner and Moran, 2011; Levdikov et al.,
2012; Meisner et al., 2012). The structures of B. subtilis SpollQ and S. aureus LytM can
be superimposed with a core RMSD of 1.8 A (Figure 1.2.8C), indicating that the fold is

maintained in B. subtilis SpollQ.
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Adapted from Grabowska et al., 2015. A: Cartoon of the structure of Staphylococcus aureus
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stick form and labelled. C: The proposed mechanism of catalysis by the S. aureus LytM. Lone
pairs are represented by lines surrounding the oxygen. The transition state oxygen atom of
the peptide backbone is labelled proR and the oxygen from the incoming water is labelled as
proS.



1.3 C. difficile colonisation

Once a C. difficile spore is in a favourable environment, the process of germination is
stimulated resulting in the production of a vegetative cell. In a nutrient rich, anoxic envir-
onment, the vegetative cell will replicate forming a colony. C. difficile colonies are able to
form protective biofilms and migrate towards resources close by. To perform these func-
tions, it has recently been discovered that C. difficile express Type IV pili (TFP), retractable
protein filaments that can provide adhesion to host cells and other surfaces, providing the

cell with gliding motility.

1.3.1 Bacterial pili

First observed in Gram-negative bacteria in the 1940s (Pirie, 1949), pili are present across
many prokaryotes in a number of forms. A single pilus is a polymerised protein filament
that is made up of several hundreds or thousands of a single protein unit known as a
pilin (Wu and Fives-Taylor, 2001). The pilin filaments extend from the cell in a manner
similar to the guide lines of a tent and can aggregate to form strong bundles. Pili have
a number of functions including cell-cell adhesion, DNA uptake, biofilm formation and
bacterial motility (Proft and Baker, 2009). Pilins have been most extensively studied in
Gram-negative bacteria, in which four different groups have been identified: Type | pili;
Type IV pili (TFP); curli pili; CS1 pilus family (Proft and Baker, 2009). These groups of
have been categorised by their assembly pathways and, with the exception of TFP, are
exclusively observed in Gram-negative bacteria. The Type |, curli pili and CS1 family are
strongly associated with host cell adhesion. Structures of the Type | pilins have been
shown to contain (Ig)-like folds such as described in FimH from uropathogenic Escheri-
chia coli (Choudhury et al., 1999). Type | pilins are secreted into the periplasm before
being transported and processed on to the extracellular surface of the outer membrane by
chaperone and usher proteins, the polymerised pilins are then secreted as a fibre (Proft
and Baker, 2009). Curli pili are unusual coiled fibres associated with enteric bacteria such
as E. coli and their highly B-stranded structures resemble, both structurally and biochemic-
ally, eukaryotic amyloid fibres as observed in Alzheimer’s and some prion diseases (Proft

and Baker, 2009). Finally, the CS1 family are a distinct group of pili that are associated
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with enterotoxigenic E. coli and share little structural similarity with the other pili . The
CS1 family also utilises chaperones in pilus assembly and is referred to as the alternative
chaperone usher pathway (Forest, 2013).

In addition to TFP, Gram-positive pathogens such as Streptococcus pyogenes have
also been observed to express pili known as Gram-positive pili, which have been shown
to play a role in host-cell adhesion (Manetti et al., 2007). Unlike the pili observed in
the Gram-negative bacteria, Gram-positive pilin proteins are covalently attached to each
other during formation of the filament, which is also covalently attached to the lipids of the
cell membrane (Ton-That and Schneewind, 2003; Pansegrau and Bagnoli, 2016). Gram-
positive pili are secreted by the Sec-dependent secretion pathway and the signal peptide
is cleaved before assembly (Pansegrau and Bagnoli, 2016). However, it is not clear how
assembly of Gram-positive pili filaments takes places since the pilin proteins are covalently
linked to one another (Pansegrau and Bagnoli, 2016). Interestingly, a common feature to
most of the pili structures that have so far been determined, regardless of the type of pili
from either Gram-negative and Gram-positive bacteria, is a variable region that contains
a disulphide bridge (Proft and Baker, 2009). The TFP are unique in that they are the only
pili that have the ability to retract and therefore give the bacterial cell the ability to glide

along surfaces in a manner that is independent of flagella (Jin et al., 2011).

1.4 Type IV pili

Type IV pili were first observed in Gram-negative bacteria (Ottow, 1975) and have more
recently been identified in Gram-positive genera such as the Clostridia (Varga et al., 2006).
TFP fibres have been measured at 6-8 nm wide and several microns long (Proft and
Baker, 2009). TFP have several components that form the basal element of the pilin
fibre, including core membrane proteins, extension and retraction ATPases and a pre-pilin
peptidase (Mattick, 2002). Pilin proteins are expressed as pre-pilins that have conserved
signal peptide sequences at the N-terminus, which has also enabled identification of pilins
genetically (Melville and Craig, 2013). There are two distinct signal peptide sequences
by which the TFP have been classified into two groups: Type IVa (TFPa) and Type IVb
(TFPb). TFPa have short signal peptides of 5-7 amino acid residues that include the
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conserved motif, GFXLXE, which is cleaved by a pre-pilin peptidase at the carboxyl side
of the Gly residue. The first residue of the mature pilins is Phe. The Glu at position 5 has
been identified as a key residue for recognition by the pre-pilin peptidase and in assembly
of the pilin fibre (Proft and Baker, 2009). TFPb signal peptides are longer (~26 residues)
and the N-terminal residue of the mature TFPb pilins is a hydrophobic residue other than
Phe (Melville and Craig, 2013). TFPa pilins are commonly 150-160 residues in length
whilst the TFPb pilins are either very short (40-50 residues) or much longer than TFPa
proteins (>180 residues) (Proft and Baker, 2009). The most extensively studied TFP are
from the Gram-negative Vibrio cholerae and the Neisseria pathogens, N. gonorrhoeae
and N. meningitidis, members of the TFPa family. TFP are a key virulence factor for both
of these Neisseria species as TFP deficient mutants do not cause infection (Craig et al.,
2004).

1.4.1 Type IV pili structure and organisation

The nomenclature of TFP proteins in many species is based upon the Pil- prefix, the major
pilin unit is known as PilA with exception of the Neisseria and Vibrio genera in which the
major pilin is known as PilE and TcpA, respectively. In Gram-negative bacteria, the basal
element of the TFP filament is located in the inner membrane and is formed of the pre-
pilin peptidase (PilD), an assembly ATPase (PilB), a retraction ATPase (PilT) and core
membrane associated proteins (PilC/M/O) that are localised at the very base of the fibre
(Ayers et al., 2009; Chang et al., 2016). In addition to these components, a secretion
protein (PilQ) is present in the Gram-negative TFP systems and functions as a channel
through which the pilin fibre can pass through the peptidoglycan in the periplasm and the
outer membrane (Martin et al., 1993; Frye et al., 2006).

Recently, the structure of the TFPa basal unit of the Gram-negative Myxococcus xanthus
has been determined using cryo-EM at a resolution of 3-4 nm (Chang et al., 2016). Using
systematic mutants of the TFPa components and cryo-EM imaging, Chang et al. were able
to determine the assembly of the Gram-negative basal unit (Figure 1.4.1). The M. xanthus
basal unit structures showed in detail how the secretion proteins are arranged within the
periplasm, revealing an extensive lateral anchoring mechanism through the peptidoglycan
layer (Chang et al., 2016).
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Figure 1.4.1 — Architectural model of the Myxococcus xanthus TFPa basal unit. Adapted
from Chang et al., 2016. A: Schematic of the basal unit with pilin fibre (piliated, left) and an
empty basal unit without fibre (right). B: Available crystal structures of the components of the
M. xanthus TFP were modelled into the electron density of a piliated basal unit determined by
cryo-EM C: The electron density of a non-piliated basal unit with the available crystal structures
of basal unit modelled in. Note that electron density was observed (green/pink striped) that
appeared to plug the empty basal unit.
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Figure 1.4.2 — Crystal structure of full-length PilE1 from N. gonorrhoeae. The structure of
full-length PIlE1 (Craig et al., 2006) has distinct domains: an N-terminal hydrophobic helix («1)
responsible for pilin polymerisation, an o-3 loop and D-region. The D-region is delimited by
a disulphide bond that links the termini of the D-region (Cys121-Cys151, yellow) and exhibits
the lowest level of sequence conservation across TFPa pili and contains a hyper-variable loop
with the highest level of variability.

The predominant unit of the pilin fibres is classified as the major pilin. A number of
crystal structures of major TFP pilin proteins from Gram-negative bacteria have been de-
termined from V. cholerae (TcpA), P. aeruginosa (PAK), N. gonorrhoea (PilE1) and N.
meningitidis (PilE1) (Craig et al., 2003; Craig et al., 2004; Lim et al., 2010). The structure
of full-length PIlE1 from N. gonorrhoea is presented in Figure 1.4.2 (Craig et al., 2006).
The structures share a conserved pair of structural domains: an N-terminal o-helix for pilin
polymerisation and C-terminal headgroup. Only P. aeruginosa PAK and the Neisseria PilE
pilin structures represented full-length mature pilin proteins, including the hydrophobic N-
terminal helix that extends away from the globular headgroup of the protein («1-N, Figure

1.4.2) (Craig et al., 2003; Craig et al., 2006). The headgroup of the pilin proteins con-
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tains two distinct regions: an o-f loop and a D-region (Craig et al., 2004). The «-3 loop
connects the a1-helix to a -sheet of at least 3 anti-parallel strands. The D-region is a
sequence-variable region encapsulated within a highly extended loop between 2 strands
of the B-sheet domain (Craig et al., 2004). This region is predicted to be exposed on
the surface of the pilin filament and shows high sequence variability across species and
strains, important for evading immune responses from the host’s immune system and mak-
ing TFP an important virulence factor (Miller et al., 2014). The D-region of all TFP pilin
structures determined from Gram-negative species have contained a disulphide bond that
links the C-terminal residues to the 3-sheet containing region (Craig et al., 2003; Craig et
al., 2006).

Electron microscopy studies have elucidated the overall organisation of the pilin sub-
units within the filaments. Craig et al., have shown that the pilins polymerise in a helical
manner, with a 45 A pitch and modelled the TcpA and PIlE1 crystal structures within
electron microscopy data of their respective filaments to propose a model for the overall
assembly of the pilins from V. cholerae and N. gonorrhoea, respectively (Figure 1.4.3D/F)
(Craig et al., 2003; Craig et al., 2006). Additionally, helical packing was observed in the
crystal of V. cholerae TcpA (Figure 1.4.3A), in such a way that the N-terminal o1 helices
were positioned in the centre of the filament, with a pitch of 35.7 A (Figure 1.4.3C) (Craig
et al., 2003). Although the crystallographic helix and empty bore inside the filament are
larger than observed by EM, the overall models are in general agreement (Figure 1.4.3).

The TFP filaments are not exclusively formed of major pilins and are decorated with
minor pilins. These pilins are described as minor since they exhibit a lower frequency
of expression and incorporation into the pilin fibore (Melville and Craig, 2013). A num-
ber of functions have been determined in Gram-negative bacteria including cell-adhesion
(Helaine et al., 2005), filament control (Szeto et al., 2011) and DNA binding (Cehovin et al.,
2013), which is present in biofilm matrices as eDNA (Whitchurch et al., 2002). The minor
pilins share sequence conservation with the major pilins at the N-terminal region, contain-
ing the conserved signal peptide sequence and ~30 hydrophobic residues that form the
a1-helix, responsible for the polymerisation of the minor pilin pilins in the filament.

One of the most studied Gram-negative TFP minor pilins is PilX of N. meningitidis.

The 2.5 A crystal structure of PilX revealed the conserved structural scheme observed in
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the major pilins, including the N-terminal «1-helix connected to a 4 stranded anti-parallel
B-sheet via an o- loop and a D-region that was delimited by a disulphide bond (Helaine
et al., 2007). N. meningitidis PilX and PIlE1 structures are superimposable with a core
RMSD of 3 A (Helaine et al., 2007). PilX has been predicted to be key for conformational
changes in the TFP filament of N. meningitidis, to enable epitope exposure along the
pilin during binding to endothelial cells, therefore providing a key virulence factor in N.
meningitidis infection (Helaine et al., 2005; Biais et al., 2010; Brissac et al., 2012). A
further N. meningitidis minor pilin, PilV, has been shown to be important for internalisation
of N. meningitidis cells by human endothelial and epithelial cells (Takahashi et al., 2012).
Overall, TFP are an important virulence factor for N. meningitidis, with three pilin proteins
implicated in the infection mechanisms of this important pathogen making TFP a potential
vaccine target (Helaine et al., 2007).

The mechanisms of assembly, extension and retraction of TFP filaments is relatively
poorly understood. Mature pilin units that have been processed by the prepilin peptidase,
PilD, are predicted to diffuse along the membrane. The hydrophobic nature of the «-1 helix
enables it to act as a membrane anchor. However, the Glu5 residue at the N-terminus of
the -1 helix is negatively charged and could result in pilin instability within the membrane.
It is predicted, that as a result, the pilin is attracted to the positive charge of an extending
pilin filament and is positioned in a gap at the base of the filament. The hydrolysis of ATP
by the assembly ATPase is expected to cause a conformational change, anchoring the N-
terminal helix of the terminal pilin unit already in the filament within the C-terminal domain
of the new pilin unit. This then causes a conformational change that forces the filament

away from the membrane resulting in its extension (Craig and Li, 2008).
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Figure 1.4.3 — TFP filament models. Adapted from Craig et al. 2003 and 2006. A: Crystal
lattice of V. cholerae TcpA (spacegroup P63) with molecules were arranged in a helical manner.
B: Top view of the crystallographic filament showing that the o1 helices are positioned on
the inside of the filament and have the same polarity. C: Side view of the crystallography
filament showing the left-handed three start helix with dimensions. D: Top view of the electron
microscopy derived filament showing a much narrower shaft within the filament in comparison
with the crystallographic filament. E: Side view of the electron microscopy fitted TcpA filament
structure that also displayed a left-handed three start helix but with differing dimensions. F:
N. gonorrhoea TFP filament model built by fitting the full-length crystal structure of PilE1 into
the cryo-EM density of the filament. This model also shows filament surface bound molecules
(green spheres: disaccharide Gal-DADDGIc; red spheres:phosphoethanolamine). (Craig et

al., 2003; Craig et al., 2006)
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1.4.2 Gram-negative pseudopilins
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Figure 1.4.4 — Type Il secretion system. The Type Il secretion of Gram-negative bacteria
utilises components similar to those of TFP (shown for reference): a pre-pilin peptidase that
processes pseudopilins in the same manner as TFP, PilD. The pseudopilins are added to
a pseudopilus by an extension ATPase and a core protein is localised to the base of the
pseudopilus. A secretion channel across the periplasm and outer membrane, an the equi-
valent component to PilQ., enables the secretion of substrates from within the periplasm to the
external medium.

Type Il secretion systems (TIISS) are a protein secretion system associated with Gram-
negative bacteria and thus far no TIISS have been specifically identified in the Gram-
positive bacteria. TIISS share many of the components from TFP systems including the
core proteins, pilin proteins (known in TIISS as pseudopilins) and ATPases (Korotkov et al.,
2012). TIISS allows export of proteins from the periplasm to the external media and some
of these substrates have been identified as toxins and biofilm forming proteins, making
TIISS an important virulence factor (Figure 1.4.4) (Korotkov et al., 2012; Johnson et al.,
2014).

Structures of pseudopilin proteins, have been determined such as PulG from Klebsi-
ella pneumoniae (Figure 1.4.5) (Kéhler et al., 2004). PulG shares the same structural
elements observed in Gram-negative TFP, including an N-terminal «-1 helix, a 3 strand
anti-parallel 3-sheet connected to the «-1 helix by an o- loop. However, unlike the Gram-
negative TFP, PulG lacks the disulphide bond containing D-region (Kéhler et al., 2004).

The pseudopilins are not expected to form filaments that extend from the cell, however,
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short pseudopili have been observed within the basal unit (Figure 1.4.4) (Korotkov et al.,
2012).

Figure 1.4.5 — Crystal structure of the pseudopilin PulG. Crystal structure of PulG from
Klebsiella pneumoniae (Kéhler et al., 2004). Two molecules are shown with crystallographic
domain swapped C-termini (dashed pink circle) which co-ordinate a Zn?*. PulG features the
ol helix (blue), o-B loop (orange) and a 3 strand anti-parallel 3-sheet (green), which are also
observed in TFP pilin structures. However, the D-region and associated disulphide bridge do
not feature in the structure. Dimerisation and metal binding are thought to be crystallographic
artefacts.

1.4.3 TFP and the Gram-positive bacteria

More recently, TFP have been identified genetically in Gram-positive bacteria (Figure
1.4.6) including C. perfringens and Ruminococcus albus, via the highly conserved nature
of the N-terminal regions and the clustering of gene components that are associated
with the processing, assembly and secretion of TFP filaments (Varga et al., 2006; Rako-
toarivonina et al., 2002). These genes were determined to enable C. perfringens, which
does not possess flagella, to glide across agar surfaces (Varga et al., 2006; Shimizu et
al., 2002; Myers et al., 2006).

There are obvious architectural differences between the Gram-negative and Gram-
positive cell walls. The TFP filaments of Gram-negative bacteria that are anchored in the

inner membrane and secretion proteins, such as PilQ, are required to enable the filament
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to pass through the periplasm and outer-membrane (Martin et al., 1993). Meanwhile, in
Gram-positive bacteria, there is only one membrane that is coated by a thick layer of pep-
tidoglycan (Brown et al., 2015). While the basal elements found at the inner membrane of
Gram-negative bacteria are conserved on the Gram-positive membrane, how the filaments
pass through the peptidoglycan layer is not clear. Interestingly, a number of Clostridia spe-
cies exhibit more than one TFP locus and satellite pilin-like genes. It has been proposed
that the small TFP loci identified in Gram-positive bacteria may in fact represent TIISS and
not TFP and may share some of the components with the TFP loci such as the pre-pilin

peptidase (Melville and Craig, 2013).

29



Clostridium perfringens
CPE2280
pis picCPEVBZ_ . piA pID piB pIC pIA piM pIN IO CpExe 0 AT

Clostridium beijerinckil

PRA
4605 4606 4607 4608 4600 4610 4611 4612 4613 4614
D

Clostridium tetani

]
i
]
-
“i
ol
]
i

1604 1603 1601 1600 1509 2411 e 122
D
ma 2217 22!0 2215 2983 2080
m D
CPE2280
won 1603 wm 1600 2784 1680
‘l'l'D'l’ 'D I‘ c.m..
CPE2278
mr 1916 ms 3914 4173 4171 4160 4168 4167 4166 4164 4163 4161 4160 l
“-D-l I g I ‘ I l wemz[l
2997
mmm‘mmmmm m 3746 m'wl
Carboxydothermus hydrogenoformans
1
630 631 632 633 63 635 636 637 638 639 640 641 o -
gene
Thermoanaerobacter tencongensis

1262 1263 1264 1265 1266 1267 1268 1260 1270 1271 1272 1273 1274

Figure 1.4.6 — TFP ORFs in clostridial species. Adapted from Varga et al. 2006. The genes
of the C. perfringens TFP pilin locus were used to search for other TFP genes and identity TFP
loci in other clostridial species.
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1.4.4 TFP in C. difficile

Pili structures associated with C. difficile were first observed by electron microscopy of in-
fected hamster tissue and it was determined that these filaments contained the product of
a gene (CD3507) that was predicted to be part of a TFP expressing locus (Goulding et al.,
2009). Two loci were initially identified in the C. difficile strain 630, a main locus compris-
ing 11 genes (CD3513-CD3503) and a smaller secondary locus comprising up to 6 genes
(CD3296-CD3291) (Figure 1.4.7A) (Sebaihia et al., 2006; Varga et al., 2006). Each locus
contains a predicted major pilin described as PilA1 (CD3513) and PilA2 (CD3294), exten-
sion and retraction ATPases (PilB/T) and at least one core membrane protein (PilC/M/O).
Only the main locus contains two pre-pilin peptidases (PilD1/D2), as often observed in TFP
loci. Three further pilin-like genes in the middle of the main cluster (CD3508-CD3506), ori-
ginally classified as PilA proteins, are now described as the minor pilins PilV, PilU and PilK
(Figure 1.4.7B).

Based upon sequence similarity with the TFP components in Gram-negative bacteria,
it is possible to propose a role for each gene in the main locus to a role and location within
the TFP basal unit (Figure 1.4.8). However, unlike the Gram-negative bacteria, there is
no PilQ orthologue, even though the filament must pass through the peptidoglycan layer
through an as yet unknown mechanism. C. difficile also has an outer protein coat on the
surface of the peptidoglycan known as the S-layer, which is formed of a paracrystalline
layer (Fagan and Fairweather, 2014).

Since the identification of TFP genes in C. difficile, pilin expression has been investig-
ated by a number of groups. In an on going collaboration with Professor Neil Fairweather’s
group, Imperial College, London, it has been determined that all of the genes within the
main locus are required for the presentation of TFP on the cell surface as detected via
anti-PilA1 antibodies (personal communication).

Bordeleau et al. have shown that in vivo expression of TFP filaments is influenced by
the presence of cyclic diguanosine monophosphate (c-di-GMP) and that up regulation of
c-di-GMP production in C. difficile resulted in greater filament expression and cell aggreg-
ation (Figure 1.4.9) (Bordeleau et al., 2015). Regulation of TFP expression by c-di-GMP
has also been observed in the Gram-negative M. xanthus (Skotnicka et al., 2015). C-di-

GMP is a secondary messenger that has been implicated in a number of processes, such
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is conserved at position 5 in all sequences except PilK.

32



\ PilA

~PIK
i PilV/U
i PilB
] PIIC/M/O
. PiIT
2
: PilD

Figure 1.4.8 — Gram-positive TFP assembly. The predicted assembly of the Gram-positive
TFP, adapted from Melville and Craig, 2013. The major pilin, PilA1 (red), is expressed on the
cytosolic side of the cell membrane and translocated across the membrane and 9 pre-pilin
residues are cleaved from the N-terminus. The ATPase, PilB (maroon), is predicted to enable
a conformational change in the filament providing space for additional pilins and thus extend
the filament. The filament base is associated with a core protein, PilC, and accessory core
proteins PilM/O (green). Retraction of the filament takes place using the ATPase, PilT (blue).
The filament maybe supplemented with additional minor pilins (light blue), which may play a
role in surface adhesion and filament capping. The S-layer is a cell wall feature present in
some Gram-positive bacteria such as C. difficile.
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as flagella regulation, and bacterial virulence mechanisms, including toxin synthesis, in
C. difficile (Bordeleau and Burrus, 2015). In other bacteria such as E. coli, c-di-GMP has
been implicated in the expression of Type | pili and recent advances in the c-di-GMP have
identified large regulatory networks that simultaneously regulate many aspects of bacterial

physiology (Schirmer and Jenal, 2009; Abgottspon et al., 2010; Rotem et al., 2015).
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Figure 1.4.9 — Electron micrograph of C. difficile TFP. Adapted from Bordeleau et al. 2015.
A: Transmission electron micrographs of WT C. difficile 630 Aerm (left panel) and C. difficile
630 Aerm with a vector containing DccA, a diguanylate cyclase protein that increases the
levels of c-di-GMP in the cell (right panel). The open arrowheads highlight flagella, no TFP
filaments could be identified in the wildtype. The closed arrowheads highlight TFP filaments.
B: The mean number of pili/cell in the WT, a sigD mutant (that is recognised to display impaired
motility) pilB and pilA1 mutants where pDccA was complemented. Where the pilin components
were not disrupted (WT and sigD) and c-di-GMP levels were increased, a greater number of
TFP filaments were observed. In the pilB and pilA1 mutants, aggregation was observed around
the cells.

TFP have been identified as an important component for biofilm formation in C. dif-
ficile (Purcell et al., 2015; Maldarelli et al., 2016). Biofilms enable C. difficile to form
stable colonies, an important virulence factor in CDI. C. difficile pilA1 mutants produce
thinner biofilms with less mass than wildtype colonies and TFP genes represent a large
proportion of genes expressed in C. difficile biofilms (Maldarelli et al., 2016). In addition
to biofilm formation, it has been shown in the hyper virulent strain R20291 that C. difficile
has surface-dependent motility during biofilm formation and this has been attributed to
TFP (Purcell et al., 2015).

In Gram-negative pathogens, such as N. meningitidis, the variable regions of the pilins
and specific minor pilins are important for binding to target host cell surfaces and actively
enable the pathogen to cause infection (Helaine et al., 2005; Szeto et al., 2011; Brissac

et al,, 2012). The diversification of surface exposed regions of the pilin proteins in C.
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difficile shows that there is antibody cross-reactivity between the minor pilins, PilV and
PilU, indicating that they share similar structural features (Maldarelli et al., 2014). Such
results suggest that TFP pilins provide an ideal epitope in the development of vaccines
against TFP producing pathogens, such as C. difficile (Maldarelli et al., 2014).

The structure of a minor pilin, PilJ, was determined by Piepenbrink et al. 2014 (Figure
1.4.10). Expressed from a remote ORF, the pilJ gene does not feature in the main or
secondary locus (Figure 1.4.7) although immunogold labelling of C. difficile TFP filaments
showed that PilJ was incorporated into the filament (Piepenbrink et al., 2014). The struc-
ture revealed a minor pilin with two repeating structural domains (described as N-terminal
and C-terminal), each containing the typical TFP structure features: o-1 helix; o-3 loop;
B-sheet; D-region (C-terminal only). A Zn2* jon was coordinated at the junction between
the two domains by three Cys residues from the N-terminal domain and a His residue from
the C-terminal domain (Figure 1.4.10). Interestingly, two of the Cys residues (81 and 111)
are located close to the [3-sheet, which is similar to the previously determined TFP pilins
structures from Gram-negative examples that form disulphide bonds between the 3-sheet

and the C-terminal residues (Figure 1.4.2).

Figure 1.4.10 — C. difficile PilJ crystal structure. The structure of truncated C. difficile PilJ
features an N-terminal domain (green) and C-terminal region (blue), each containing common
TFP structural elements including the «-1 helix, «-3 loop, 3-sheet and a variable region in
the C-terminal domain. 14 residues that link the two domains were not modelled. A Zn?* is
coordinated by three Cys residues (36, 81, 111) in the N-terminal domain and a His114 residue
in the C-terminal domain and stabilises the interface between the two domains.
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Piepenbrink et al. superimposed the N-terminal domain of the PilJ structure onto the
structure of the major pilin TcpA from V. cholerae and the cryo-EM filament model pro-
posed (Figure 1.4.3), to build a pilus model for C. difficile formed of Pild pilins (Figure
1.4.11). Since PilJ is more bulky that TcpA, due to the structural repeat, a truncated
Pild using only the N-terminal region was directly modelled on the TcpA filament (Figure
1.4.11A). The truncated model was then used as the basis of the full-length PilJ filament
model, resulting in a filament that had a greater diameter than the TcpA filament (Figure
1.4.11B).

Due to the presence of the structural repeat, the Pild flament model has a greater

diameter than the V. cholera model (Figure 1.4.11B). Importantly, this model does not

include the proposed major pilin, PilA1, nor any of the other pilins present in the two TFP
loci identified in C. difficile (Figure 1.4.7).

A

Figure 1.4.11 — Proposed C. difficile filament model by Piepenbrink et al. 2014. Adapted
from Piepenbrink et al. 2014. The structure of the major pilin TcpA and overall TFP filament
of V. cholerae was used to model a C. difficile TFP using the PilJ structure. A: A truncated
PilJ model of only the C-terminal domain (Figure 1.4.10, green) that was superimposable with
TcpA was fitted to the V. cholerae filament electron density with a correlation coefficient of 0.78
(grey). B: Full-length PilJ with a modelled N-terminal polymerisation helix was used to model
a filament. This filament is bulkier than the TcpA filament (A).
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1.5 Aims

The work described in this thesis aimed to improve the understanding of components of
key pathogenicity related aspects of the C. difficile life cycle: sporulation and colonisa-
tion. Despite the importance of such mechanisms in the ability of C. difficile to cause and
spread infections, insight at the molecular level of proteins involved in these processes is
still very limited. Work presented here aimed to shed new light on our knowledge of two
components: SpollQ:SpolllAH in sporulation and TFP involved in biofilm formation and
colonisation.

During sporulation, coordination of the forespore and mother cell gene expression
regulators is required and it has been proposed in B. subtilis that this takes place via
a channel formed of the SpollQ:SpolllAH proteins. While the sporulation gene expression
regulators are conserved between B. subtilis and C. difficile, temporal and regulatory dif-
ferences have been shown between these Firmicutes upon the knowledge of B. subtilis
SpollQ:SpolllAH two questions were posed by the C. difficile homologues. Does the con-
served LytM domain of SpollQ coordinate Zn2* that could be related to endopeptidase
activity? Do C. difficile SpollQ and SpolllAH interact to form a stable 1:1 complex in vitro?
Structural and biophysical studies have been carried out to understand possible SpollQ
Zn2* binding capability and SpollQ and SpolllAH complex formation in C. difficile.

Type IV pili are important structures for colonisation and biofilm formation, yet little is
known about the structure of the Gram-positive TFP or how the pilin proteins may inter-
act during pilin formation. Structural and biophysical studies of the filament major (PilA1)
and minor (PilV,-U,-K) forming pilin units from C. difficile were undertaken to improve the
understanding of the structure and function of Gram-positive TFP and C. difficile colonisa-

tion.
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Chapter 2

Materials and Methods

2.1 Bacterial Strains

Escherichia coli DH5-a cells [New England Biolabs] were used for cloning (Section 2.3).
Rosetta DES3 cells [Novagen] and BL-21 were used for protein expression (Section 2.4),
the former E. coli strain contains a plasmid for the recognition of rare codons. The me-
thionine auxotroph E. coli strain B834 [Novagen] was used for the expression of seleno-
methionine containing protein. A complete list of strains created in this thesis is shown in
Table 2.1.1. The methods by which these strains were created are described in Section

2.3.
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Strain Host Vector Antibiotic  Description Acronym
Name strain resistance
42 Rosetta NF1329 Amp + Cm  Expression strain of TEV Protease TEV
45 DH5-a pPSS001 Kan Vector storage strain of pPSS001 QFL
46 DH5-a pPSS002 Kan Vector storage strain of pPSS002 sQ
47 DH5-a pPSS003 Kan Vector storage strain of pPSS003 AHFL
48 DH5-a pPSS004 Kan Vector storage strain of pPSS004 sAH
49 Rosetta pPSS001 Kan + Cm  Expression strain of pPSS001 QFL
50 Rosetta pPSS002 Kan + Cm  Expression strain of pPSS002 sQ
51 Rosetta pPSS003 Kan + Cm  Expression strain of pPSS003 AHFL
52 Rosetta pPSS004 Kan + Cm  Expression strain of pPSS004 sAH
55 DH5-q pPSS007 Kan Vector storage strain of pPSS007 sQH1208
59 Rosetta ~ pPSS007  Kan+Cm  Expression strain of pPSS007 sQH1208
66 DH5-o pECC52 Kan Vector storage strain of pECC52 PilA1-
R20291
68 Rosetta pECC52 Kan + Cm  Expression strain of pECC52 PilA1-
R20291
188 Rosetta pECC73 Kan + Cm  Expression strain of pECC73 PilV C-His
189 Rosetta pECC74 Kan + Cm  Expression strain of pECC74 PilU C-His
190 Rosetta pECC75 Kan + Cm  Expression strain of pECC75 PilK C-His
197 Rosetta pJM212 Amp + Cm  Expression strain of pJM212 BS-AH
198 Rosetta pJM243 Amp + Cm  Expression strain of pJM243 BS-Q
204 DH5-a pADCO011 Kan Vector storage strain of pADCO011 PilA1-630
205 Rosetta pADCO011 Kan + Cm  Expression strain of pADC011 PilA1-630
210 B834 pECC75 Kan SeMet expression strain of PilK SeMet
pECC75
233 DH5-a pADCO013 Kan Vector storage strain of pADC013 PilK N-His
234 DH5-« pADC014 Kan Vector storage strain of pADC014 PilU N-His
235 DH5-a pADCO015 Kan Vector storage strain of pADC015 PilV N-His
237 BL-21 pADCO012 Kan Expression strain of pADC012 PilA1-630
N-His
238 BL-21 pADCO013 Kan Expression strain of pADC013 PilA1-630
N-His
— BL-21 pADCO015 Kan Expression strain of pADC015 PilV N-His
— BL-21 pADCO014 Kan Expression strain of pADC014 PilU N-His
- Rosetta pECCO038 Kan + Cm  Expression strain of pECC038 PilAT1FL-
R20291

Table 2.1.1 — Summary of vector containing bacterial strains. List of vector containing
bacterial strains created and used in this thesis. Production of these constructs is described in
section 2.3 and the vectors are described in Table 2.3.6.
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2.2 Bacterial Growth Conditions and Storage

DH5-o and Rosetta DE3 E. coli strains were grown in Lysogeny Broth (LB) by dissolving
pellets in deionised water, under conditions that were optimised for each strain (section
2.4). Overnight cultures of every strain produced and used in this thesis were stored in a
strain library: 1 ml of cell culture was mixed with 400 ul of 70% glyercol in a cryo compatible
tube and stored at -80° C.

2.3 Molecular Biology

This section outlines the standard protocol for the molecular biology techniques used in
this thesis for the creation of expression vectors for target proteins. Protocols are also
included for the modification of these vectors to produce construct truncations or to intro-
duce point mutations into any target. A number of constructs, used in Chapters 4 and
5 were made by Edward Couchman and Dr. Rob Fagan as part of a collaboration with

Professor Neil Fairweather at Imperial College London (outlined in Table 2.3.6).

2.3.1 Expression Vector Production

All constructs used in this thesis used pET-28a or the EMBL modified pET-28a known
as pET-M11 as the expression vector backbone (Dimmler et al., 2005). pET-28a can
be used to produce constructs encoding either N-terminal or C-terminal His-tags. Whilst
the C-terminal tag is linked to the target by 2 amino acid residues (Leu and Glu), the
N-terminal His-tag is linked to the target by a thrombin recognition site that enables the
removal of the His-tag. The proteins encoded from a pET-M11 plasmid differ from those
encoded from pET-28a in that the thrombin cleavage linker of the latter has been replaced
by a Tobacco Edge Virus (TEV) protease cleavage site. The resulting cleaved protein has
a Gly-Ser linker at the N-terminus of the polypeptide after cleavage.

Primers and vectors were designed using the Geneious software package (Kearse et
al., 2012) to ensure that restriction sites and primer Ty, temperatures were appropriate
and that gene inserts were in frame. All C. difficile gene containing vectors were designed
based on published annotations of strain 630 (Sebaihia et al., 2006) and strain R20291
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(Stabler et al., 2009). Primers were designed to be ~30 bases long so that the Ty, of the
primer was ~59° C and with a GC anchor at the 5° end. In addition to a complementary
sequence with the target gene, an appropriate restriction site was included in the primer
that was unique for the forward and reverse primer to allow for insertion into the expression
vector in the correct orientation. Unmodified oligonucleotides were ordered from Eurofins
and upon delivery were dissolved in a volume of nuclease free water [Ambion] to a final
concentration of 100 pmol/ul as instructed by the supplied synthesis report. The primers
used in this thesis are described in Table 2.3.1.

The reagents for the polymerase chain reaction (PCR) are outlined in Table 2.3.2. The
PCR reaction was carried out using a PCR Thermocycler [Bio-Rad] and the reaction cycle
is outlined in Table 2.3.3. The amplification time was modified according to the length of
the fragment being amplified.

The products of the PCR reaction were examined by running 5 ul on a 1% agarose
[Melford] gel containing 1X SYBR safe gel stain [Life Technologies] electrophoresed at
100V for ~45 mins. The agarose gel was visualised under ultra violet (UV) light using a
UV gel viewing system [Bio-Rad]. The remainder of the reaction was cleaned up using a
PCR clean up kit [Sigma] and the amplified DNA eluted in 30 ul of nuclease free water.
The concentration of purified PCR product was determined using a NanoDrop spectro-
photometer [Thermo]. Purified PCR products and the expression vector were digested
with the appropriate restriction enzymes [Invitrogen], using reactions described in Table
2.3.4.

Digested PCR product and vector were analysed by 1% agarose gel and cleaved
products of the correct size were extracted using a DNA gel extraction kit according to
the manufacturer’s instructions [Sigma]. Ligation reactions were set up using T4 quick
ligase [Thermo] as described in Table 2.3.5, and incubated at room temperature for 15
minutes. Calcium chloride competent Escherichia coli DH5-u cells [New England Biolabs]
were transformed by the addition of 2 ul of ligation product to a 50 ul aliquot of cells and
incubated for 20 mins on ice before a heat shock at 42° C for 30 seconds. 300 ul of LB
was added to the competent cells which were incubated with shaking at 37° C for 1 hour.
Transformed colonies were selected for by plating onto LB agar plates containing 50 ug/ml

kanamycin (Kan), which were incubated overnight at 37° C.
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Primer Primer Sequence Restriction Primer Description
Name Site
FWDAHFL GATCCCATGGGCAAGTTT Ncol Forward primer to amplify full length
AATTATAAG SpolllAH (CD1199) gene.
FWDAHSOL GTCCCATGGGCTTAAGTAA Ncol Forward primer to amplify the bases
GAAATC for residues 29-229 of SpolllAH.
REVAH GATCCTCGAGTTACTTATTA Xhol Reverse primer to amplify both
CTATTATT SpolllAH construct fragments.
FWDQFL GATCCCATGGGCAAGAAAA Ncol Forward primer to amplify the
AGCTGTTAG full-length SpollQ (CD0125) gene.
FWDQSOL  GATCCCATGGGCAATAATA Ncol Forward primer to amplify the bases
ATGTAG for residues 31-222 of SpollQ.
REVQ GACCTCGAGTTACTTAATT Xhol Reverse primer to amplify both
AGACTCATTGG SpollQ construct fragments.
REV-PilV GTGCTCGAGCTACCCTATT Xhol Reverse primer to amplify PilV
CTT (CD3508) residues 36-188 with N-His
tag.
FWD-PilV ATATACCATGGTGGCAATG Ncol Forward primer to amplify PilV
GTATAAC (CD3508) residues 36-188 with N-His
tag.
REV-PilU GTGGTGCTCGAGCTATTTA Xhol Reverse primer to amplify PilU
TCTTTAA (CD3507) residues 34-176 with N-His
tag.
FWD-PIilU ATATACCATGGCAATACTAA Ncol Forward primer to amplify PilU
TAACAAAGC (CD3507) residues 34-176 with N-His
tag.
REV-PilK GTGCTCGAGCTAGTTTACT Xhol Reverse primer to amplify PilK
TTTTTG (CD3506) residues 33-512 with N-His
tag.
FWD-PilK ATATACCATGGATCAAATCA Ncol Forward primer to amplify PilK
GATAGC (CD3506) residues 33-512 with N-His
tag.
REV-PilA1- GTGCTCGAGCTATCCTTGT Xhol PilA1 A1-34 CD630 N-His reverse
630 TG primer
FWD-PilA1-  GAGATATACCATGGAAGTAA Ncol PilA1 A1-34 CD630 N-His forward
630 TATAAACAAG primer

Table 2.3.1 — Summary of primers. Primers used for the amplification of target genes from
Clostridium difficile strain 630 for subsequent insertion into expression vectors. The restriction

sites in these primers are also described.
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Volume Final Concentration

Forward Primer [Eurofins-MWG] 1.5 ul 0.3 pmol
Reverse Primer [Eurofins-MWG] 1.5 ul 0.3 pmol

Template DNA Xyl 10 ng (plasmid) / 100

ng (genomic)

KOD Hot Start Master Mix (2X) 25 ul 1X

[Merck Millipore]
Nuclease Free Water [Ambion] to a final total volume -

of 50 ul

Table 2.3.2 — PCR reaction reagents. Components in a typical PCR reaction. Primers were
stored at stock concentrations of 100 pmol and working aliquots of 10 pmol. The volume of
template DNA (X) was dependent upon the concentration of the template DNA and the type of
DNA. All PCR reactions had a total volume of 50 pl.

Stage Time  Temperature (°C)
1 - Polymerase activation 2 min 95
2 - DNA Denaturation 20 secs 95
3 - Annealing 10 secs X
4 - Extension 25 secs” 70

Steps 2-4 repeated in 30 cycles

Table 2.3.3 — PCR reaction cycle. PCR reaction cycle used for KOD Hot Start polymerase
[Merck-Millipore]. *Extension time was varied depending on the length of the DNA fragment
that was being amplified: 15 secs for <500 kbp; 20 secs for up to 3000 kbp; 25 secs for >3000
kbp.

Reagent Volume
Xhol 2 ul
Ncol 2 ul
10X Cutsmart buffer 5ul
DNA X

Nuclease free water up to 50 ul

Table 2.3.4 — DNA restriction digest reaction. A typical restriction double digest reaction
where Ncol and Xhol have been used to digest DNA fragments or vectors. The volume of DNA
(X) was adjusted according to a maximum final concentration of 2 ug. Restriction enzymes and
buffer are part of the New England Biolabs DNA restriction system.
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Reagent Volume

Insert DNA Xul
Linear Vector DNA Y ul
5X ligase buffer 4 ul
Ligase 1 ul

H->O up to 20 pl

Table 2.3.5 — Components for ligation reaction. The volume of insert DNA (X) and linearised
vector DNA (Y) was dependent upon the concentrations of these fragments. Insert DNA was
3-fold the concentration of linearised vector DNA (3:1) of which a total of 50 ng was used in
the ligation reaction.

Single colonies from the transformation plates were picked and grown overnight at 37°
C in 10 ml LB 50 pg/ml Kan. 1 ml of overnight culture was mixed with 400 ul of 70%
glycerol and added to the strain collection at -80° C. The remaining culture was pelleted
and the plasmid extracted using a mini-prep kit as per the manufacturer’s instructions
[Sigma]. Plasmid DNA was eluted from the kit in 40 yl nuclease-free water and 20 ul
sent for Sanger DNA sequencing [GATC Biotech]. After sequence verification, 2 ul of the
plasmids containing the correct genes were used to transform E. coli Rosetta expression
cells as previously described, and positive colonies were selected by growth on LB agar
50 ug/ml Kan and 30 pg/ml chloramphenicol (Cm). 10 ml cultures grown overnight in LB

with Kan and Cm were added to the strain collection as described.
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Construct  Vector Vector  Description
Name Name Back-
bone
QFL pPSS001  pET-M11  Contains the full CD630_0125 SpollQ , including N-terminal
transmembrane domain and signal peptide. N-terminal His-tag
cleavable using TEV protease.
sQ pPSS002 pET-M11  CD630_0125 SpollQ residues 31-222 lacking N-terminal
transmembrane domain and signal peptide. This region is the
extracellular domain of the protein. N-terminal His-tag cleavable using
TEV protease.
sQH120S  ppPSS007  pET-M11  As sQ construct but with a point mutation of histidine 120 to serine as
per B. subitilis SpollQ.

AHFL pPSS003 pET-M11  Contains the full CD630_1199 SpolllAH gene, including N-terminal
transmembrane domain and signal peptide. N-terminal His-tag
cleavable using TEV protease.

sAH pPSS004 pET-M11  Contains residues 29-229 of the CD630_1199 SpolllAH gene, the
extracellular domain. N-terminal His-tag cleavable using TEV
protease.

BS-Q pJM243 pET-M11  Contains residues 25-218 of B. subtilis 068 SpollQ gene with
thrombin cleavable N-terminal His-tag.

BS-AH pJM212 pET-M11  Contains residues 43-283 of B. subtilis 068 SpollQ gene with
thrombin cleavable N-terminal His-tag.

PilA1A1- pECC52 pET-28a  PilA1 (CD3355) from C. difficile strain R20291 lacking the N-terminal
34 34 residues (hydrophobic oligmerisation domain). Non-cleavable
R20291 N-terminal His-tag.
PilA1A1-  pADCO11 pET-28a  PilA1 (CD3513) from C. difficile strain 630 lacking the N-terminal 34
34 CD630 residues (hydrophobic oligmerisation domain). Non-cleavable
(C-His) C-terminal His-tag.
PilA1A1- pADC012 pET-28a PilA1 (CD3513) from C. difficile strain 630 lacking the N-terminal 34
34 CD630 residues (hydrophobic oligmerisation domain). Non-cleavable
(N-His) N-terminal His-tag.
PilA2A1- pECC038 pET-28a  PilA2 (CD3155) from C. difficile strain 630 lacking the N-terminal 34
33 residues (hydrophobic oligmerisation domain). Non-cleavable
R20291 C-terminal His-tag.
PilVA1-35 pECC73 pET-28a  PilV from C. difficile strain 630 lacking the N-terminal 35 residues
(C-His) (hydrophobic oligmerisation domain). Non-cleavable C-terminal
His-tag.
PilVA1-35 pADC015 pET-28a PilV from C. difficile strain 630 lacking the N-terminal 35 residues
(N-His) (hydrophobic oligmerisation domain). Non-cleavable N-terminal
His-tag.
PilUA1-33 pECC74 pET-28a  PilU from C. difficile strain 630 lacking the N-terminal 33 residues
(C-His) (hydrophobic oligmerisation domain). Non-cleavable C-terminal
His-tag.
PilUA1-33 pADCO014 pET-28a  PilU from C. difficile strain 630 lacking the N-terminal 33 residues
(N-His) (hydrophobic oligmerisation domain). Non-cleavable N-terminal
His-tag.
PilKA1-32 pECC75 pET-28a  PilK from C. difficile strain 630 lacking the N-terminal 32 residues
(C-His) (hydrophobic oligmerisation domain). Non-cleavable C-terminal
His-tag.
PilKA1-32 pADC013 pET-28a PilK from C. difficile strain 630 lacking the N-terminal 32 residues
(N-His) (hydrophobic oligmerisation domain). Non-cleavable N-terminal
His-tag.
TEV NF1329 pET-28a  His-tagged TEV protease with S219V mutation that prevents

self-cleavage.

Table 2.3.6 — Summary of construct vectors.



2.3.2 Modification of expression vectors

For the production of point mutants and the truncated constructs, inverse PCR was used.
Forward and reverse primers flanking the bases to be substituted or deleted were de-
signed based on the template expression plasmid. The primers were designed with a
guanine or cytosine 3’-end and with an overall melting temperature (Try) of ~58° C. Table
2.3.7 shows the primers used for inverse PCR. The PCR reagents and reaction used are
outlined in Table 2.3.2 and Table 2.3.3, a longer extension time of 45 seconds was used

to ensure amplification of the complete plasmid.

Primer Sequence Description
Name

- GCCAAAGGTGTAGATATTAGTTGTACTAAAG Forward primer for inverse PCR to
mutate H120S of CD0125 SpollQ

- AGCAAAGGTGTAGATATTAGTTGTACTAAAG Reverse primer for inverse PCR to
mutate H120S of CD0125 SpollQ

185 AGTAATATAAACAAGGCTAAGGTAGC Reverse primer for inverse PCR to
truncate CD3513 in pRPF227

186 CATGGTATATCTCCTTCTTAAAGTTAAAC Forward primer for inverse PCR to
truncate CD3513 in pRPF227

Table 2.3.7 — Summary of inverse PCR primers. Primers used for inverse PCR to modify
expression vectors.
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2.4 Protein Expression

Single colonies of transformants or the strain glycerol stock were picked and used to in-
oculate 100 ml LB containing 50 ug/ml kanamycin (Kan) and 30 ug/ml chloramphenicol
(Cm) and grown overnight at 37°C. 1L LB containing 50 ug/ml Kan and 30 ug/ml Cm were
inoculated with 10 ml of overnight culture and cultured at 37° C until an optical density at
600 nm (ODgqq) of 0.4-0.6 was reached. The ODgyy Was measured by aliquoting 1 ml of
culture into a 1 ml cuvette [Fisherbrand] and its absorbance measured using a spectro-
photometer [Biochrom] with the wavelength set to 600 nm; 1 ml of sterile LB was used as
a reference sample. Cultures were induced with a final concentration of 1TmM isopropy!
g-D-1-thiogalactopyranoside (IPTG). Cells were incubated at 20° C or 25° C with shaking
at 180 rpm for ~20 hrs (overnight). Cells were harvested by centrifugation at 3036 x g for
30 mins, resuspended in the appropriate lysis buffer (see Table 2.5.1) and centrifuged at
3011 x g for a further 10 mins and the supernatant discarded. Cell pellets were stored at
-80°C.

The optimal expression conditions of new expression strains was determined by vary-
ing the growth medium, temperature and expression time (time after induction with IPTG)
in small scale cultures (10 ml). Typically LB, 2x Yeast Tryptone (YT) and auto-induction
[Novagen] media were probed for ideal expression conditions. The combinations of tem-
perature and expression time using LB and YT were as follows: 37°C, 3 hrs; 30°C, 3hrs;
30°C, ~20 hours (overnight); 20° C, ~20 hrs (overnight). Cultures grown in auto-induction
were inoculated from overnight starter cultures and incubated at either 30° C or 20° C for
~24 hrs. Cultures in LB and YT media were grown to an ODgg of 0.4-0.6, a 1ml culture
aliquot was taken and frozen at -20° C (uninduced sample) before induction with a final
concentration of 1 mM IPTG. Cultures were harvested by centrifugation at 4000 x g for 10
mins and lysed using Bugbuster lysis solution [Merck-Millipore]. The soluble and insoluble
fractions of the lysate were separated by centrifugation at 17000 x g for 10 mins. The su-
pernatant was removed and 10 ul was mixed with 10 ul of 2X SDS-sample buffer and 10 ul
of these samples were loaded on SDS-PAGE(section 2.5.3). The uninduced samples and
the insoluble pellets were resuspended in 10 ul of SDS-sample buffer and boiled at 95°C
for 5 mins and 5 yl of these samples were loaded on SDS-PAGE with the soluble fractions.

The conditions that produced the greatest amount of protein in the soluble fraction were
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chosen as the conditions for large scale expression. All strains were cultured at 20° C with
shaking at 180 rpm for ~20 hrs (overnight) apart from TEV protease which was cultured
at 25° C with shaking at 180 rpm for ~20 hrs (overnight).

2.4.1 Selenomethionine Incorporation

Stock Reagent Volume (ml) Final Concentration

20X M9 Salts 100 2X
1 M MgSOy4 2 2mM
FeSO4 (12.5 mg/ml) 2 12.5 pg/ml
40% w/v D-glucose 10 0.4 %
Amino Acids [* 10 0.4 pg/ml
Amino Acids IIT 10 0.4 ug/mi
1000X Vitamins* 1 1X
Se-Met (10 mg/ml) 4 10 pg/ml
Deionised H,O 861 -

Table 2.4.1 — Composition of SeMet media. 20X M9 salts contained 2% NH4Cl, 6% KHo,PO4
and 12% Na,HPO,4. *Amino acids | includes 0.4 g of the following amino acids in 100 ml
H,O: Ala; Arg; Asn; Asp; Cys; GIn; Glu; Gly; His; lle; Leu; Lys; Pro; Ser; Thr; Val. TAmino
acids Il includes 0.4 g in 100 ml of the following amino acids: Phe; Trp; Tyr. ¥Vitamin 1000X
stock includes 1mg/ml of the following: niacinamide; pryoxidine monohydrochloride; riboflavin;
thiamine.

An overnight culture of E. coli B834, transformed with the target expression vector, was
grown as described in section 2.2. 1 ml of the overnight culture was used to inoculate 100
ml of LB containing the appropriate antibiotics and was grown at 37° C with shaking at 180
rpm, to an ODggg of ~0.2. The starter culture was pelleted by centrifugation at 3011 x g
for 10 mins and the LB supernatant discarded. The pellet was resuspended in 10 ml of the
SeMet medium (Table 2.4.1) containing all components including appropriate antibiotics,
with exception of the selenomethionine and was again pelleted by centrifugation as before
to remove any remaining LB. The pellet was again resuspended in 10 ml of SeMet medium
before inoculating a 1 L flask. A 10 ml control culture was removed and placed into a 50

ml falcon to be incubated alongside the expression culture. The selenomethionine was
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added to the culture before incubation at 37° C to an ODgg of 0.4-0.6, induced with 1 mM

IPTG, and growth conditions used for native protein expression were adopted.

2.4.2 "N Incorporation

For 2D NMR TH:"5N HSQC experiments (Section 2.8) proteins must be labelled with the
isotope 1°N. Expression strains producing the protein to be used in the HSQC experiments
were picked from the glycerol strain library and used to inoculate a 100 ml overnight start
culture as described in section 2.4. 10 ml of these starter cultures were used to inoculate
M9 minimal medium supplemented with 1°NH,CI (Table 2.4.2) and grown to an ODggg
of 0.4-0.6 initially at 37° C before induction with 1 mM IPTG. The minimal nature of the
growth medium and the presence of 1°NH,Cl resulted in very slow cell culture growth such
that >24 hrs of incubation was required to reach an ODggq of 0.4-0.6. To promote growth,
the incubation temperature was reduced to 30° C and the culture was supplemented with
10 ml of 10% glucose. Once an appropriate ODggg was reached an uninduced sample
was taken, the culture was supplemented with 1 mM IPTG, cultured and harvested as

previously described (section 2.4).

Stock Reagent Volume (ml) Final Concentration

2X M9 Salts* 500 1X

1 M MgSOy4 2 2 mM

20% Glucose 20 0.4 %
1000X VitaminsT 1 1X
100X Trace elements* 10 1X

100 mg/ml "SNH,CI 10 1 mg/ml

H,O 457 -

Table 2.4.2 — Composition of 15N incorporation media. *2X M9 salts contained 0.6%
KH,PO, and 1.2% NayHPO,. TVitamin 1000X stock includes 1mg/ml of the following: niacin-
amide; pryoxidine mono-hydrochloride; riboflavin; thiamine. ¥100X trace elements: 5 mg/ml
EDTA; 0.8 mg/ml FeClg; 50 pug/ml ZnCly; 10 ug/ml CuCly; 10 ug/ml CoCly; 10 pg/ml HzBOg;
1.6 mg/ml MnCl,.

49



2.5 Protein Purification

2.5.1 Buffers

The buffers used in the purification and study of proteins in this thesis are outlined in Table
2.5.1. Generally, the buffer that was used for gel filtration during purification of the protein
was used for crystallisation and most biochemical and biophysical assays with the excep-
tion of buffer sensitive techniques such as circular dichroism (CD) or nuclear magnetic
resonance (NMR). The theoretical isoelectric point, calculated using ProtParam (Wilkins
et al., 1999), was considered in the selection of buffer pH, which also informed the choice
of buffering compound dependent on their optimal buffering pH range. Characterisation
by CD also informed the choice of buffers: scans were conducted of samples at different
pH strengths to determine the pH at which the protein exhibited the highest level of fol-
dedness. This characterisation was important in the selection of buffers for studying sQ
and sAH proteins. Finally, the buffers must also be compatible with any co-factors that the

proteins being studied may require, such as Zn%* in sQ.
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IS

Stage of

purification/ sQ/sAH BS-Q/BS-AH pilA1/A2 pilV/U/K TEV Protease
Experiment
50 mM NaoHPO4
Lysis/ 50 mM MES bH 50 mM Tris-HCI 20 mM Tris-HCI 50 mM Tris-HCI pH 8.0, 150 mM
His-Trap 6.0. 500 MM NpaCI pH 7.5, 500 mM pH 8.0, 500 mM pH 8.0, 500 mM NaCl,
Load " NaCl NaCl NaCl 25 mM Imidazole,
10% glyercol
50 M MES ot 50 mM Tris-HCI 20 mM Tris-HCI 50 mM Tris-HCI 5°Hm8“’(')N1a52§rZﬁ4
His-Trap P pH 7.5, 500 mM pH 8.0, 500 mM pH 8.0, 500 mM pr S.5,
. 6.0, 500 mM NaCl, NaCl, 800 mM
Elution 500 mM Imidazole NaCl, NaCl, NaCl, Imidazole
500 mM Imidazole 500 mM Imidazole 500 mM Imidazole ’
10% glycerol
Gel 50 mM MES 50 mM Tris-HCI 20 mM Tris-HCI 50 mM Tris-HCI
Filtration pH 6.0, 250 mM pH 7.5, 150 mM pH 8.0, 150 mM pH 7.5, 250 mM -
NaCl NaCl NaCl NaCl
50 mM MES pH
SEC-MALLS 6.0, 250 mM NaCl B B a a
Circular 50 mM NasHPO4 50 mM NaosHPO4 50 mM Tris-HCI
Dichroism pH 6.0, 50 mm - pH 8.0, 50 mM pH 7.5, 50 mM -
NaF NaF NaF
50 mM NaoHPO4
NMR pH 6.0, 150 mm - - - -
NaCl

Table 2.5.1 — Summary of protein buffers.

A summary of the buffers used in the purification of the proteins studied in this thesis.



2.5.2 Protein Concentration Determination

Protein concentration was determined using three methods: absorbance at 280 nm; Brad-
ford assay; and Pierce bicinchoninic acid (BCA). Absorbance at 280 nm was measured
using a NanoDrop spectrophotometer [Thermo]. Using the Beer-Lambert law, A = e x ¢ x|,
and an extinction coefficient (g) estimated by submitting the peptide sequence to the Prot-
Param tool (web.expasy.org) and a path-length of 1 cm (NanoDrop normalises the path-
length to 1 cm), the concentration of a protein sample could be calculated.

Bradford assays were performed by mixing 100 ul of protein sample with 100 ul Brad-
ford reagent [Thermo] in a 96-well plate [Corning] and absorbance was measured at 595
nm in a plate-reading spectrophotometer [BioTek]. Absorbance values were normalised
using the absorbance of 100 ul of buffer mixed with 100 ul of Bradford reagent. A standard
curve using bovine serum albumin (BSA) with concentrations of 0 ug/ml, 1 ug/ml, 2 ug/ml,
5 ug/ml, 10 yg/ml, 15 pg/ml and 20 ug/ml was recorded. The absorbance values from the
standard curve were used to calculate the concentration of the protein samples. A BCA
assay kit [Thermo] was used to determine the concentration of samples using the Pierce

BCA method and was performed as per the manufacturer’s instructions.

2.5.3 SDS-PAGE Analysis of proteins

Denaturing sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE)
was used throughout to identify and verify the quality of protein samples. For appropriate
separation of the proteins studied in this thesis, 15% acrylamide gels were used and are
described in Table 2.5.2. Samples were mixed with 2X SDS-sample buffer prior to loading
on a gel (Table 2.5.2). SDS-PAGE was performed at 200V for 50-70 mins depending upon

the mass of the sample.
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Reagent Resolving gel Stacking gel 2X Sample buffer

Bis-acrylamide 15% 5% -
Tris-HCI pH 8.8 375 mM - -
Tris-HCI pH 6.8 - 126 mM 100 mM
SDS 0.1% 0.1% 4%
Ammonium persulphate 0.1% 0.1% -
TEMED 0.05% 0.1% -
Glycerol — - 20%
Bromophenol Blue - - 0.2%
DTT - - 200 mM

Table 2.5.2 — SDS-PAGE reagents. Composition of reagents in 15% acrylamide SDS-PAGE
gels and 2X sample buffer.

2.5.4 sQ/sAH Protein Purification

Cell pellets were resuspended in 30 of ml 50 mM MES pH 6.0, 500 mM NaCl. 50 ul of
lysozyme (1 mg/ml), 50 ul DNase | (20 ug/ml) and 1 EDTA-free complete protease inhibitor
tablet [Roche] were added to the cell suspension. Cell lysis was carried out by sonication
[Bandelin] for 4 mins with 50% intervals, 75-80% sonication power, and the lysate clarified
by centrifugation using a JA-25 rotor in an Avanti J-26XP centrifuge [Beckman-Coulter] for
30 mins at 32816 x g. Lysis supernatant was filtered through a 0.45 um filter.

The supernatant was loaded to a 5 ml His-Trap NTA column [GE Healthcare] using an
Akta Prime [GE Healthcare]. The column was washed with 25 ml of 50 mM MES pH 6.0,
500 mM NaCl to remove unbound protein. His-tagged proteins were eluted with 50 mM
MES pH 6.0, 500 mM NaCl, 500 mM imidazole using steps of 125 mM, 250 mM and 375
mM imidazole, over 40 ml, and 2 ml fractions were collected. Fractions were analysed by
SDS-PAGE (Section 2.5.3) to identify protein-containing fractions. These fractions were
pooled and the protein concentration determined using a NanoDrop [Thermo]. Previously
purified TEV protease was added at the ratio of 1 mg of TEV protease for every 10 mg
of purified protein. The digestion mixture was dialysed overnight at 4° C against 50 mM
MES pH 6.0, 250 mM NaCl.

To separate cleaved, untagged protein from His-tagged protein and TEV protease the

cleavage reaction was run over a 5 ml His-Trap pre-equilibrated in 50 mM MES pH 6.0, 250
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mM NaCl. Unbound proteins (the flow-through) were collected in 4 ml fractions and the
remaining His-tagged proteins, including TEV were eluted in 500 mM imidazole. The flow
through fractions were pooled and reduced to a volume of 1 ml using a 10 kDa molecular
weight cut off (MWCOQO) centrifugal concentrator [Amicon] at 3011 x g. For sQ protein,
the concentration of the pooled fractions was measured before concentration and a 5-
fold molar excess of ZnCl, was added to the sQ sample, except for protein intended for
ICP-MS experiments. To remove any potential precipitant, samples were centrifuged at
1600 x g for 2 mins. Samples were then loaded into a sample loop of an Akta Pure
[GE Healthcare] and injected onto a Superdex 200 (S200) 26/600 size exclusion column
[GE Healthcare] pre-equilibrated in 50 mM MES pH 6.0, 250 mM NaCl. Fractions of 2
ml were collected and peak fractions were analysed by SDS-PAGE. Fractions containing
the protein were pooled and concentrated to ~10 mg/ml as previously described and flash
frozen in liquid nitrogen and stored at -80° C.

For the purification of the B. subtilis BS-Q and BS-AH proteins the protocol was fol-
lowed as for the C. difficile sQ and sAH with the exception that thrombin protease [Sigma-
Aldrich] was used to cleave the His-tag during dialysis. These proteins were purified in
Tris-HCI based buffers (Meisner and Moran, 2011).

2.5.5 Pilin Protein Purification

Cell pellets were resuspended in 10 ml of 50 mM Tris-HCI pH 8.0, 500 mM NaCl and
50 ul DNase | (20 ug/ml) and a complete EDTA-free protease inhibitor tablet [Roche] ad-
ded. Cells were lysed using a one-shot cell disruptor [Constant Systems] at a pressure
of 25 kpsi. The lysate was clarified by centrifugation at 32816 x g for 30 mins and the
supernatant filtered using a 0.45 um syringe filter [Merck].

The lysate was loaded to a 5 ml His-Trap HP column [GE Healthcare] connected to
an Akta Start [GE Healthcare] and pre-equilibrated with 50 mM Tris-HCI pH 8.0, 500 mM
NaCl. His-tagged proteins were collected in 2 ml fractions during elution with 50 mM, 125
mM, 250 mM, 375 mM and 500 mM imidazole in five steps of 15 ml. Peak fractions were
analysed by SDS-PAGE (Section 2.5.3), which were then pooled and the volume reduced
to ~2 ml using a 3 kDa MWCO concentrator [Amicon] for PilA1, V or U constructs or a 30

kDa MWCO for PilK. The sample was then loaded to a size exclusion column equilibrated
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with 50 mM Tris-HCI pH 8.0, 250 mM NaCl connected to an Akta Pure FPLC system [GE
Healthcare]. Either a S200 or Superdex 75 (S75) in the 16/600 format [GE Healthcare]
was used dependent upon the size of the construct being purified. Peak fractionation was
used to collect 1 ml fractions when the UV absorbance was greater than 5 mAU. These
fractions were analysed by SDS-PAGE and fractions containing pure protein were pooled
and concentrated to ~15 mg/ml as previously described. Concentrated protein was divided
into 2 sets of aliquots, one was flash cooled in liquid nitrogen and stored at -80° C and the
other stored at 4° C.

2.5.6 TEV Protease Purification

Tobacco Etch Virus (TEV) protease was produced in the lab for use in protein purifica-
tion. The protease was expressed in Rosetta DE3 cells that were transformed with the
NF1329 plasmid. This plasmid encodes for a His-tagged TEV protease with an S219V
mutation that prevents self-cleavage of the protein. TEV was over-expressed as detailed
in section 2.4. Cells were resuspended in the TEV lysis buffer (Table 2.5.1) with 50 ul
of DNase | (20 ug/ml) and sonicated for 4 minutes in 50% intervals at ~75% power. The
lysate was clarified by centrifugation at 32816 x g for 30 mins and the supernatant filtered
with a 0.45 um syringe filter before being loaded onto a 5 ml His-Trap NTA column [GE
Healthcare] connected to a an Akta Start [GE Healthcare] and prequilibrated in the TEV
lysis buffer. TEV protease was eluted from the column using a gradient from 0-60% of
the elution buffer (Table 2.5.1). Fractions were collected in tubes containing DTT to a final
concentration of 1 mM to stabilise the TEV. The purity of peak fractions was verified by
SDS-PAGE analysis, as described previously, and fractions containing TEV were pooled,
and the concentration determined by absorbance at 280 nm (NanoDrop). The protein was
concentrated or diluted as necessary to a final concentration of 0.5-1 mg/ml and flash

cooled in liquid nitrogen in 500 pl aliquots and stored in the -80° C freezer.
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2.6 Biophysical and biochemical characterisation of pro-

teins

2.6.1 Size-exclusion chromatography for protein interactions

Size-exclusion chromatography (SEC) was used to probe potential protein:protein inter-
actions. The individual proteins and mixtures of proteins were prepared at a final total
protein concentration of 2 mg/ml in a volume of 500 ul and injected onto an S200 10/300
GL Increase [GE Healthcare] connected to an Akta Pure [GE Healthcare] and equilibrated
in the appropriate buffer for the proteins being assayed (see Table 2.5.1). Fractions of 0.5
ml were collected and 10 ul of peak fractions were mixed with 10 ul of SDS sample buffer
and analysed by SDS-PAGE for co-elution of proteins indicative of complex formation. UV
elution profiles were compared between individual and mixtures of proteins and with the
profiles of standard proteins to determine interactions. The molecular weight standards
were thyroglobulin (670 kDa), y-globulin (158.0 kDa), ovalbumin (44 kDa), myoglobin (17.0

kDa) and Vitamin B4, (1.4 kDa) [Bio-rad]. The equation below was used to determine K.

Where V,, = column void volume, V. = elution volume, V. = geometric column volume.
K, for each peak was plotted versus the log of the molecular mass (LogMW) of the
corresponding peak and the equation of the line of best fit was calculated. The K, was
calculated for each elution peak and the equation from the line of best fit used to calculate
the LogMW for the elution peak and was converted to the natural number to calculate the

equivalent molecular mass of the elution peak.

2.6.2 Circular Dichroism

Circular dichroism (CD) is a technique for determining the folded state of a protein in
solution. Buffers that contain Tris, MES and NaCl absorb far UV-light and as a result are
not ideal sample buffers for CD. Since the purification buffers used in this thesis (Table
2.5.1) contain these compounds, samples to be used in CD were buffer exchanged into a

phosphate based buffer. A number of buffers were used at different pH within the buffering
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pH range of the buffer (NaoHPO4: pH 5.8-8.0). Samples were buffer exchanged using S6
Bio-spin buffer exchange columns as per the manufacturer’s instructions [Bio-rad]. The
packing buffer was replaced with 4 washes of the CD buffer described in Table 2.5.1 for
the particular sample being measured.

Samples were diluted to ~0.1 mg/ml, as measured by A280. 300 ul of sample was
aliquoted into a quartz cuvette with a path-length of 0.2 mm [Hellma]. CD spectra were
measured in a Jasco J-810 spectrophotometer with a Jasco PTC-423S temperature con-
troller. Scans were measured at 20° C, 4° C and 95° C and the wavelength range of the
scan was adjusted in accordance with detector high tension (HT). A HT value higher than
600 V is indicative of insufficient signal and no useful CD is measured. Scans were meas-
ured in accumulations of 4 and normalised by subtraction of a reference scan of the CD
buffer being used. Thermostability experiments were conducted at 208 nm or 220 nm over
a temperature range of 4° C to 95° C with a pitch of 1°C/min. Some of these experiments
also included a CD scan from 260-~195 nm at 5° C temperature intervals.

CD scan data that were measured over a wavelength range of at least 260-190 nm
were processed and interpreted using the DichroWeb CD data analysis server (Lobley
et al., 2002; Whitmore and Wallace, 2004). The data were input in the CD millidegrees
(mdeg), CDSSTR was selected as the analysis programme and reference set number 4
used (260-190 nm). The protein concentration and the cuvette path-length values were
also submitted to DichroWeb. The resulting output data included the conversion of the CD
units to mean residue ellipticity ([6] mrw.)\) (degrees cm? dmol ! residue™!) and estimates
of the secondary structure content of the sample. For data that could not be processed
using the Dichroweb server, CD millidegree values (machine units) were converted to

mean residue ellipticity using the equation:
[Olmrw = MRW x 03/10 x ¢ x d

M RW = mean residue weight, 6\ = degrees at a given wavelength, ¢ = concentration
(9/ml) and d = path-length (cm). MRW = M/(N — 1) where M is the total molecular

weight of the protein and N is the number of residues.
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2.6.3 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) is a technique that measures the thermal stability
of a protein using a fluorescent dye (Kohlstaedt et al., 2015). Proteins were prepared in
the same buffer as used in CD experiments to enable direct comparison of the denaturing
temperatures of the proteins. Samples were diluted with buffer to 1 uM, 5 uM and 10 yM
in a total of 300 pl and 0.5 ul of 5000X SYPRO orange fluorescent dye was added and
mixed by pipetting. A baseline sample of buffer was also prepared with SYPRO orange to
verify that none of components of the buffer interacted with the SYPRO orange to result
in a fluorescent signal. Samples were aliquoted in 40 ul volumes into 3 PCR tubes as
technical repeats and these were loaded into a rotary RT-PCR machine [Corbett]. Fluor-
escence/emission at 570 nm was measured during a temperature gradient from 25° C to
95°C (1° C min"'). The fluorescence data were processed using the RT-PCR machine
Rotor-Gene software [Corbett] to calculate the first derivative (dF/dT) and derive the T,

of the sample.

2.6.4 Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is a technique for determining
the metal content of a given sample at concentrations as low as parts per billion (ppb)
(Ammann, 2007). Purified protein was incubated with a molar excess of ZnCl,, 1 mM
EDTA or without addition of either before running on an S200 10/300 GL Increase size-
exclusion column [GE Healthcare] and 0.5 ml fractions were collected. ICP-MS samples of
3 ml were prepared by adding 300 pl of each fraction to 2.7 ml of 2.5% HNO3 containing 20
ppb silver as the internal standard. Standards were also run of the metal ions magnesium,
manganese, iron, copper, nickel, cobalt and zinc at concentrations of 0 ppb, 1 ppb, 5 ppb,
10 ppb, 25 ppb, 50 ppb, 75 ppb and 100 ppb, in solutions containing a fixed internal
standard concentration of 20 ppb Ag. The ICP-MS [Thermo] collected 3 individual repeat
measurements of each sample detecting for each of the metals included in the standards
and the internal standard. The final molar concentration of the metal in a given sample

was determined using the equation below:
[metal] = 10 x (X/A)
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Metal concentration [metal] (uM), X is the value output from the ICP-MS in ppb and A is
the atomic number of the metal being analysed. The molar concentration of protein in each
fraction was also determined by measuring the absorbance at 280 nm using the NanoDrop
and using the calculated extinction coefficient of the given protein (ProtParam) and the
Beer-Lambert equation (Section 2.5.2). The ratio of metal bound to the protein in the
fraction sample was determined by dividing the protein concentration by the concentration

of metal present.

2.6.5 Size-exclusion chromatography multi-angle laser-light scatter-
ing
SEC-MALLS was used to determine the absolute mass of protein species in solution.
After centrifugation at 17 000 x g for 5 minutes, 100 ul of purified proteins were injected
onto a Wyatt SEC-050S5 column. These samples were either the proteins individually
or proteins mixed with a potential binding partner at a total protein concentration of ~2.5
mg/ml. The column was connected to an Akta Pure purification system [GE Healthcare]
with DAWN HELEOS 8 light scattering and Optilab T-rEX refractive index detectors [Wyatt]
connected downstream. Bovine serum albumin (BSA) [Sigma] was used as a control
sample to calibrate and align the light scattering and refractive index detectors and setup
the subsequent analysis methods. Fractions of 0.5 ml were collected for further analysis
by SDS-PAGE (Section 2.5.3). Data processing was carried out using ASTRA 6 [Wyatt]
SEC-MALLS software using a dn/dc value of 0.185 ml/g in the calculation of the absolute

species mass.

2.6.6 Microscale thermophoresis

Microscale thermophoresis (MST) is a solution based method that can be used for meas-
uring binding affinities between interacting molecules. MST utilises the principal of ther-
mophoresis, where molecules move across a temperature gradient in equilibrial manner
(Duhr and Braun, 2006b; Duhr and Braun, 2006a; Jerabek-Willemsen et al., 2011; Wien-
ken et al., 2010). The MST experiments in this thesis were conducted using a Monolith

NT.115 [NanoTemper Technologies] instrument with a Blue/Red fluorescence channel.
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This instrument accepts 16 capillaries containing fluorescently labelled protein at a fixed
concentration and unlabelled protein along a dilution series, the midpoint of which com-
prises the predicted Kg.

The protein was labelled with Cy5 fluorophore using the NHS-red labelling kit provided
by NanoTemper Technologies, which involves an amine coupling reaction between the
Cy5 fluorophore and the protein. The product of the labelling reaction is ~1 ml of labelled
protein at a concentration of ~ 4 uM in the buffer that the protein was purified in. Optimisa-
tion of final concentration of labelled protein, the capillary type and whether additives are
required in the buffer to prevent the protein sticking to the capillary were conducted us-
ing capillary scans (baseline fluorescence measurement). In all MST experiments in this
thesis the premium capillary [NanoTemper Technologies] was used and Tween 20 was
added to all buffers to a final concentration of 0.05 % v/v.

Unlabelled protein with 0.05 % Tween 20 was concentrated as previously described
and 20 ul added to a 0.5 ml eppendorf tube. A further 15 tubes with 10 ul of buffer (0.05
% Tween 20) were prepared for a 1:1 serial dilution, or 31 tubes with 5 yul for a 2:1 dilution.
The 1:1 serial dilution was performed by mixing 10 ul of the highest concentration with
10 ul of buffer in the subsequent 15 tubes. The excess 10 ul from the final dilution was
discarded. In the 2:1 dilution the same procedure was followed. 10 ul of labelled protein,
diluted so that the fluorescent signal was in the correct range of the detector using an
appropriate LED power, was added to each of the dilutions. At each stage the samples
were thoroughly mixed by pipetting. The capillary tubes were loaded by surface tension
alone and placed into the Monolith.

The MST experiment parameters were adjusted, an LED power of 10 % or 15 % in
experiments where proteins were well labelled and as a result, even very low protein con-
centrations (nanomolar) resulted in detector saturation. The MST power was set to 20%
and 40%, this represents the temperature increase of the infrared beam and thus temper-
ature gradient. The quality of the raw data was verified using MO.Affinity Analysis [Nan-
oTemper Technologies], ensuring that fluorescence recorded in the capillary scans across
the 16 capillaries were within £10 %. The analysis software was used to fit the data using
Kp(law of mass action described below) fit where the fluorophore concentration is fixed,

c is the concentration of unlabelled protein, Fluo is the concentration of labelled protein,
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K 4is the dissociation constant, f(c) represents the concentration of complexes. Unbound

and bound are derived from the fluorescence during the thermophoresis experiment.

flc)= unbound+(b0und—unbound)+2([Fluo]—i—c—i—Kd—\/([Fluo] +c+ Kg)? — 4 x [Fluo] x c)

Where 32 concentrations were used in the serial dilution, two separate data acquisi-
tions were performed and the data were merged. Triplicate data were collected using new
serial dilutions of unlabelled protein and the mean fluorescence values were used to fit a
Kp.

2.6.7 Surface plasmon resonance

Surface plasmon resonance (SPR) is a technique for determining binding affinities and
kinetics between a ligand (attached to a sensor surface) and analyte (molecule flowed
across the ligand bound sensor surface). A CM5 sensor chip [GE Healthcare] was used
in the SPR experiments in this thesis. This sensor chip is coated in carboxymethylated
dextran and a protein ligand can be covalently attached to this surface via an amine coup-
ling reaction. To determine the most efficient ligand surface pre-concentration and binding
conditions, protein ligand was put into four immobilisation buffers of pH 4.0, 4.5, 5.0 and
5.5 and the binding to the sensor chip measured using a preprogrammed method. The
70 ul aliquots of protein ligand at a concentration of 1 mg/ml were buffer exchanged into
buffers containing 10 mM Na acetate at pH 4.0, 4.5, 5.0 and 5.5 with an ion concentration
of 10 mM NaCl. The CM5 sensor chip was docked into a Biacore X100 SPR machine
[GE Healthcare] and the system was primed with 100 mM Na acetate pH 5.6, 100 mM
NaCl running buffer that had been filtered with a 0.45 um filter. The protein ligand aliquots
in the Na acetate buffers were diluted to a final concentration of 10 ug/ml in a volume of
500 pl. The aliquots of protein ligand and a 500 ul aliquot of 100 mM NaOH were loaded
into the sample holder of the X100 and the preprogrammed method run. At a flow rate
of 10 ul/min, 2 minute injections of the ligand in the different pH buffers were performed.
Between each ligand injection a 30 second regeneration injection of 100 mM NaOH was

performed to remove any remaining protein. The sensograms of the injections of ligand
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at the different pH values were compared and the pH value that resulted in the greatest
response unit (RU) value was chosen for the ligand binding reaction.

The reagents for the amine coupling reactions were 0.4 M EDC 1-ethyl-3-(3-dimethylam
inopropyl) carbodimide hydrochloride (EDC), 0.1 M N-hydroxysuccinimide (NHS) and 1 M
ethanol
amine-HCI pH 8.5. EDC and NHS were mixed 1:1 immediately before the injection by
the X100 device, these reagents activate the dextran surface. Ethanolamine is used to
deactivate the surface after the ligand has been immobilised. Aliquots of 85 ul EDC, 85 ul
NHS, 150 pl ethanolamine-HCI pH 8.5 and 100 ul of ligand at 10 ug/ml in the appropriate
immobilisation buffer were placed into the sample rack. A preprogrammed manufacturer’s
method was used to perform the ligand immobilisation reaction, the method was set to
achieve a ligand immobilisation of ~200 RU which would be most appropriate for the type
of SPR experiment being conducted and the mass of the ligand and the analytes being
probed. The equation to determine the appropriate level of ligand immobilisation is shown

below:

analyte MW

Tigand MW x immobilised ligand level (RU)

analyte binding capacity (RU) =

To determine the most appropriate injection parameters for the immobilisation of ligand
to the sensor surface, the preprogrammed method conducted pre-concentration scout-
ing injection which resulted in the desired RU values during the ligand pre-concentration
steps. Ligand was immobilised to flow cell 2 (Fc2) and flow cell 1 (Fc1) was activated with
EDC/NHS and deactivated with ethanolamine but no ligand was injected and immobilised
to Fci.

After ligand immobilisation the X100 system and sensor chip were primed with the
buffer the proteins had been purified in, for example where PilA1 was purified in 20 mM
Tris-HCI pH 8.0, 150 mM NaCl this was used as the running buffer. A series of analyte
concentrations were prepared using a 1:1 dilution series in a final volume of 50 ul and
a highest concentration of 500 uM. 8-10 analyte concentrations were initially probed. A
preprogrammed method was used to perform the binding analysis at a flow rate of 10

ul/min and an inject time of 60 seconds. The ligand surface was regenerated by a 30
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second injection of buffer with identical composition to running buffer but containing 1 M
NaCl. Binding of analyte to the reference surface (Fc1) was monitored and were there
was a RU value at Fc1 greater than 15 RU the data were discarded. Once an initial
binding analysis run had been performed and an initial Ky value was calculated using
the affinity fitting method in the Biacore evaluation software [GE Healthcare], the analyte
concentrations were adjusted so that the K4 concentration was in the middle of the analyte
concentration series and the binding analysis method performed again. Triplicate analyte
concentration series were made and binding analysis methods performed to determine a

reliable affinity between the ligand and analyte.

2.7 X-ray Crystallography

2.7.1 Protein crystallisation

For initial sparse matrix crystallisation screening purified protein was concentrated to 10-
15 mg/ml, as measured by Asgg, using a centrifugal concentrator with a molecular weight
cut-off of at least half the mass of the target protein. Typically ~75 ul of each condition
from sparse matrix screens were dispensed into a 96-well MRC crystallisation trays [Mo-
lecular Dimensions] with conical wells. A Mosquito dispensing robot [TTP Labtech] was
used to set up sitting drops in 1:1 (100 nl: 100 nl) and 2:1 (200 nl: 100 nl) protein:reservoir
volume ratios. Commercial screens used included Structure, Morpheus, JCSG+ [Molecu-
lar Dimensions], Index [Hampton Research], PACT [Qiagen] and Cryo [Jena Biosciences].
Crystallisation trays were stored in the crystallisation room at 20° C unless otherwise
stated. Crystal trays were checked periodically for the presence of crystals using a 16X

optical zoom light microscope [Leica], with which crystals were also photomicrographed.

2.7.1.1 Optimisation

Where an initial hit was identified using commercial sparse matrix crystallisation screens,
an optimisation strategy was developed to improve the size, form or diffraction quality of
the crystals. There are many variables that can be altered during crystal optimisation such

as varying the concentrations of the salt or precipitant, the pH of the buffer, to changing
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the vapour diffusion setup (hanging or sitting drop), drop volume or by varying the protein
concentration. Initial optimisation screens searched the chemical space around the initial
hit, precipitant, salt concentrations and the pH of the buffer. A 96 deep well block was
divided into quarters (6 x 4), each quarter offering a different pH value and within each
quarter salt concentration was varied on the Y-axis and precipitant on the X-axis (Figure
2.7.1 and Table 2.7.1). The 96 conditions were then transferred to an MRC crystallisation

plate and mixed with protein using the Mosquito dispensing robot.
Increasing [Precipitate]

1 2 3 4 5 6

Increasing
[salt]

-0.5 pH

o0 w >

+0.5 pH +1 pH

Figure 2.7.1 — Crystallisation optimisation strategy. Overview of typical crystallisation op-
timisation strategy employed in both 24-well (single buffer pH) and 96-well format (multiple
buffer pH). The shaded square represents a condition in the optimisation tray that is the same
as the initial hit.

Another optimisation strategy was the use of 24-well hanging drop trays. The same 24
well matrix as shown in Figure 2.7.1 and Table 2.7.1 using a single buffering pH was used.
Drop ratios of 1:1 (1 pl :1 pl) and 2:1 (2 ul :1 pl) were set up on glass slides and sealed

with vacuum grease.
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1 2 3 4 5 6
0.1t MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 M HEPES
0.075 M 0.075 M 0.075 M 0.075 M 0.075 M 0.075 M

24 % PEG 400

26 % PEG 400

28 % PEG 400

30 % PEG 400

32 % PEG 400

34 % PEG 400

0.1 M HEPES
0.125 M
MgCl,

24 % PEG 400

0.1 M HEPES
0.125 M
MgCly

26 % PEG 400

0.1 M HEPES
0.125 M
MgCly

28 % PEG 400

0.1 M HEPES
0.125 M
MgCl,

30 % PEG 400

0.1 M HEPES
0.125 M
MgCly

32 % PEG 400

0.1 M HEPES
0.125 M
MgCly

34 % PEG 400

0.1 M HEPES
0.150 M
MgC|2

24 % PEG 400

0.1 M HEPES
0.150 M
MgC|2

26 % PEG 400

0.1 M HEPES
0.150 M
MgC|2

28 % PEG 400

0.1 M HEPES
0.150 M
MgC|2

30 % PEG 400

0.1 M HEPES
0.150 M
MgC|2

32 % PEG 400

0.1 M HEPES
0.150 M
MgC|2

34 % PEG 400

0.1 M HEPES
0.2 M MgCl,
24 % PEG 400

0.1 M HEPES
0.2 M MgCl,
26 % PEG 400

0.1 M HEPES
0.2 M MgCl,
28 % PEG 400

0.1 M HEPES
0.2 M MgCl,
30 % PEG 400

0.1 M HEPES
0.2 M MgCl,
32 % PEG 400

0.1 M HEPES
0.2 M MgCl,
34 % PEG 400

Table 2.7.1 — PilKA1-32 crystal optimisation strategy. An example of a crystal hit optim-
isation strategy showing the variation of salt and precipitant concentrations. PilK Optimisation
Screen #2 is based upon the Structure screen condition B12 (0.1 M HEPES pH 7.5 0.2 M
MgCl, 30% PEG 400). This 24 well arrangement was repeated 4 times across a 96-well block
with 0.1 M HEPES pH 7.0, 7.2, 7.5 and 8.0.
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2.7.2 Crystallisation rescue strategies
2.7.2.1 Lysine methylation

Protein was diluted to a concentration of 1 mg/ml. Where the sample buffer contained Tris
the protein sample was buffer-exchanged into 50 mM HEPES pH 7.5, 250 mM NaCl. 1 M
dimethylamine-borane complex (ABC) [Sigma-Aldrich] was prepared in a volume of 1 ml.
20 ul 1M ABC and 40 pl 1 M formaldehyde [Sigma-Aldrich] were added to 1 ml of protein
sample (1 mg/ml) in a 1.5 ml tube. The reaction was incubated at 4° C for 2 hours whilst
mixing on a rotary mixer. A further 20 ul of 1M ABC and 40 ul 1 M formaldehyde were
added to the reaction and incubated for a further 2 hours at 4° C whilst mixing. A final 10
ul of 1 M ABC was added to the reaction and incubated overnight at 4° C.

After overnight incubation 125 ul 1 M Tris-HCI pH 7.5 was added to the reaction tube
to stop the reaction. The sample was spun at 16 000 x g for 5 minutes and loaded to
an S200 16/600 equilibrated in the original sample buffer (Table 2.5.1), connected to an
Akta Pure [GE Healthcare]. Peak fractions of 1 ml were collected and 10 ul of each frac-
tion analysed by SDS-PAGE as previously described. Sample containing fractions were
pooled, concentrated to ~ 10-20 mg/ml and sparse matrix crystallisation trays dispensed
as described (Section 2.7.1).

2.7.2.2 In situ proteolysis

A 1 ml aliquot of a-chymotrypsin [Sigma-Aldrich] at a concentration of 1 mg/ml was pre-
pared by dissolving 1 mg of lyophilised protease in 1 ml of milliQ H>O. A 1:10 dilution of
the o-chymotrypsin was performed twice to a final concentration of 10 ug/ml. An aliquot of
100 ul of protein sample for crystallisation was placed into a tube and 1 ul of 10 ug/ml a-
chymotrypsin was added to the sample immediately before dispensing on the dispensing

robot. Crystallisation trays were dispensed as previously described (Section 2.7.1).

2.7.2.3 Additive screening

90 ul of the crystallisation solution that had produced crystals was dispensed into 96-well
MRC crystallisation plate. 10 pl of additive screen conditions [Hampton Research] was

then added to the reservoirs containing the crystallisation solution and mixed by pipet-
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ting. The mosquito pipetting robot was then used to dispense protein and crystallisation

crystallisation solution as described in section 2.7.1.

2.7.3 Crystal cryo-cooling

To reduce the affects of radiation damage in the crystal to enable the collection of the
best quality diffraction data, protein crystals were cryo-cooled. Cryo-cooling is performed
by harvesting crystals in an appropriate mount and cryoprotectant before flash cooling
them in liquid nitrogen resulting in vitrification of the remaining liquid surrounding the crys-
tal. Common cryoprotectant conditions include 25% PEG 400, 25% ethylene glycol and
3.5 M ammonium sulphate. The cryoprotectant chosen is dependent upon the compon-
ents present in the crystallisation solution. After mounting a crystal, the loop and crystal
were soaked in a drop of the crystallisation solution containing the cryoprotectant before
cooling in LN»>. Some crystallisation conditions already include precipitants that provide
cryo-protection (see Table 2.7.1), in these instances crystals were harvested from the drop
where they formed and were cooled in LN,. If the crystallisation condition is not imme-
diately suitable, a cryo-protectant was mixed with an aliquot of reservoir solution prior to

crystal harvesting.

2.7.4 Data collection

Test diffraction data and complete diffraction datasets used in this thesis were collected
at the macromolecular crystallography (MX) beamlines at Diamond Light Source. Test
images of the crystals were collected at 0° and 90° during an oscillation of 0.5° and 1s
exposure, these data were input into Mosflm (Battye et al., 2011). Mosflm was used
to index the data to determine the spacegroup and unit cell parameters of the crystal and
then to determine the most appropriate starting angle for the best diffraction data collection
of the crystal.

Collection of complete datasets of native crystals were over 200 ° total oscillation with
images recorded over 0.1 ° oscillations and exposure times of 0.01 seconds. For the col-
lection of datasets during a single-wavelength anomalous dispersion (SAD) experiment,

a total of 720° were collected to ensure that these data had high single anomalous com-
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pleteness and redundancy.

2.7.5 Data processing

Figure 2.7.2 shows the data processing pathway that was used in this thesis to determine
the PilA1 crystal structure (Chapter 4). The phase problem was overcome by using the
single-wavelength anomalous dispersion method (Taylor, 2010).

Native and SAD datasets were indexed and integrated using 4 different programs or
pipelines (Figure 2.7.2, steps in black). These included the stand alone programs, Mosflm
(Battye et al., 2011), XDS (Kabsch, 2010), DIALS (Gildea et al., 2014) and the pipeline
Xia2 (Winter et al., 2013) which invokes the use of XDS. The resulting reflection files were
input into Aimless for scaling, reduction and to determine the point group of the crystal’s
spacegroup (Evans and Murshudov, 2013). The indexing and integration strategies ap-
plied to each dataset were ranked based on the resolution of the dataset, a low Rmerge
value for the given resolution and the signal to noise ratio (I/cl) of which a lower limit of 1.5
was imposed. The datasets and indexing strategies that satisfied these parameters the
most were selected for further processing. Where derivative data was collected in SAD
experiments, attention was also paid to the anomalous signal and the resolution at which
this could be detected.

The SHELX software suite (Sheldrick, 2010) was used with the HKL2MAP GUI (Pape
and Schneider, 2004) to calculate phases and to output an initial electron density map.
This map and the protein sequence were input into the model building program Buccaneer
(Cowtan, 2006). A 3D model of the protein is output by Buccaneer in PDB format, which
was then refined against the native data using Refmac (Murshudov et al., 2011). Several
cycles of refinement using Refmac and manual model refinement in Coot (Emsley et al.,
2010) were performed, until Reyetor @and Rgee Values reached convergence. The method
of B-factor refinement was chosen dependent upon resolution and the number of unique
reflections (Merritt, 2012).

The model was validated using the MolProbity (Chen et al., 2010) program and POLY-
GON module (Urzhumtseva et al., 2009) of the Phenix package. Further rounds of refine-

ment were performed as necessary based on the results of the model validation.
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Figure 2.7.2 — Single anomalous dispersion data processing workflow. The data pro-
cessing workflow that was followed for a SAD experiment. Indexing, integration and data
reduction are outlined in grey. Steps involving only derivative data are outlined in grey and
native data in blue. Refinement steps are outlined in green
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2.8 Nuclear Magnetic Resonance

NMR experiments were conducted at the Astbury Centre for Structural Biology at the
University of Leeds with support of Dr Arnout Kalverda and Dr Gary Thompson. 1D-
NOESY spectra were collected on a DD2 600 MHz NMR spectrometer and 2D-HSQC
spectra were collected on an Inova 750 MHz NMR spectrometer. To collect 1D-NOESY
resonances, samples were prepared as previously described with the exception that the
final sample buffer was 50 mM Na,HPO,4 pH 6.0, 150 mm NaCl. The samples were
concentrated to 300 uM in a volume of at least 300 ul. DO was added to the 300 ul sample
to a final concentration of 10% v/v before aliquoting into an NMR sample tube. 1D nuclear
overhauser spectroscopy (NOESY) experiments were conducted using a double pulsed
field gradient spin echo (DPFGSE) pulse sequence for suppression of the water signal
at 4.7 "H/ppm. The 1D-NOESY spectra were processed using NMRPipe and nmrDraw
(Delaglio et al., 1995) and visualised in the CCPN Analysis (Vranken et al., 2005). All
NMR spectra were recorded at 25° C.

Heteronuclear single quantum coherence (HSQC) experiments require 2 isotopes, '°N
labelled protein and the natural protons "H. 12N incorporation is described in section 2.4.2
and protein was then purified and prepared as described for 1D experiments. Titrations
involved incremental addition of the molar equivalent of unlabelled protein to the NMR
tube which already contain '°N labelled protein. After each addition of unlabelled protein
spectra were recorded in the following labelled to unlabelled ratios: 1:0.25; 1:0.5; 1:0.75,
1:1;1:2; 1:5. The spectra were processed using NMRPipe, Varian converter and nmrDraw
(Delaglio et al., 1995). 2D spectra were processed and visualised in CCPN Analysis
(Vranken et al., 2005).
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Chapter 3

Biophysical characterisation of the
SpollQ:SpolllAH complex in

Clostridium difficile

3.1 Introduction

SpollQ and SpolllAH are essential sporulation gene products in C. difficile (Serrano et
al., 2015; Fimlaid et al., 2015). Membrane proteins that are bound via N-terminal trans-
membrane domains, SpollQ is localised to the forespore membrane and SpolllAH to the
mother cell membrane during sporulation, and they are concentrated to this interface dur-
ing engulfment of the daughter cell by the mother cell (Figure 3.1.1) (Serrano et al., 2015;
Fimlaid et al., 2015). Using fluorescently labelled fusion proteins, it has been shown that
globular C-terminal domains of both SpollQ and SpolllAH are located on the outside of
their respective membranes, in a region known as the intersporangial space (Figure 3.1.1)
and associate across in a ratchet-like manner as the forespore is engulfed by the mother
cell (Figure 3.1.1) (Serrano et al., 2015).

The intersporangial domain of SpollQ is formed of an endopeptidase domain with ho-
mology to the LytM family of endopeptidases that belong to the M23 family of metallo-
proteases (Crawshaw et al., 2014). These endopeptidases cleave peptide cross-bridges
between peptidoglycan strands and have a pair of conserved motifs (HxxxD; HxH) that

are required for the co-ordination of a Zn* metal ion essential for activity (Firczuk and
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Bochtler, 2007). SpolllAH shares sequence homology with the Type Ill secretion proteins
YscJ/FliF, which are pore forming proteins (Camp and Losick, 2008).

In C. difficile, SpollQ and SpolllAH are required for progression beyond forespore en-
gulfment during sporulation (Fimlaid et al., 2015; Serrano et al., 2015). Mutants of either
spollQ or spolllAH become stalled early during engulfment and do not proceed to ma-
ture spores. The spollQ and spolllAH mutants develop a partially engulfed forespore and
bulged or collapsed membranes have been observed, indicating improper peptidoglycan

processing during engulfment (Serrano et al., 2015).

Forespore

Forespore

Intersporangial
space

SpollIAH Spollar o
:::::::::::::::::j\ ........--lll"""-

Mother Cell
\—/ 5 Mother Cell

Figure 3.1.1 — Organisation of SpollQ:SpolllAH complex during engulfment. SpollQ and
SpolllAH are expressed during engulfment of the forespore by the mother cell at early stages
of sporulation. SpollQ (blue) is localised in the forespore membrane and SpolllAH (orange)
is localised in the mother cell membrane. The C-terminal domains of both proteins are local-
ised within the intersporangial space between the membranes. SpollQ and SpolllAH form an
interaction via their intersporangial domains resulting in a ratchet-like association between the
forespore and mother cell membranes.

The SpollQ:SpolllAH complex has been studied extensively in Bacillus subtilis. In Ba-
cilli, only SpollQ is essential for the complete engulfment of the forespore with spollQ
mutants stalled at engulfment (Londofio-Vallejo et al., 1997). B. subtilis SpollQ also con-
tains a degenerate LytM domain - the key metal co-ordinating residues that are required
for peptidoglycan activity are not conserved (Crawshaw et al., 2014). The intersporangial
domains of B. subtilis SpollQ and SpolllAH form a complex, the crystal structure of which

has been determined (Levdikov et al., 2012; Meisner et al., 2012). The SpollQ:SpolllAH
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complex provides access between the cytosols of the B. subtilis forespore and mother cell
suggesting that the complex forms a channel (Meisner et al., 2008). The exact substrate
of the channel is currently unknown but there are hypotheses that it could be a small sig-
nalling molecule or protein (Camp and Losick, 2009; Fimlaid et al., 2015). The sequence
identities between the B. subtilis and C. difficile proteins is 25% for SpollQ and 30% for
SpolllAH, but the precise function of the SpollQ:SpolllAH complex in either C. difficile or
B. subtilis is currently unknown.

The aim of the work presented in this chapter was to characterise the inter-sporangial
domains of SpollQ and SpolllAH in C. difficile by answering a number of questions. Firstly,
is the conserved LytM domain of C. difficile SpollQ able to co-ordinate Zn2+? Do the inter-
sporangial domains of C. difficile SpollQ and SpolllAH form a stable complex as observed
in B. subtilis? Finally, what is the overall structure of the C. difficile SpollQ:SpolllAH com-

plex and does it differ from that of B. subtilis?
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3.2 Expression and purification of SpollQ and SpolllAH

proteins

The open reading frames encoding the C-terminal domains of SpollQ and SpolllAH were
amplified from coding sequences CD630_0125 (spol/lQ) and CD630_1199 (spolllAH)
from genomic DNA of C. difficile strain 630. The constructs were designed to omit the
first 30 residues of SpollQ and 28 residues of SpolllAH that encode the transmembrane
spanning regions of each protein (Sonnhammer et al., 1998; Méller et al., 2001). The amp-
lified gene fragments were ligated into the expression vector pET-M11 (Section 2.3) such
that upstream of each insert there was an N-terminal His-6-tag that could be removed with
tobacco etch virus (TEV) protease (Figure 3.2.1 and 3.2.2). These constructs of SpollQ
and SpolllAH, referred to as sQ and sAH herein, were used to transform Rosetta (DE3)
E. coli expression cells. Expression tests were conducted as outlined in Section 2.4 to
determine the optimal expression conditions (20° C, 16 hrs), and these conditions were

used throughout.
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His-tag
sQ . PMSDYDI PTT|IENLYFQGAMG
Transmembrane domain

spollQ_CDO125 . . . . . . . . .. M KLLE. .. KDG YLSLFCVCLLAVGGV.;..WFTNNNV L A 38
spollQ_BSU36550 MREEEKKTSQV LQQFFRKRWVIEPAI YLAASAAVI LTAVLWYQSVSNDEYVK[DIQIES 55

Transmembrane domain

SIUKEell MENARUKIIS EEfSl HL I EKDK K DI TATDSKQNLEKAKSKEEQUKEIST TLIL Np4I GpAK VI RGY 103
DIGEEIN S AYDIYINBIDA VIIVG. . KSMENVPSMIZVVDSE. . . . . . . . .. .. VERV . VISKFRAE TIDJA . . . AK 102

Motif 1

LytM domain
SEPSYSKTLDVWEISCTKEE44KSLDVFDEEEYMKIKSDNNIVV 166
E AALVTYNNTYSL|S[Ee! BIL AEKD D F DAAS A SIS TAAAK A E KsIP V L{e]Y VAAE VE HA D GL S TAAY 167

LytM domain

Motif 2

I
S NISD K NAERAK KE QUAAT EGLeIS LT VS TS QI ESEE[c)I GRAMILISAYSGEKS I DggMS LI K. . . . . . . .. 222
QSINS . ENAAUE QG DIEAUK QNfelV | [e]K SEeJK NL . Y S E D S[eNLRMAFIHI RKDGVAMNIJAL NFMDKPVSSI EKA 230

ATQETEES|I QQSSEKKDGSTEKGTEEKSGEKKDDSTDKSGSKESSTTEDTEQS 283

Figure 3.2.1 — sQ construct and alignment with full-length C. difficile and B. subtilis
SpollQ. Alignment of C. difficile (CD0125) and B. subtilis (BSU36550) SpollQ. The boundar-
ies and tags of the sQ construct are also shown. The N-terminal His-tag (green) and TEV
protease recognition site are positioned above the C. difficile sequence, the green arrow in-
dicates where the tags are appended to the protein coding sequences. Cleavage using TEV
protease removed the His-tag and TEV protease site upstream of the glycine (bold). The sQ
construct omits the first 30 residues of the open reading frame, which are predicted to form the
transmembrane domain (blue lines). The C-terminal region of SpollQ contains a LytM domain
(purple lines), a signature of which is two Zn?* co-ordinating motifs, HXXXD (motif 1, red box)
and HXH (motif 2, red box). Motif 1 in B. subtilis is described as degenerate due to a His to
Ser mutation (SXXXD).
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His-tag

sAH [M<FEEEERP MSDYDIPTTENLYFQGAMG

Transmembrane domain

spolllIAH_CD1199 ... MKFNYKGRGFVI | gL TAMBRRAG TAUNMNMQLEJK KEJL L ET SKE FqA Y E E A[e]L [e]K N 52

spollAH_BSU24360 ML KKQ. . . . . TvwL. LaML . SIAAY. sNMAYNA' VEIPER]. . . . . . . . . . NAV[IMe]s E 38
Transmembrane domain

TDD SK. . ... ... ... QIEDSEINV DK QG SADI DIV KEYSEYV KIFKATIATERKEI KAQL SSE 106

KSA GEVATEKAPAKQDRIKEKEJGTETEK DGTKGTK SEYDLY. - TSAFHAREKGTVVTETA 101

KNMKKASNg! INJIMK MNGIELQQGINIHL VQDIMYE M| NNP S TRE E S RK SNMKLNI VKI QE KL [e]! NN L 171

DDDLFTTRARIMMIL EDAGISLIYELGIELIY. - - - IWMYA! VSSDDARJAKEKS YDKMTALSEVEGTI3K[ILIZTIN! 162

SREKERAIELNMAY | SDNEQVEYV VAN E AL E4K DEYA KRRFDPERWYE QANVKYENI KLEENNNEINK * 230
KREQLRAADE-YMUN A E G DY ! | TRAK S D4H SE4S KEYT AN | DAMFNK E| KT MKD. VA VRRF EPEJK . . 218
M

Figure 3.2.2 — sAH construct and alignment with full-length C. difficile and B. subtilis
SpolllAH. C. difficile (CD1199) and B. subtilis (BSU24360) SpolllAH share 30% sequence
identity. The boundaries and tags of the sAH construct are positioned above the C. difficile
sequence. The N-terminal His-tag (green) and TEV protease recognition site (orange), the
green arrow indicates where the tags are appended to the protein coding sequences. Cleav-
age using TEV protease removed the His-tag and TEV protease site upstream of the glycine
(bold). The first 28 residues of the SpolllAH open reading frame are predicted to contain a
hydrophobic transmembrane domain which has been excluded from the sAH construct.
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3.2.1 Purification of sQ and sAH constructs

The soluble protein constructs sQ and sAH were purified as outlined in Section 2.5. Op-
timal step purification and buffer conditions were determined during the course of bio-
chemical and biophysical characterisation of these proteins (Section 3.3), to ensure that
sQ and sAH were folded and that such buffering conditions were appropriate for sub-
sequent biochemical and biophysical analysis.

The yield of sAH after nickel affinity purification (Figure 3.2.3), His-tag removal and
size exclusion chromatography was ~ 20 mg/L cell culture and ~ 50 mg/L for sQ. The
SDS-PAGE in Figure 3.2.4B/D showed it was possible to purify stable sAH and sQ with
few contaminants. The theoretical molecular masses of sQ and sAH were calculated us-
ing the ProtParam server (web.expasy.org/protparam) after the removal of the His-tag: sQ
is 21.3 kDa and sAH is 22.8 kDa. Both proteins migrated the same distance as the 25 kDa
molecular mass marker (Figure 3.2.4B/D), which is slightly greater than the theoretical mo-
lecular masses. Comparison of the elution volumes of these constructs from a Superdex
200 26/600 size exclusion column (Figure 3.2.4A/C) with the elution profile of calibration

proteins suggested that both of these proteins eluted from the column in a dimeric state.
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sAH Affinity Purification
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Figure 3.2.3 — Nickel affinity purification of sAH. A: Chromatogram of a nickel affinity puri-
fication of sSAH showing absorbance at 280 nm (blue), concentration (% v/v) of imidazole in
the elution buffer (pink) and fractions that were analysed by SDS-PAGE (green). Three elution
peaks from the Hi-Trap NTA column are observed at imidazole concentrations of 125 mM, 250
mM and 375 mM. B: SDS-PAGE of the cell lysate, the flow through and peak fractions during
elution. Of the three peaks observed in the chromatogram (A), fractions 9-12 contained a pro-
tein of ~ 45 kDa in the SDS-PAGE, whilst fractions 13-26 that contained eluant from the peaks
at 240 and ~255 ml contained a protein that migrated to a mass of ~30 kDa. The theoretical
mass of sAH with the His-tag and TEV linker was 26 kDa. Fractions 9 and 11 showed a doublet
band at ~25 kDa, this was also observed in the cell lysate. The flow through contained a pro-
tein which migrated through the gel an equivalent distance to one of these doublets, indicating
this is an impurity. DNase | (mass: 30 kDa) is added to the cell suspension before lysis and

was identified as the contaminant.
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Figure 3.2.4 — SEC purification of sQ and sAH. Size exclusion chromatograms (SEC) of sQ
(A) and sAH (C) purified using an S200 26/600 size-exclusion column. The UV elution profile
of molecular mass standard proteins is shown in grey and each peak is labelled with the mass
of these standards. The molecular mass standards were thyroglobulin (670.0 kDa), y-globulin
(158.0 kDa), ovalbumin (44.0 kDa), myoglobin (17.0 kDa) and Vitamin Bqs (1.4 kDa). The
elution volume of sQ was equivalent to a protein of ~40.0 kDa and for sAH was equivalent to a
protein of 48.8 kDa. The loaded sample (lane 3), un-cleaved protein from His-trap purification
(lane 2 B/D, lane 1 F) and the peak fractions (lanes 4-13) were analysed by SDS-PAGE for sQ
(B) and sAH (D).
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3.3 Characterisation of sQ and sAH

To determine if the over-expressed and purified sQ and sAH were folded, stable and suit-
able for further characterisation and crystallisation, circular dichroism (CD) and nuclear

magnetic resonance (NMR) experiments were performed.

3.3.1 CD spectroscopy

The CD spectra of sQ and sAH were measured (Figure 3.3.1) and the secondary structure
composition was calculated by CD deconvolution using the CDSSTR algorithm (Compton
and Johnson, 1986) (Section 2.6.2). The secondary structure composition outputs by
CDSSTR (www.dichroweb.org) for sQ and sAH are summarised in Table 3.3.1. The CD
spectrum of sQ (Figure 3.3.1A) is representative of a protein that is either not well ordered,
has a high proportion of 3-strand structure or a combination of both. The CD spectrum of
sAH presented in Figure 3.3.1B is typical of a folded protein with predominantly «-helical

secondary structure.
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Figure 3.3.1 — Circular dichroism spectra of sQ and sAH. Secondary structure of sQ (A)
and sAH (B) were analysed using CD and the data deconvoluted using the CDSSTR algorithm
at the DICHROWERB server and reference set 4. The deconvolution results are presented in
Table 3.3.1. These data are plotted above in units of mean residue ellipticity ([(4]MRE).

The peptide sequences of sQ and sAH were submitted to the PSIPRED second-
ary structure prediction server (bioinfo.cs.ucl.ac.uk/psipred) (Jones, 1999; Buchan et al.,
2013) and the results are summarised in Table 3.3.1. The secondary structure compos-

ition of SpollQ and SpolllAH observed in the crystal structures of the B. subtilis proteins
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Protein PDB code Method Helix (%) Coil (%) Strand (%) Un-ordered (%)

sQ PSIPRED 5 - 32 31
CDSSTR 8 23 36 33

SAH PSIPRED 50 - 9 63
CDSSTR 59 7 12 22

3UZ0 - 0 4 43 53

B. subtilis SpollQ 3TUF - 4 8 39 49
- PSIPRED 17 — 25 45

3UZ0 - 59 0 14 27

B. subtilis SpolllAH 3TUF - 58 0 16 26
PSIPRED 44 - 11 56

Table 3.3.1 — Secondary structure composition of sQ and sAH. Summary of secondary
structure composition of sQ and sAH derived from CD spectra using the CDSSTR algorithm
at the Dichroweb server and secondary structure predictions from the PSIPRED server. The
secondary structure composition of B. subtilis SpollQ and SpollAH in the PDB models 3UZ0
(Meisner et al., 2012) and 3TUF (Levdikov et al., 2012) which share 30% and 25% sequence
identity with the C. difficile proteins and the PSIPRED secondary structure prediction for the B.
subtilis proteins is shown for reference.

are also presented. Deconvolution of the CD spectrum of sAH using CDSSTR determined
that the secondary structure includes 59% helix, 7% coil, 12% strand and 22% unordered.
The proportions of helix and strand were comparable with PSIPRED secondary structure
prediction and with the secondary structure observed in the crystal structures of B. subtilis
SpolllAH, that shares 25% sequence identity with the C. difficile protein. Comparison with
these experimental measurements, predictions and the B. subtilis homologue indicate that
sAH is folded, and likely observes a similar fold to that of the B. subtilis orthologue.
Processing of the sQ spectrum using CDSSTR returned a secondary structure com-
position that included 8% helix, 23% coil, 36% strand and 33% unordered residues. These
proportions of secondary structure were similar to the PSIPRED predictions. Whilst the
spectrum shown in Figure 3.3.1B of sQ is not typical of a folded protein, the deconvolu-
tion data, PSIPRED prediction and comparison with B. subtilis SpollQ indicate that sQ is
folded. The {-strand content of sQ is high and the proportion of o-helix is low in both pre-
dicted and observed data. As a-helices result in stronger spectral features than g-strand
structure in a CD scan measurement, especially at 208 nm and 220 nm, the low pro-
portion of a-helical structure can result in the spectrum shown in Figure 3.3.1B (Kelly et
al., 2005). Interestingly, the PSIPRED secondary structure content prediction for the B.

subtilis proteins were considerably different from those observed in the crystal structures.
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To further characterise the two proteins, the thermal stability of sQ and sAH was probed
using CD thermal melts at fixed wavelengths (Figure 3.3.2). The strongest spectral feature
in the CD scan of sQ was measured at 200 nm (Figure 3.3.1A) and the low proportion of
a-helical structure present in this sample indicated that neither 208 nm nor 220 nm were
suitable for this experiment. Therefore the variable temperature scan of sQ was measured
at 200 nm over a temperature range of 20-80° C. The melting temperature (Tm) of sQ was
calculated to be 42° C. The sAH sample was measured at 220 nm due to the significant
proportion of a-helical structure measured in the CD scan of sAH (Figure 3.3.1B). The Ty

of sAH was calculated to be 46°C.
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Figure 3.3.2 — Thermal stability of sAH and sQ. A: A CD spectrum of sQ was measured
at 200 nm over a temperature gradient from 20° C to 80° C (+1° C min'") from which a T,
of 42° C was calculated by a non-linear regression fit. B: Circular dichroism spectra of sAH
measured at 220 nm over a temperature range from 20°C to 90°C (+1°C min™') (A) and a Tn,
of 46° C was calculated.

3.3.2 Nuclear magnetic resonance

To assess further the stability and globularity of sQ and sAH in solution, NMR experiments
were performed, first using 1D NMR and subsequently by 2D NMR. 1D 'H NMR nuclear
Overhauser spectra (NOESY) of sQ and sAH were collected using a 500 MHz INOVA
NMR [Agilent] magnet at the Astbury Centre, Leeds University with support from Dr Arnout
Kalverda and Dr Gary Thompson. The spectra showed (Appendix A, Figure A.0.1) that
sQ and sAH contained ordered structure in the 6-9 'H/ppm region that correspond to the

H-N bonds in both the peptide backbone and side chains. Downfield of (value above) 8
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1H/ppm, the peaks became broader and there were no peaks downfield of 8.5 1H/ppm.
Folded, globular proteins result in peaks downfield of 8.5 'H/ppm, so the absence of such
peaks suggested that sQ and sAH were not fully globular but did contain a proportion
of ordered structure. Both sQ and sAH showed broad peaks in the o-H region of the
1D spectra (3.2-6 TH/ppm) indicating overlapping signals that could be better resolved in
2-dimension experiments.

The presence of some well resolved peaks in the 1D-NOESY spectra of both sQ and
sAH showed that these proteins were appropriate for 2 dimension heteronuclear single
quantum coherence (HSQC) NMR experiments. HSQC NMR required the presence of
two magnetic isotopes 'H and '°N, the latter of which was incorporated into sQ and sAH
during protein expression (Section 2.4.2).

The 1°N-HSQC spectrum of sQ (Figure 3.3.3A) contained 201 discrete N-H peaks
out of a total 262 N-H bonds for 192 residues, 70 of which were part of amino acid side
chains. The absence of peaks for all N-H bonds suggested that not all residues were
observable, or that the peaks of these residues were broad or merged with those of other
residues/chemical environments in the 7.6-8.5 TH/ppm region. Such instances are typical
of unstructured regions of proteins (Felli and Pierattelli, 2012). There were 33 peaks down-
field of 8.5 TH/ppm that could be described as N-H backbone bonds in ordered residues,
indicating that sQ contained structured regions. The deconvoluted CD data (Table 3.3.1)
indicated that a third of the residues were un-ordered and these may represent the broader
peaks in the 7.6-8.5 "H/ppm region. Together, the CD and NMR data indicate that sQ was
folded but contained regions that were disordered or flexible in solution.

The HSQC spectrum of sAH (Figure 3.3.3B) contained 260 peaks for a total of 275 N-H
bonds in 201 residues, 74 of these bonds were located in side chains. The sAH HSQC
spectra represented the majority of residues and missing peaks may be attributed to the
peak broadness resulting in overlapping regions. A significant proportion of the backbone
N-H peaks were upfield of 8.5 "H/ppm and only 15 peaks were observed downfield of
8.5 TH/ppm in the ordered backbone region. As observed in the sQ HSQC spectrum, the
peaks observed in the spectrum of sAH appeared to represent an intrinsically disordered
protein (Felli and Pierattelli, 2012). The CD spectrum deconvolution indicated that 22% of

the residues were unstructured (Table 3.3.1). The CD and HSQC spectra were recorded in
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similar buffers and pH, however, these data do not indicate the same level of order within
the structure of sAH. CD is a measure of the secondary structure of a given protein, whilst
NMR does not provide information on the secondary structure, only whether the protein is
folded or not via the chemical environment of specific atoms. These observations seemed
to indicate that sAH had significant elements of secondary structure but did not have the
hallmarks of a globular folded protein in the HSQC-NMR spectra.

To understand whether the presence of the sQ and sAH influenced the structure of
either protein,"H:1°N titration experiments were performed. Unlabelled sQ was added
to' N labelled sAH (308 uM) in molar ratios of 1:0 (Figure 3.3.4A), 1:0.3, 1:0.6, 1:0.9 (Fig-
ure 3.3.4B), 1:2 and 1:5. After the addition of each unlabelled titre,'H:1®N HSQC spectra
were recorded. A clear change in the TH: 15N spectra during the titration was a decrease
in the number of observable peaks between ratios 1:0 and 1:0.9 (Figure 3.3.8B). Better
resolved peaks, particularly in the H-N backbone region (7.6-8.5 1H/ppm), indicatied that
there was more order in the residues that these peaks represented when in the presence
of sQ. A small number of downfield (high ppm value) peak shifts were also observed in
these spectra (Figure 3.3.5). As sQ was titrated into the experiment, these peaks may
represent H-N bonds in the backbone of residues that become stabilised in sAH by an
interaction with sQ. Without further NMR experiments, using protein labelled with both
13C and '°N to allow backbone assignment, it was not possible to attribute the changes
in peak intensity and chemical shifts to specific residues. Further NMR experiments using
triple labelled protein should be performed to assign the residues to be able to understand
the influence of complex formation on the structure of sQ and sAH. Such experiments
were considered to be beyond the scope of this project.

15N-labelled sQ (110 uM) was titrated with unlabelled sAH in molar equivalents of 1:0,
1:0.2, 1:0.6, 1:1.2 and 1:2. The 1:0 and 1:2 spectra are shown in Figure 3.3.6. In contrast
to the "°N-sAH:sQ titration, the number of peaks observed remained relatively constant
until a ratio of 1:2 was added where only 80% of the peaks were observed (Figure 3.3.8A).
No peak shifts were observed in these titration spectra (Figure 3.3.7).

A significant number of resonance peaks disappeared in the 15N-sAH titration as the
concentration of sQ increased and to a lesser extent in the '°N-sQ titration (Figure 3.3.8).

There are three factors that could account for the change in peak numbers.
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Figure 3.3.3 — 'H:'SN-HSQC spectra of sQ and sAH. 2-D 'H:">NHSQC spectra of sQ (A)
and sAH (B) were measured in a 750 MHz INOVA NMR magnet [Agilent] at the Astbury Centre,
University of Leeds with the support of Dr Arnout Kalverda and Dr Gary Thompson. The data
were processed using nmrPipe and presented using the CCPN suite at a baseline contour
level of 7.5 sigma. The spectra of sQ (A) contained 201 discrete amide peaks and sAH (B)
contained 260 peaks. Peaks downfield of 8.5 'H/ppm represent N-H bonds in the backbone of
ordered residues. Peaks in the region 8.5-7.6 "H/ppm represent N-H bonds in the backbone
of disordered residues. Peaks upfield of 7.6 'H/ppm represent side chain N-H bonds. The
peak observed downfield of 10 'H/ppm specifically represents the single tryptophan residue
(Trp117) of sQ (A).
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Figure 3.3.4 — 'H:'>N HSQC titration of '°N-sAH vs sQ. Molar equivalents of unlabelled sQ
were titrated into 308 uM SN-sAH and "H:'">N HSQC spectra recorded. The number of peaks
(260) in the sAH 1:0 (A, orange), was reduced upon addition of unlabelled sQ. 35% of the
peaks observed in the 1:0 spectrum disappeared in the 1:0.9 (B, blue) spectra. The number
of peaks and protein concentrations in each titre are summarised in Figure 3.3.8A/C. The
peaks in the 7.6-8.5 "H/ppm region became less broad during the titration indicating changes
in backbone structure.

86



First, peaks may no longer be detected because the resultant complex was of a mass
that slowed the tumble time of the particle and as a result peaks were unobservable due
to signal broadening effects. A 1:1 complex of sQ and sAH had a theoretical mass of 44
kDa which was close to the mass size limit for a 750 MHz INOVA magnet (~60 kDa) in
which the experiment was conducted. Secondly, if the rate of the complex formation and
dissociation is too fast it will not be observable in the timescales of the NMR experiment.
Finally, the titration was conducted by the addition of unlabelled protein to the sample
tube. Even though the total protein concentration was maintained, the increase in sample
volume resulted in the dilution of the '°N labelled protein (Figure 3.3.8). In the titration
containing "°N-sAH, the labelled protein was 53% of the starting concentration in the 1:1.2
experiment and in the °N-sQ titration at 1:1.2 was only 43% of the starting concentration
(Figure 3.3.8). The intensity of peaks is proportional to the concentration of the isotope
and dilution of the ®N-labelled sample could have resulted in a decrease in the number
of observable peaks at the contour level used (base level 7.5). However, the decrease in
the number of observable N-H peaks does not appear to correlate to the concentration
of the 1°N-labelled protein but rather with the molar stoichiometry to unlabelled protein
(Figure 3.3.8). In the "> N-sAH titration the number of peaks counted stabilised at molar
equivalents of 1:0.9 and above, whilst in the 1°N-sQ titration a significant reduction in
peaks was only observed at 1:2. To ensure that the concentration of 1°N-labelled protein
was more strictly controlled, high concentrations (~1 mM) of unlabelled protein should
be used in future titration experiments to minimise an increase in sample volume and

subsequent dilution of the labelled protein.
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Figure 3.3.5 — TH:'>N HSQC peak shifts observed in '>N-sAH vs sQ titration. Downfield
chemical shifts observed in HSQC titration experiments with '°N labelled sAH and unlabelled
sQ. The overlaid spectra are 1:0 AH:Q (orange), 1:0.9 (blue), 1:2 (green) and 1:5 (black). A:
A cluster of downfield shifts in the 8.2-0.45 "H/ppm, 116-118 '®N/ppm region (indicated by the
arrow). B: In addition to downfield shifts (shifting in direction of arrow), the 7.65-7.50 'H/ppm,
113-111 S N/ppm region included a number of peaks which were no longer visible after sQ
was titrated.
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Figure 3.3.6 — H:'>N HSQC titration of '>N-sQ vs sAH. Unlabelled sAH was titrated into
110 uM "SN-sQ and "H:"SN spectra were recorded (A, blue). Unlabelled sAH was added to the
sample tube in equivalent molar ratios of 1:0.22, 1:0.62, 1:1.2 and 1:2 (B, red). There were
20% fewer peaks in the 1:2 spectrum compared with the 1:0 spectrum. The peak number
changes are summarised in Figure 3.3.8B/D.
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Figure 3.3.7 — Zoom of sQ 'H:'>N HSQC titration with sAH. The 8.2-0.45 "H/ppm, 116-118
15N/ppm (A) and 7.65-7.50 'H/ppm, 113-111 "®N/ppm of the 15N-sQ "H:'"®*N HSQC titration
with sAH did not contain any peak shifts as observed in these regions for the 15N-sAH titration
with sQ (Figure 3.3.5). The overlaid spectra molar ratios of sQ:sAH of 1:0 (light blue), 1:0.22
(grey), 1:0.62 (dark blue), 1:1.2 (black) and 1:2 (red).
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Figure 3.3.8 — Number of H-N peaks vs molar stoichiometry in sQ and sAH 'H:'>N HSQC
titrations. '°N-sAH and unlabelled sQ (A) showed a downward trend in observed peaks
across the titration. The number of peaks in the '°N-sQ titration with sAH (B) were main-
tained to a stoichiometry of 1:0.9, at 1:2 there was a significant decrease in the number of
observed H-N peaks. The concentration of sQ (blue), sAH (red) and the total protein (green)
concentration in each HSQC experiment are shown for "®N-sAH (C) and '®N-sQ (D). The total
protein concentration remained within 6% and 16% of the initial concentrations of °N-labelled
sQ and sAH titrations, respectively. As unlabelled protein was titrated into the sample tube, the
concentration of SN labelled protein was reduced (C/D).
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3.4 Zn?*isrequired for formation of a stable SpollQ:SpolllAH

complex

3.4.1 sQ binds Zn?*

To investigate whether the LytM conserved motifs in sQ were able to co-ordinate a metal
ion, ICP-MS (Section 2.6.4) was used to detect and quantify the presence of bound metal
ions. Samples of sQ were either incubated with a 5-fold excess of ZnCl,, in 1 mM of
the metal chelator ethylene-diamine-tretra-acetic acid (EDTA) or untreated (without the
addition of ZnCl, during purification). The samples were re-purified using an S200 GL
Increase column to separate protein from free ions and fractions were collected for ICP-
MS analysis (Figure 3.4.1). In the presence of excess Zn2*, 70% of sQ protein molecules
contained the metal ion at a stoichiometry of 1:1 (Figure 3.4.1A). In the presence of EDTA,
a strong metal chelator with a Kp in the subfemto molar range (1016 M)(Nyborg and
Peersen, 2004), no Zn2* co-elution was observed in sQ, indicating that zinc binding to sQ
is weaker than binding to EDTA since the chelator completely removes the metal from its
protein binding site.

As a tool for understanding the importance of zinc binding on SpollQ, a point muta-
tion was made using reverse PCR to mutate the His120 of the LytM Zn2* binding mo-
tif (HXXXD) to Ser, mimicking the motif found in B. subtilis SpollQ (SXXXD). The point
mutant construct, referred to as sQH120S was expressed and purified in the same way as
sQ (Appendix A, Figure A.0.2).

The point mutant sQH1205 | treated in the same way as sQ, did not contain any Zn2+
in any conditions (Figure 3.4.1B) indicating that substitution of the histidine to serine in
motif 1 prevented Zn2* coordination by sQ. As sQ/sQH120S were purified using an NTA
HiTrap, it is possible that Ni2* could form a metal complex with sQ. Zn®* sites are also able
to coordinate Ni2* but with greater stability than Zn2* (Irving and Williams, 1953). Both
metal ions can be coordinated by the N of His and O of Asp/Glu and can both coordinate
with coordination numbers of 4, 5 and 6 with similar bond distances (Harding, 2006).
Therefore, the concentration of Ni¢* was also measured during the ICP-MS experiments

(Appendix A, Figure A.0.3) but no co-elution of sQ with Zn?* was observed in the untreated
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sample.

These data show that sQ is able to bind Zn2*, in a manner dependent on His120, which
could be important for the structure and stability of sQ. The influence of Zn*+ could be
further studied using techniques such as CD and NMR, however these experiments were
conducted in phosphate-containing buffers. Such buffers are not compatible with studies
involving Zn?* due to phosphate co-ordination of the metal resulting in the formation of
insoluble Znz(POy)- crystals. Although MES buffer is compatible with Zn2* binding studies
(Table 2.5.1), it is not an appropriate buffer for CD experiments due to its strong absorption
in the far-UV region (210-190 nm). It was not possible to find a suitable buffer that could
buffer at pH 6.0 (the buffer pH at which sQ was shown to be folded and stable), did not
interact with free Zn2* and did not absorb light in the far-UV region. Buffers such as
citrate, Bis-Tris or cacodylate did not fulfil these requirements. As a result, the influence
of Zn?* upon secondary structure and stability could not be studied using these methods.
Alternatively, if the metal ion site was able to co-ordinate a different metal, such as Nié*,
this could be used to alleviate the incompatibility of the metal ion with the buffer systems
required for these experiments. However, when analysed by ICP-MS co-elution of protein
with Ni*(Figure A.0.3) and Mn2+ was not observed, indicating that the LytM motif has
a clear preference for Zn2*.This observation showed that the LytM motifs in C. difficile
SpollQ could co-ordinate a metal ion and that His120 was required for Zn?* binding.

Based on the data from these ICP-MS experiments, all further experiments in this
chapter were conducted with sQ where a 5-fold excess of Zn?* was added before size-
exclusion chromatography (Section 2.5.4) to ensure complete loading of the metal site.
Care had to be taken when incubating Zn2* with sQ, incubation with a 10-fold molar ex-
cess of Zn?* with sQ resulted in precipitation of the protein and so a 5-fold molar ex-
cess of Zn2* was used. Additionally it was essential to remove any free metal from the
sample which may interfere with downstream experiments such as crystallisation and size-
exclusion chromatography provided a mechanism to separate metal loaded sQ and free

metal ions.
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Figure 3.4.1 — Metal binding analysis of sQ and sQ"2°S py ICP-MS. A: 10 uM sQ was
incubated with either 1 mM EDTA or a 5-fold excess of ZnCl, before injection on an S200
10/300 GL Increase column. A 10 uM sample of sQ was left untreated and also applied to the
column. Fractions of 0.5 ml were collected during elution of each protein. The metal content
was analysed using ICP-MS and the protein concentration determined by absorbance at 280
nm. Zinc concentration in the fractions of the samples are shown: 1 mM EDTA (red), untreated
(grey) and 5-fold Zn?* (black). The sQ protein concentration is also shown (blue). Only in
the presence of excess ZnCl, was sQ observed to co-elute with Zn?*. No Zn?* was detected
co-eluting with sQ in the untreated or EDTA containing samples. B: 10 uM of sQH120S was
treated and analysed in an identical manner to sQ. sQ"'2%S protein concentration is shown in
purple. No Zn?* is detected in the fractions containing sQ™'2%S under any condition showing
that His120 is required for Zn* metal binding in sQ.



3.4.2 Determination of complex formation by SEC-MALLS

The molecular masses for sQ, sQH120S sAH and complexes were determined using SEC-
MALLS. The theoretical masses of the proteins as calculated using ProtParam (Wilkins et
al., 1999) were: sAH, 22.8 kDa; sQ and sQ"120S 21.3 kDa. The SEC-MALLS experi-
ments determined masses of 22.3 kDa, 20.9 kDa and 20.8 kDa for sAH, sQ and sQH120S
respectively, which are comparable to the theoretical values. Therefore, individual proteins
sQ (loaded with Zn2+), sQH120S and sAH were determined to be in a monomeric state in
solution (Figure 3.4.2A). The masses of sQ (loaded with Zn2*+) and sQH129S differ by 0.1
kDa in the SEC-MALLS experiment, demonstrating that Zn2* loading did not alter the oli-
gomeric state of sQ and the mutation of histidine-120 to serine did not have a significant
global effect on the protein.

These results are contrary to the migration profile observed in an S200 26/600 column
during purification that suggested the proteins were in a dimeric state when compared
with molecular mass protein standards (Figure 3.2.4). The same running buffer was used
in the purification by size exclusion chromatography and SEC-MALLS experiments. It is
most likely that the shape of sAH and sQ differ from the generally globular proteins used
to calibrate the size exclusion column, resulting in sSAH and sQ displaying characteristics
of proteins of greater mass than the mass for their actual oligomeric state. SEC-MALLS is
a direct measurement of the light scattering properties of a molecule in solution while the
determination of the mass of a molecule using its retention properties by a size exclusion
column is a comparative method. As such, SEC-MALLS is a preferred method for determ-
ining the oligomeric state of proteins. The HSQC-NMR spectra presented in Section 3.3
also indicated that sAH and sQ did not have an overall globular shape but these spectra
did not give detailed information on the oligomeric state of sAH or sQ.

When 119 uM sQ (loaded with Zn?*) and 110 uM sAH were mixed, a stable sQ:sAH
complex was formed (Figure 3.4.2B) as indicated by a significant peak containing both
proteins as visualised by SDS-PAGE (Figure 3.4.2C). The major peak observed by SEC-
MALLS when sQ and sAH were mixed on a 1:1 molar ratio had a calculated mass of
43.1 kDa (Figure 3.4.2B), which corresponded to the sum of the SEC-MALLS calculated
masses of sQ and sAH (Figure 3.4.2A). A minor peak with a mass of 23.6 kDa was also

observed in the sQ:sAH sample that indicated there was a small excess of one of the
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proteins in the mixed sample, which analysis of the fractions by SDS-PAGE suggested
was an excess of sQ. The relatively stable molar mass across the major peak indicated
that the sQ:sAH complex was stable under the conditions of the SEC-MALLS.

In the presence of the metal chelator EDTA, sQ and sAH did not form a stable complex
(orange, Figure 3.4.2B). No stable complex was observed also when sQH120S is mixed
with sAH (magenta, Figure 3.4.2B). When analysing both of the Zn?* deficient samples,
single elution peaks were observed that had a tail profile, indicative of a dissociating com-
plex. The molecular mass decreased across the peak, resulting in sloping molar masses
(Figure 3.4.2B) that indicated that the molecules within this peak were not homogenous.
The absolute mass across this peak was ~27.5 kDa, 25% greater than the masses of sQ
and sAH monomers alone, indicating that there were some molecules that had greater
mass than monomeric sQ or sAH, presumably a sQ:sAH complex. Since this measured
mass was closer to the masses of the individual monomeric proteins, it suggested that the
majority of the species measured by the light scattering and refractive index detectors in
these samples were in a monomeric state. The presence of both sAH and sQ in the peak
fractions, which were from lower elution volumes than in the individual samples, sugges-
ted that the proteins can interact in the absence of Zn2*, albeit in a less stable manner.
Only in the presence of Zn* was a stable sQ:sAH complex observed, indicating that the
metal ion is important for complex formation and stability. The Zn?*is perhaps affecting
the fold stability of the sQ protein that is required for a stable interface with SpolllAH to be

formed.
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Figure 3.4.2 — SEC-MALLS analysis of sAH, sQ and in complex. A: Samples of the in-
dividual proteins (sQ: 119 uM; sAH: 111 uM) were determined to have the following masses:
sAH (red) at 22.3 kDa +0.15%; sQ (blue) at 20.9 kDa +0.13%; sQ"1205 (purple) at 20.8 kDa
+0.14%. B: The proteins were mixed at a final concentration of ~115 uM as follows: sQ:sAH
with Zn2+ (1:1, green), sQ:sAH (1:1) in the presence of 1 mM EDTA (black) and sQ"'20S:sAH
(1:1) (magenta). In the presence of Zn?* two species elute in sQ:sAH with masses of 43.1 kDa
+0.11% and 23.6 kDa + 0.23%. The theoretical mass of the sQ:sAH complex was 44.1 kDa
indicating that a stable heterodimeric complex had been formed. The smaller peak mass of
23.6 kDa indicated an excess of one of the proteins. Single elution peaks of 27.6 kDa £0.10%
and 27.3 kDa +0.12% were observed in samples of sQH129S:sAH and sQ:sAH in the presence
of EDTA which were indicative of a dissociating complex. C: SDS-PAGE analysis of 0.5 ml
fractions collected from 9.5-11.5 ml was performed. In the sQ:sAH sample, the SDS-PAGE
confirmed an excess of sQ protein. Co-elution of both sAH and sQ (EDTA) or sQ"'20S was
observed in the SDS-PAGE in the 10 ml fraction indicating that a partially dissociating complex
was formed. An Wyatt SEC-050S5 column was connected to an Akta Pure [GE Healthcare]
with Wyatt DAWN HELEOS 8 and Optilab T-rEX detectors connected downstream.
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3.4.3 Determination of complex affinity by microscale thermophoresis

Microscale thermophoresis (MST) was used to measure the binding affinities between sQ
and sAH (Section 2.6.6). Having determined using SEC-MALLS that Zn2* was required
for stable complex formation, MST experiments were performed with sQ that had been
previously incubated with Zn2*. Both sQ and sAH were labelled with the Cy5 fluorophore
via an amine coupling reaction, and the partner protein titrated over a 20 point 2:1 serial
dilution. Normalised fluorescence data were plotted and the Kp determined by fitting the
data using the law of mass action (Section 2.6.6). In the MST experiment where sAH was
titrated against labelled sQ, a Kp of 44.6+7.2 uM was fitted (Figure 3.4.3A). In the oppos-
ing experiment, where sQ was titrated against labelled sAH, a Kp of 77.8+22.7 uM was
fitted (Figure 3.4.3B). These binding affinities are within 2-fold of each other and, there-
fore, are likely to represent the same interaction between sQ and sAH. The data at high
titre concentrations in both Figure 3.4.3A and B are less consistent than at lower titres.
The highest concentration of unlabelled protein in these titrations was 5.4 mM. At such
concentrations, the viscosity of the sample is high and this may change the thermophor-
etic properties of the sample, resulting in less consistent diffusion of molecules through
solution and thus less consistent changes in fluorescence. Changes in solution viscosity
indicate that the hydration shell of the molecules in the sample has changed, an intrinsic
variable in thermophoresis and as a result can be an artefact in MST data (Baaske et al.,
2010; Duhr and Braun, 2006b; Jerabek-Willemsen et al., 2011; Wienken et al., 2010).
SEC-MALLS showed that without Zn?*, sQ and sAH formed an unstable complex. An
attempt was made to quantify the effect of Zn2* by MST using sQ"129S instead of wildtype
sQ. However, it was not possible to obtain reliable data from MST experiments that could
be used to calculate a Kp(Appendix A, Figure A.0.4). The SEC-MALLS was performed
using ~110 uM of each protein and so the Kp for the interaction between sAH and non-
Zn2* containing sQ must be higher than 110 uM. To quantify this interaction would require
high concentrations of unlabelled protein that can lead to highly inconsistent results due

to viscosity artefacts, as discussed.
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Figure 3.4.3 — sQ and sAH binding affinities by MST. MST binding curves with sQ labelled
with Cy5 fluorophore (A) at a constant concentration of 0.01 uM and a 2:1 serial dilution of
sAH at the highest concentration of 5.4 mM. The Kp of the fitting of this curve is 44.6+7.2 uM
(A, blue): ¥? = 4.8; standard error = 1.0. sAH labelled with Cy5 fluorophore (B) at a constant

concentration of 0.17 uM with a 2:1 serial dilution of sQ at the highest concentration of 7.3 mM.
A Kp of 77.8+22.7 uM was fitted (B, red): X2 = 1.1; standard error = 0.8.
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3.5 Crystallisation of sQ and sAH

Nearly 11,000 individual crystallisation trial drops (57 X 96-well 2-drop plates) of sQ
(loaded with Zn?*) and sAH, individually and mixed together, were set up in either com-
mercial sparse matrix crystallisation screens available in the laboratory (Section 2.7.1) or
custom made optimisation screens (summarised in Table 3.5.1). Starting at a total protein
concentration of 9 mg/ml, the protein concentration was increased over a number of crys-
tallisation trials to a maximum of 100 mg/ml as the majority of the drops were clear and
contained little precipitation. High protein concentrations such as 100 mg/ml resulted in

phase separation or improper mixing with crystallisation solutions.
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In the absence of crystallisation hits, so-called 'crystallisation rescue strategies’ (Sec-
tion 2.7.2) such as in situ proteolysis and lysine methylation were attempted (Figure 3.5.1)
to reduce protein solubility (sAH: 16% Lys; sQ: 14% Lys). Successful methylation of sQ,
sAH and the sQ:sAH complex was confirmed by a shift in elution volume from an S200
16/600 size exclusion column as shown in Figure 3.5.1, indicating that surface proper-
ties of the proteins had changed. The complex was formed before the lysine methylation
reaction was performed in an effort to not disrupt the sQ:sAH interaction. After lysine
methylation, sAH and the sQ:sAH complex remained stable and were concentrated to ~
20 mg/ml for crystallisation trials. However, sQ-K(CHs) precipitated during concentration
and it was not possible to set up crystallisation trials.

The data presented in Section 3.4 indicates that the sQ:sAH complex does not have
a strong affinity (Kp 40-80 uM) and in certain conditions is unstable, particularly if sQ
does not co-ordinate Zn?*. These data suggest that crystallisation of sQ and sAH would
be challenging and this has proved to be the case. Proteins that form crystals are well
structured with few regions of flexibility which enables the formation of a lattice arrange-
ment of molecules and sQ, sAH or the complex do not fulfil this requirement as shown by
HSQC-NMR (Figure 3.3.3).

In the absence of crystals of Clostridial sQ and sAH, formation of a chimeric com-
plex using B. subtilis and C. difficile proteins was attempted. B. subtilis SpollQs5.01g and
SpolllAH43.083 expression vectors were produced by Dr Jeffrey Meisner and were kindly
provided by Prof Adriano Henriques. These constructs were expressed and purified fol-
lowing the published protocols by Meisner et al., (Meisner and Moran, 2011; Meisner et
al., 2012). Figure 3.5.2 shows that B. subtilis SpollQo5.01g (BS-Q) and C. difficile sAH
(CD-AH) could form a stable complex. Crystallisation trials of this complex were set up
in commercial sparse matrix screens at a total protein concentration of ~49 mg/ml but did
not yield crystals.

Interestingly, no complex was detected upon incubation of C. difficile sQ and B. subtilis

sAH, suggesting some intrinsic difference between the two SpollQ proteins.
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Figure 3.5.1 — SEC of lysine methylated sQ, sAH and sAH:sQ. Comparison of UV chro-
matograms of lysine methylated -K(CH3) protein with non-methylated protein on SEC. Non-
methylated sQ (A, black) eluted with a volume equivalent to 39.8 kDa, sQ-K(CHs) (A, blue)
eluted with an apparent molecular mass of 56.6 kDa. Non-methylated sAH (B, black) eluted
at a volume equivalent to 48.4 kDa and sAH-K(CH3) (A, orange) at 78.1 kDa. When sQ:sAH
complex was lysine methylated (C, green) the complex eluted at a lower elution volume, equi-
valent to 114.0 kDa. Non-treated sQ:sAH complex eluted at a volume equivalent to 79.4 kDa
(C, black). The UV trace of molecular mass standards are shown in grey. The molecular mass
standards were thyroglobulin (670.0 kDa), v-globulin (158.0 kDa), ovalbumin (44.0 kDa), myo-
globin (17.0 kDa) and Vitamin B4, (1.4 kDa). The increase in equivalent elution mass indicates
that sQ, sAH and sAH:sQ were methylated.
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Figure 3.5.2 — SEC of chimeric B. subtilis and C. difficile complex. A: S200 Increase size-
exclusion UV traces (A280) of C. difficile sQ (CD-Q, blue), sAH (CD-AH, red) and sQ:sAH (CD-
AH:Q, green). B. subtilis SpollQas5.01g (BS-Q, blue), SpolllAH43.083 (BS-AH, red) and BS-Q:AH
(green). The chimeric mixes of CD-AH:BS-Q, BS-AH:CD-Q and BS-AH:CD-Q"'20S, B: Frac-
tions from elution volume 12.5-16 ml are compared from each size-exclusion performed in A.
Only when CD-AH was mixed with BS-Q was a complex formed as observed by a single peak
(at a lower elution volume than the individual proteins) and co-elution in the elution fractions.
CD-AH:BS-Q sample was used to setup crystallisation trials at a total protein concentration of

49 mg/ml.
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3.6 Discussion

The data presented in this chapter on the C-terminal, intersporangial domains of SpollQ
and SpolllAH in C. difficile give new insight into this essential sporulation complex. Know-
ledge of the SpollQ:SpolllAH complex has, until recently, been based on observations
in B. subtilis, the model Gram-positive spore forming bacterium. The aim of this work
was to characterise SpollQ and SpolllAH from C. difficile, investigate the metal binding
capabilities of the intact LytM domain of SpollQ, complex formation between SpollQ and
SpolllAH, and determine the crystal structure of the complex. This work demonstrates
that the SpollQ:SpolllAH complex has different characteristics in C. difficile from B. sub-
tilis, highlighting an important role of SpollQ Zn2* binding upon the stability of complex

formation, a property not observed in B. subtilis.

3.6.1 Structural studies of SpollQ:SpolllAH in C. difficile

Crystallisation of SpollQ and SpolllAH from C. difficile proved unsuccessful. Whilst CD
shows that both sQ and, to a greater extent, sAH contain secondary structure, the HSQC-
NMR data presented in Section 3.3 show that both of these proteins contain unordered,
flexible regions. Proteins that crystallise are well ordered, with few regions of flexibility
and the CD and NMR data suggest that sQ and sAH do not fulfil these criteria and are
therefore challenging targets for crystallisation. Both sQ and sAH could be concentrated
to a very high concentration (max. 130 mg/ml) and not precipitate. Both proteins contain a
high proportion of lysine residues (sQ 14%, sAH 16%) which may help to explain the high
solubility of these proteins. Lysine methylation was performed (Figure 3.5.1), however, sQ
became unstable and sAH and sAH:sQ samples did not yield crystals. /n situ proteolysis
was attempted to remove flexible, unordered regions of sQ protein to enable crystallisation
of a more ordered product but this again did not yield crystals.

Co-crystallisation of sQ and sAH in complex also proved challenging with a Kp in the
40-80 uM range, suggesting that these molecules would not form a complex stable enough
to enable nucleation and crystal growth to occur. Co-crystallisation of sQ and sAH was
performed at concentrations in excess of 2 mM per protein. The proven dependency

of Zn2+ occupation of sQ and the effects upon complex formation also provide another
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variable that may affect crystallisation.

All of these factors reduce the possibility of crystallising sQ and sAH. A remaining
strategy would be to change the sQ and sAH constructs by either removing residues at the
termini or including more residues than had been truncated from sQ and sAH. Secondary
structure prediction (PSIPRED) and disorder prediction (PONDR) could be used as a
guide for this approach, removing random coil regions at the termini.

Both B. subtilis crystal structures were determined with different length truncations
of the N-terminal regions of SpollQ and SpollAH although the full extent of the crys-
tallised protein constructs were not observed in the calculated electron densities. The
construct used for 3TUF contains residues 43-283 of SpollQ (residues 75-232 modelled)
and residues 25-218 of SpolllAH (residues 103-207 modelled), where as 3UZ0 con-
tains SpollQ residues 73-220 (residues 78-220 modelled) and SpolllAH residues 90-218
(residues 104-217 modelled). The C. difficile sQ and sAH constructs used here mimicked
the expression constructs of the B. subtilis complex by Levdikov et al., by consensus se-
quence. Since considerable regions of the N-terminus of the SpollQ were missing in the
electron density of both 3STUF and 3UZ0, constructs that mimic the coverage observed in
these crystals may prove more successful in crystallisation trials, such as SpollQg{.212
and SpolllAH{11.231-

Co-expression of sQ and sAH using the pET-Duet system, enabling formation of the
complex in E. coli expression cells, may also lead to a more stable complex that is more
readily crystallised. To improve the stability of the sQ:sAH complex formation it may be
possible to co-express the complex as a fusion protein with a linker peptide between the
termini of sAH and sQ (Reddy-Chichili et al.,, 2013). This approach reduces the space
in which sAH and sQ can move by tethering the two proteins together and in addition
ensures a 1:1 ratio of both proteins. Poly-glycine linkers of varying lengths could provide
a flexible peptide chain enabling sAH and sQ to form their native interaction. However,
such a linker may need to be relatively long as the greatest distance between the termini
of the observed peptide chain in the crystal structure of B. subtilis SpollQ:SpolllAH is ~50
A, and such a lengthy linker will itself likely prove disadvantageous towards crystallisation.

Structural studies could instead be carried out using other techniques such as electron

microscopy (EM) of full-length membrane associated SpollQ and SpolllAH constructs, or
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NMR. Full-length SpollQ and SpolllAH are predicted to form ring structures within their re-
spective membranes of possibly at least 12 subunits. Such assemblies would be at least
360 kDa in mass and within the mass ranges for EM studies (~150 kDa). Additionally,
detergent-free sample preparation methods (SMALPS) have proven highly useful in the
determination of membrane associated structures using EM (Postis et al., 2015). Back-
bone assignment of sQ and sAH using 3D NMR (1H:"°N:3C) would enable more detailed
analysis of the structural changes that may take place in sQ when Zn2+ is present and
when complex is formed with sAH. Since the NMR experiments in this thesis were con-
ducted, the dissociation constant of the complex was determined, which would enable
more refined titrations with unlabelled binding protein to be carried out. Refinement of
the HSQC pulses during the experiments to control for fast on-off times between the in-
teracting molecules and their tumble time in relation to mass may reveal greater detail in
titrations. To determine a structural ensemble by NMR of sAH and sQ would be a challen-
ging last resort to acquire structural information of sAH and sQ at the atomic level.

Whilst there is no evidence in the data presented in this chapter that sQ and sAH
could form higher order structures in solution, in vivo the domains studied here would be
located on a membrane surface. Their localisation upon a surface may aid their assembly
into higher order structures. Both SpollQ and SpolllAH are predicted to oligomerise in
the forespore and mother-cell membrane, respectively, forming pore-like ring structures
within the membranes. The SpollQ and SpolllAH ring assemblies dock, forming a channel
between the two cells. Molecular energy minimising modelling and homologue modelling
using the B. subtilis crystal structures have provided models of assemblies of 12 (Figure
3.6.1)(Levdikov et al.,, 2012) and 15 or 18 unit pore-rings (Meisner et al., 2012). These
models are based on the sequence similarity (22% sequence identity) of SpolllAH to the
type lll secretion protein EscJ of which the crystal structure has 6-fold symmetry arranged
in a helix, a complete turn containing 24 molecules. If C. difficile SpolllAH forms such
structures, with at least 12 subunits, the mass of such a assembly (>360 kDa) would be
large enough to observe using EM. Negative stain EM would be a suitable technique to
determine whether full-length SpollQ and SpolllAH are able to form ring-like structures
on a surface/lipid environment. If so, further experiments such as single-particle analysis

could be used to determine the diameter of such structures and the number of molecules
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of SpollQ and SpolllAH required to form such rings.

Figure 3.6.1 — SpollQ:SpolllAH channel assembly proposed by Levdikov et al. Based
upon structural homology to the ring forming EscdJ protein from E. coli, Levdikov et al., pro-
posed an assembly of 12 SpollQ (blue), SpolllAH (green) dimers to form a channel assembly
(Levdikov et al., 2012).

3.6.2 The C. difficile SpollQ:SpolllAH interaction is dependent on

Zn2+

The NMR, SEC-MALLS and MST experiments presented in this chapter show that the
inter-sporangial domains of SpollQ and SpolllAH can form a 1:1 complex. The inter-
action is, however, only stable when sQ contains Zn2+, suggesting that the metal ion co-
ordinating site in the LytM domain of SpollQ has an important structural role. In the crystal
structures of B. subtilis SpollQ:SpolllAH complex, 3-strands 4 and 5 form an anti-parallel
interaction in SpollQ with -strands 1, 2 and 3 of SpolllAH (Figure 3.6.2) (Meisner et al.,
2012; Levdikov et al., 2012). The degenerate metal co-ordination site motif 1 (SxxxD) is
located between {3-strands 5 and 6 (Figure 3.6.2) and is in close proximity to the interaction
site with SpolllAH.

C. difficile SpollQ is predicted to have fewer 3-strands (PSIPRED) than observed (PDB:
3TUF) in B. subtilis SpollQ (Figure 3.6.2A). Whereas B. subtilis SpollQ has an a-helix
and two [-strands proximal to motif 1 that form the interaction interface with SpolllAH,
C. difficile SpollQ is not predicted to have any such secondary structure elements in this
region, formed of disordered backbone (Figure 3.6.2A, Table 3.3.1). It is possible that the

docking of Zn2* in the metal co-ordination site induces formation of secondary structure in
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SpollQ or restricts the movement of the disordered region, which results in the formation
of a competent interface with SpolllAH. Conformational changes could be analysed by
use of HSQC-NMR of apo-sQ and a titration of ZnCl,. Such an experiment would be most
useful if the peptide backbone was assigned so that residues that undergo conformational
changes could be identified.

The sQ:sAH complex has a Kp between 40-80 uM as observed by MST. This is not
a strong protein:protein interaction, however, a tight binding interaction between SpollQ
and SpolllAH may not be necessary in vivo. Both of these proteins are membrane bound
and their respective membranes are in close proximity during engulfment of the forespore.
This reduces the number of dimensions along which SpollQ and SpolllAH can diffuse to
two. In B. subtilis, the intersporangial domains of SpollQ and SpolllAH were determined
to have a Kp of 1 uM by ITC, 40-fold tighter than observed between C. difficile sQ and sAH
(Levdikov et al., 2012) which was measured using MST. To compare the binding affinities
between the C. difficile and B. subtilis complexes, MST experiments using the B. subtilis
proteins should be performed as a control. The C. difficile complex may be weaker due to
the reliance of a metal ion being bound to SpollQ for stable complex formation, a variable
that does not affect the B. subtilis complex. It was not possible to determine the affinity
between the Zn2+ deficient mutant sQH120S and sAH.

In vivo studies support the in vitro data presented here that Zn2* is required for stable
complex formation. It has been shown by our collaborators in Professor Henriques’ lab,
using fluorescently labelled (via a SNAP tag) SpollQH120S and SpolllAH, that in the ab-
sence of Zn2* binding capability, a less stable complex was formed (Serrano et al., 2015).
However, the SpollQH120S mutant could progress further in engulfment and did not res-
ult in membrane collapse or bulging as observed in spollQ mutants but the sporulation
efficiency was lower than the wildtype (Serrano et al., 2015).

In B. subtilis the LytM domain is not likely to have catalytic function due to the absence
of metal co-ordinating residues and no metal ion is observed in the crystal structures.
Conversely, C. difficile SpollQ, requires metal binding for stable complex formation with
SpolllAH. The secondary structure prediction of this region in C. difficile lacks elements
observed in the B. subtilis crystal structure models that are required for interaction with

SpolllAH. Conservation of the secondary structure between that observed in the B. subtilis
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Figure 3.6.2 — Comparison of the LytM domain and SpollQ:SpolllAH interaction site A:
Alignment of the LytM domain of B. subtilis SpollQ43.0g3 and C. difficile SpollQ (30% sequence
identity). The secondary structure in the crystal structures of B. subtilis SpollQ (teal) as ana-
lysed by DSSP (Kabsch and Sander, 1983) and PSIPRED secondary structure prediction of
C. difficile SpollQ is also shown (blue). Secondary structure that forms the SpolllAH interac-
tion is labelled and outlined in bold. The metal co-ordinating residues of motif 1 and motif 2
are highlighted in black boxes. B: Close up view of the SpollQ (blue), SpolllAH (red) p-strand
interaction in B. subtilis (PDB: 3TUF) including the degenerate Zn?* co-ordination residues
(represented by sticks) in B. subtilis SpollQ with the Zn?* superimposed the S. aureus LytM
structure (PDB ID: 4ZYB).



crystal structures and the predicted secondary structure of C. difficile SpolllAH suggests
that the interface for the interaction with SpollQ is structurally conserved (Figure 3.6.4).
Such similarity between the C. difficile and B. subtilis SpolllAH is supported by the fact
it was possible to form a chimeric complex of B. subtilis SpollQ with C. difficile SpolllAH
(Figure 3.5.2). However, the inability to form a complex between C. difficile SpollQ and
B. subtilis SpolllAH suggests that there are sufficient differences between the C. difficile
SpollQ and B. subtilis SpolllAH interfaces that prevents this combination of chimeric com-
plex formation (Figure 3.6.3). Therefore, it is likely that C. difficile SpollQ and SpolllAH
interact in a similar manner to the B. subtilis homologues, albeit the C. difficile complex
requires Zn2* to be present within the LytM domain of SpollQ to allow the formation of the
correct structure to interact with SpolllAH. Such a phenomena indicates that there is not
complete structural conservation of the interacting regions between the C. difficile and B.
subtilis complexes.

In the B. subtilis SpollQ structures, the region between 3 and 36 (where the Zn?* site
would be) forms the interaction with SpolllAH, and would be likely to block any possible
substrate access by peptidoglycan to the Zn2* site. Therefore the conserved motifs in
the LytM domain of C. difficile are required to co-ordinate Zn* and form the necessary
interface to interact with SpolllAH and in doing so block possible access to the bound
Zn2*. To confirm this hypothesis, the atomic structure of SpollQ and SpolllAH from C.
difficile must be determined. It is, however, possible that conformational changes could

occur to enable peptidoglycan binding SpollQ when it is not in complex with SpolllAH.
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Wildtype complex
B. subtilis C. difficile

Al

Chimeric complex

AL

Figure 3.6.3 — Interface schemes for chimeric SpollQ:SpolllAH complexes. B. subtilis
(BS) SpollQ (blue) can form a chimeric complex with C. difficile (CD) SpolllAH (red) but not
vice versa suggesting that while the interfaces of B. subtilis and C. difficile SpolllAH are similar,
the interaction interfaces of SpollQ differ in such a way that the C. difficile SpollQ (which binds
Zn?+ grey circle) cannot form a complex with B. subtilis SpolllAH.
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Figure 3.6.4 — Clustal Omega alignment and secondary structure of sAH and B. subtilis
SpolllAHy5.015 . Secondary structure from 3TUF (chain A) is shown in grey and PSIPRED
secondary structure prediction for sAH is shown in red. The (-strands labelled and outlined in
bold form the interaction with SpollQ in the B. subtilis crystal structure 3TUF, and are predicted
to be conserved in C. difficile SpolllAH. B. subtilis and C. difficile SpolllAH have 25% sequence
identity.
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3.6.3 SpollQ has a complete metal binding LytM domain

The inter-sporangial domain of C. difficile SpollQ has 38% sequence identity (HHPred)
with the M23 metallopeptidase family which includes Gly-Gly endopeptidases such as the
LytM endopeptidase (Firczuk and Bochtler, 2007; Meisner and Moran, 2011). B. subtilis
SpollQ shares 47% sequence identity (HHPred) with the M23 metallopeptidase family. A
signature of LytM domains are two motifs, HxxxD and HxH, which coordinate a metal ion to
generate a nucleophile required for the breakage of glycine-glycine peptide cross-bridges
within peptidoglycan (Firczuk and Bochtler, 2007; Grabowska et al., 2015). However, even
though Gly is present in the peptidoglycan of B. subtilis and C. difficile, Gly-Gly bonds have
not been observed in either species (Peltier et al., 2011). The LytM motifs are conserved
in C. difficile SpollQ and many other Clostridial SpollQ genes (Crawshaw et al., 2014) are
able to co-ordinate Zn2* unlike Bacilli which contain a degenerate motif (SxxxD). Several
crystal structures of LytM proteins exist in the PDB, including 4ZYB (orange, Figure 3.6.5),
which contain a Zn2*. In 4ZYB, the Zn2* is also co-ordinated by a tetraglycine phosphinate
transition state analogue (Grabowska et al., 2015).

Comparison of the surface of SpollQ in 3TUF and the peptidoglycan analogue bound
LytM in 4ZYB shows that it would not be possible for such a tetraglycine phosphinate lig-
and to bind B. subtilis SpollQ without major structural rearrangements (Figure 3.6.6). The
potential peptidoglycan activity of sQ was not tested in this thesis due to the unavailability
of C. difficile peptidoglycan or a suitable transition state analogue. Comparison with the
B. subtilis SpollQ crystal structures and S. aureus LytM suggests that C. difficile SpollQ
would not be able to bind a tetra-glycine fragment due to an additional o-helix and 3-strand
that forms part of the interaction with SpolllAH. Therefore, SpollQ is not likely to have a
catalytic role in the processing of peptidoglycan when in complex with SpolllAH.

It is not clear whether the LytM fold of C. difficile, complete with a Zn* ion, would
have endopeptidase activity. In vivo, SpollQ, in complex with SpolllAH, is localised to the
forespore engulfment septum where peptidoglycan must be processed to enable complete
and proper engulfment (Serrano et al., 2015). In spollQ knockout mutants, membrane
bulging and incomplete engulfment are observed in C. difficile, suggesting that SpollQ
may have a direct role in peptidoglycan processing during engulfment (Serrano et al.,

2015). However, disruption of the metal binding site in spollQH120S mutants in vivo does
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B. subtilis SpollQ - 3TUF

Figure 3.6.5 — Superimposition of B. subtilis SpollQ and S. aureus LytM. Secondary struc-
ture superimposition (Coot SSM (Emsley et al., 2010)) of B. subtilis SpollQ (blue, PDB:3TUF)
(Levdikov et al., 2012) and S. aureus LytM (gold, PDB:4ZYB) crystal structures (core RMSD:
1.8 A). The S. aureus LytM has 27% sequence identity with B. subtilis SpollQ and 24% identity
with C. difficile SpollQ. The crystal structure of the LytM in 4ZYB has tetraglycine phosphin-
ate bound (transition state analogue) and contains a Zn?* ion co-ordinated by the tetraglycine
fragment and the HxxxD and HxH metal co-ordinating motifs (displayed as sticks, black dotted
lines), with each residue ~2 A from the centre of the metal ion (co-ordination distances are
summarised in Table 3.6.1). LytM motif 1 of 3TUF is SxxxD and the crystal structure does not
contain metal ion at this site. Residues His204 and Asp123 are in approximately equivalent
positions to His293 and Asp214 in 4ZYB but Ser119 is 3.9 A away (red dotted lines) from the
Zn?* ion position, which is not close enough to co-ordinate the metal ion. B. subtilis SpollQ
distances are represented in black and S. aureus LytM distances are shown in red dashed
lines.
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Residue (S. aureus/ B. subtilis) S. aureus LytM B. subtilis SpollQ

His210/Ser119 21A 3.8 A
Asp123/Asp214 1.9A 2.3A
His293/His202 2.3A 1.9A

Table 3.6.1 — Zn?* co-ordination distances in S. aureus LytM and superimposed on
B. subtilis SpollQ. Co-ordination distances between the Zn?* metal ion and co-ordinating
residues His210, Asp123 and His293 in S. aureus LytM (Figure 3.6.5, gold) and the equivalent
residues in B. subtilis SpollQ (Ser119, Asp214 and His202) after SSM superimposition (Figure
3.6.5, blue).

Figure 3.6.6 — Comparison of 4ZYB and 3TUF surfaces and peptidoglycan position. Sur-
face representation of 4ZYB (A) and 3TUF (B), zoomed in on the peptidoglycan fragment in
4ZYB and the equivalent position in 3TUF. The peptidoglycan fragment in 4ZYB (stick rep-
resentation) has been superimposed (via secondary structure superimposition of the protein
models with a core RMSD of 1.8 A) on to 3TUF from 4ZYB (B). Even though there is a small
pocket close to the degenerate Zn?* co-ordination site in 3TUF there is not sufficient space for
a peptidoglycan fragment, as a loop containing 2 anti-parallel 3-strands blocks access to the
site, as opposed to the open groove in 4ZYB (A). This loop is involved in the interaction with
SpolllAH.
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not result in such membrane bulging (Serrano et al., 2015). This suggests that SpollQ
may not be directly involved in peptidoglycan cross-bridge scission but may play a role in
the recruitment of other proteins that are involved in peptidoglycan processing. In both
C. difficile and B. subtilis there is another complex containing peptidoglycan processing
proteins, SpollD and SpollP, that are localised to the engulfment septum (Aung et al.,
2007; Serrano et al., 2015). SpollD has sequence homology with the LytB family (HHPred,
62% ID) of peptidoglycan degrading proteins and SpollP has sequence homology to an N-
acetylmuramoyl-L-alanine amidase (HHPred, 23%). In B. subtilis, spollD mutants result in
a membrane bulging phenotype, consistent with excess peptidoglycan that has not been
processed (Rodrigues et al., 2013). SpollQ, along with another protein SpollM, may play

a role in their recruitment and localisation (Rodrigues et al., 2013).

3.6.4 Conclusions and future work

The characterisation of the SpollQ:SpolllAH complex has added to the understanding
of sporulation in C. difficile. Unlike in B. subtilis, the SpollQ:SpolllAH complex requires
the LytM domain of SpollQ to co-ordinate a Zn2* ion in order to form a stable complex
with SpolllAH in vitro. In collaboration with Professor Adriano Henriques Group at ITQB,
Lisbon, Portugal, it was established that both SpollQ and SpolllAH were required for com-
plete engulfment of the forespore by the mother cell prior to spore maturation. Although,
it has been shown that a SpollQH120S mutant still formed a complex in vivo with SpolllAH
this mutant could also not fully progress through engulfment of the forespore (Serrano et
al., 2015). As discussed in Section 3.6.3, it is unlikely that SpollQ is directly involved in
peptidoglycan degradation. However, further experiments are required to fully character-
ise the peptidoglycan of C. difficile throughout its life cycle from vegetative cell to spore
and to test possible substrates for sQ and determine whether the protein has enzymatic
activity. The LytM domain of SpollQ may have had an arcane function during sporulation.
However, as the bacteria have diverged, the function involving Zn* has become obsolete
and in the Bacilli the residues required for co-ordination of the ion have evolved (Crawshaw
et al., 2014). For the moment, the exact role of the Zn2* in the SpollQ:SpolllAH complex
is undetermined.

Further in vitro work is required on the SpollQ:SpolllAH complex, studying the full-
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length proteins to investigate channel formation, function and determine the structure
and overall assembly of the complex. As the complex is understood to form a channel
between the membranes of the forespore and the mother cell a number of questions are
raised: what substrate may pass through the channel and how is the channel regulated?
SpolllAH is expressed from the spolllA operon that contains 8 genes AA-AH, which in-
cludes ATPases and secretion proteins that resemble proteins from the Type-I, -1l and
-IV secretion systems, which may be involved in substrate transport across a channel
(Crawshaw et al., 2014).

In B. subtilis SpollQ can be recruited to the forespore interface with the mother cell by
the SpolID, SpollM and SpollP (DMP) complex. The relationship between SpollQ:SpolllAH
and DMP complexes in C. difficile is yet to be studied fully. In vivo, the phenotype of double
mutants of spollD-spollP in B. subtilis resembles the phenotype observed in spollQ and
spolllAH mutants in C. difficile, yet the spolllAH mutant in B. subtilis does not affect spor-
ulation (Serrano et al., 2015). In C. difficile, it appears that SpolllAH, in addition to SpollQ,
is required for the recruitment of the DMP complex for peptidoglycan processing. In vitro
characterisation of the soluble domains of the DMP complex should be carried out and
potential interactions with the SpollQ:SpolllAH investigated.

The function of the SpollQ:SpolllAH complex in C. difficile is still unknown. However,
the work presented in this thesis provides basic biophysical and biochemical information
on the complex upon which further studies can be based. Understanding the role of the
complex in protein recruitment at the mother cell to forespore interface, peptidoglycan
processing during engulfment and the substrate of the resulting channel are important
questions that must be addressed.

Understanding basic mechanisms of sporulation in an important pathogen may have
useful implications. C. difficile is unable to persist in the aerobic environment in a veget-
ative state and it is essential that it can form spores. C. difficile spores are recognised as
the infectious agent and enable C. difficile infection to spread between individuals. The
majority of the knowledge on sporulation is based upon work on the Bacillus genus which
includes some important pathogens such as B. anthracis. Clostridia represent a large pro-
portion of the Gram-positive bacteria, including a number of important pathogens like C.

difficile, C. perfringens and C. botulinum, and it is only recently that studies on the sporu-
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lation mechanisms of these bacteria have come to light. While many of the genes involved
in controlling the sporulation mechanism are conserved between Clostridia and Bacilli, it
is increasingly clear that the pathways and mechanisms that they form are not strictly con-
served and the understanding of these mechanisms is only now being developed (Fimlaid
et al., 2013; Saujet et al., 2014; Fimlaid and Shen, 2015).
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Chapter 4

Structure of major Type IV Pilins from

Clostridium difficile

4.1 Introduction

Type IV pilins (TFP) are fibre-like appendages that extend from the cell into the external
media and are involved in cell-to-surface adhesion and the formation of biofilms (Maier
and Wong, 2015; Giltner et al., 2012). These fibres can be extended and retracted in a
manner that allows the cell to move across a surface (Varga et al., 2006). The filaments
are formed of protein units known as pilin proteins that are divided into two classes, major
and minor pilins (Melville and Craig, 2013). Major pilins are the predominant pilin unit in
the fibre, and in Clostridium difficile are known as pilA (Maldarelli et al., 2014). There are
two TFP loci in genomes of C. difficile, the main locus is the largest and most complete
containing 11 TFP components whilst a secondary locus contains only a major pilin gene
(pilA2) and three membrane associated components (Melville and Craig, 2013; Maldarelli
etal., 2014).

Pilin proteins can be identified by a highly conserved signal peptide sequence (Figure
4.1.1A) (Imam et al., 2011), that is cleaved by the pre-pilin peptidase PilD before insertion
into the pilin filament (Melville and Craig, 2013). The signal peptide is used to define the
type of TFP, type-a pilins (TFPa) have a short signal sequence (5-7 residues) and the first
residue of the mature pilin is a Phe. The Gram-positive TFP pilins that have been identified
so far have TFPa (Melville and Craig, 2013). Type-b (TFPb) have a highly hydrophobic
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sequence of ~30 residues and the first residue is a hydrophobic residue other than Phe.

There are 20 protein crystal structures of pilin proteins in the PDB, 50% of which are of
pilins from Pseudomonas aeruginosa. The structures of pilins from P. aeruginosa, Neis-
seria gonorrhoeae and N. meningitidis exhibit a long N-terminal a-helix (o-1) that forms
a polymerisation stalk domain and a globular C-terminal domain described as the head-
group, that consists of an o-B region linking o-1 with a g-sheet of at least three strands.
(Figure 4.1.1B)(Craig and Li, 2008). A highly variable region is located at the C-terminus
of the headgroup, known as the D-region, which is predicted to be the most solvent ac-
cessible element of the headgroup and can form interactions with host-cell surfaces (Craig
and Li, 2008). The D-region is also delimited a disulphide bridge in the TFP pilin structures
so far solved in Gram-negative bacteria (Craig and Li, 2008).

The aim of this project was to determine the crystal structures of the major pilins from
the main locus, PilA1. To increase the likelihood of determining a crystal structure, PilA1
from two strains were pursued, the hyper-virulent R20291 and the better studied lab strain
630. These two PilA1 proteins are 91% identical and the sequence divergence is limited
to residues 139-170 at the C-terminal ends of the proteins (Figure 4.2.1). The C-terminal
region of the pilin units is solvent exposed and in the TFP of other pathogenic species,
such as N. gonorrhoea and N. meningitidis, sequence variability has been observed in
this region across strains as a means of host-immune evasion (Takahashi et al., 2012).
Sequence variability can result in structural variability and may be an important virulence
mechanism in host cell adhesion during colonisation in an anaerobic environment such as

the gut .
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Figure 4.1.1 — Pilin organisation and signal peptide. A: The signal peptide of type-a Type
IV pili (TFPa) includes a conserved Gly-1 which is cleaved at the carboxyl end by the pre-pilin
peptidase PilD. Leu3 and Glu5 are also highly conserved in the TFPa signal peptide. The
N-terminal residue of mature TFPa pilin proteins is a conserved Phe residue. B: General
schematic of a type-a type IV pilin protein (TFPa) with N-terminal signal peptide (filled yellow),
a-helical polymerisation domain stem (red) and C-terminal globular head-group (grey).
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4.2 Purification of the Major Type IV pilin: PilA1

The 34 residues at the N-terminus of PilA1 are largely hydrophobic and submission of the
full length peptide sequences of PilA1 from R20291 and 630 to transmembrane prediction
servers such as TMHMM indicated that these residues formed a hydrophobic transmem-
brane domain (Méller et al., 2001). It has been observed that long hydrophobic N-terminal
helices proceeding a conserved signal peptide, which resemble transmembrane helices,
formed the TFPa pilin polymerisation domain (Craig and Li, 2008). To ensure protein sol-
ubility, these N-terminal helices were not included in constructs of PilA1. The R20291
PilA1A1-34 construct was produced by Edward Couchman (Fairweather group, Imperial
College) by amplification of CD3355 from R20291 genomic DNA and inserted into pET-
28a such that when expressed there was a non-cleavable N-terminal 6-His-tag (Figure
4.2.1). The 630 PilA1A1-34 (CD3513) was amplified from a plasmid containing the full
length gene (pRPF227, produced by Dr Robert Fagan, Fairweather group) and inserted
into pET-28a in the same orientation as the PilA1A1-34 R20291 construct (Figure 4.2.1).

The R20291 PilA1A1-34 was expressed in Escherichia coli cells (Section 2.5.5) and
purified by nickel affinity purification followed by size exclusion chromatography (SEC)
(Figure 4.2.2A/B, Section 2.5). A total yield of ~8 mg/L cell culture was achieved and
the protein was stable and contained few impurities. The 630 PilA1A1-34 was purified
in an identical manner to the R20291 protein and a total yield of 16 mg/L cell culture
was achieved (Figure 4.2.2C/D). The R20291 PilA1A1-34 protein eluted from the SEC
column as a single peak at a volume equivalent to that of a 20.4 kDa protein and the 630
PilA1A1-34 eluted in a single peak at a volume equivalent to a mass of 15.4 kDa. The
R20291 and 630 constructs had a theoretical mass of 15.9 kDa and 15.5 kDa respectively.
Comparison of the elution masses from SEC and the theoretical masses of these proteins

indicated that both were purified in a monomeric state.
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Figure 4.2.1 — PilA1 alignment and construct design. Clustal Omega alignment of PilA1
from strains 630 (CD3513) and R20291 (CD3350) which share 91% sequence identity (con-
served residues are highlighted in grey). The polymerisation domains are outlined in red.
The conserved recognition residues are highlighted in red boxes and the cleaved glycine is
italicised. The position of the His-tag (green) of both PilA1A1-34 constructs is indicated by
the green arrow. The peptide sequence upstream of this point, which is part of the polymier-
sation domain was not included in the PilA1A1-34 constructs. PSIPRED secondary structure
predictions have been added above (630) and below (R20291) the respective sequence. The
masses calculated using ProtParam (Wilkins et al., 1999) of the 630 protein was 15.5 kDa and

the R20291 protein was 15.9 kDa.
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Figure 4.2.2 — Purification of PilA1A1-34 constructs. A: Size-exclusion chromatography
(SEC) of R20291 PilA1A1-34. The R20291 protein eluted at a volume equivalent to 20 kDa
when compared with elution profile of molecular mass (MW) markers (grey). The molecu-
lar mass standards were thyroglobulin (670 .0kDa), y-globulin (158.0 kDa), ovalbumin (44.0
kDa), myoglobin (17.0 kDa) and Vitamin B, (1.4 kDa). B: SDS-PAGE analysis showing peak
fractions of R20291 PilA1A1-34. C: Chromatogram of the nickel affinity purification of 630
PilA1A1-34: the UV absorbance (blue), concentration of imidazole (% v/v, green). Two elu-
tion peaks were observed at 60 mM and 125 mM imidazole. Fractions that were analysed by
SDS-PAGE are labelled in pink. D: SDS-PAGE analysis of the cell extract, pellet, flow through
and peak fractions from the nickel affinity purification of 630 PilA1A1-34. The majority of the
630 PilA1A1-34 protein eluted in 125 mM imidazole (fractions 8-12), with a small amount of
protein eluting at 60 mM imidazole. E: SEC of 630 PilA1A1-34. A single elution peak at a
volume equivalent to 15.5 kDa was observed when compared with elution profile of MW mark-
ers (grey). F: Peak fractions from the SEC of 630 PilA1A1-34 were analysed by SDS-PAGE,
and showed that these proteins were stable and pure.



4.3 Crystal structures of major Type IV pilins from
C. difficile

4.3.1 Structure determination of R20291 PilA1A1-34
4.3.1.1 Crystallisation

Crystallisation trials of R20291 PilA1A1-34 were set up as described in Section 2.7.1 at a
concentration of 16 mg/ml. Crystals of R20291 PilA1A1-34 of approximately 150 x 150 um
formed within four days of dispensing in the Structure [Hampton] crystallisation condition
H12, which contained 1.6 M sodium citrate at pH 6.5 (Figure 4.3.1A). Crystals formed in
both 1:1 and 2:1 protein:crystallisation solution ratios, although larger crystals formed in
the 2:1 drop ratio. The crystals could be reproduced reliably using protein that had been
flash frozen in liquid nitrogen and stored at -80° C, however, crystals dissolved within 8
days of tray set up. 0.2 M Sodium citrate is a proven protein crystal cryo-protectant (Bujacz
et al., 2010) and so crystals were harvested and directly flash cooled in liquid nitrogen.
Crystals were sent to the Diamond Light Source synchrotron, Harwell for diffraction exper-
iments (Section 4.3.1.2).

Figure 4.3.1 — Crystals of PilA1A1-34 from R20291. A: Crystals of pilA1A1-34 from R20291
crystallised in a 100 nl :100 nl drop with crystallisation solution Structure H12 [Hampton] (1.6
M sodium citrate, pH 6.5).
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4.3.1.2 Data collection and processing from native crystals

Datasets of four independent native crystals were collected on the fixed-wavelength beam-
line 104-1 at Diamond Light Source by Dr Arnaud Baslé as outlined in Section 2.7.4. Test
images of each crystal at 0°and 90 °were recorded and the programme iMosflm (Battye et
al., 2011) was used to index the data and determine the spacegroup and unit cell paramet-
ers of the crystal. The strategy function of iMosflm was utilised to determine the optimum
starting position of the crystal for a full native dataset collection. During the diffraction ex-
periment the crystal was rotated 200 ° with an exposure time of 0.5s, each image recorded
an oscillation of 0.1°. Such a strategy enabled the collection of a highly redundant native
dataset with high completeness in order to simplify the structure solution pipeline.

Each of the four datasets were indexed and integrated with three widely used pro-
grams: XDS (Kabsch, 2010); iMosflm (Battye et al., 2011); DIALS (Gildea et al., 2014).
The three programs use different approaches to indexing and integration, Mosflm treats
the data in a two-dimensional fashion indexing each image individually (Battye et al.,
2011). XDS and DIALS treat the images in wedges, which enables a three-dimensional
approach (Kabsch, 2010; Gildea et al., 2014). The readout capabilities of modern area
detectors such as the Pilatus detectors mean that each image contains reflections from
very small oscillations (0.1°) of the crystal and as a result the same reflection is likely to
be recorded over several images. The 3D approach enables single reflections recorded
over many images to be treated as a single reflection. The reflections output by these pro-
grams were then reduced using Aimless in the CCP4 suite (Evans and Murshudov, 2013;
Evans, 2006; Evans, 2011). For comparison, the dataset parameters, indexed using the
three programs described and scaled in Aimless, are presented in Appendix B, Table
B.0.1. Since each of the four crystals diffracted in the range of 2.2-1.6 A, no crystallisation
optimisation was performed.

No images were removed from the 2000 collected of each crystal during the indexing
and integrating stage. The quality and resolution limits of the datasets were judged on
four factors: Rmerge; Rmeas; I/ol; CC1/2 (Correlation coefficient) of the mean intensity. The
internal quality of the data in each dataset is described by the Rmerge and Rmeas(Evans
and Murshudov, 2013; Evans et al., 2011). The signal-to-noise ratio (I/cl) of the recorded

intensities is an important factor and in the outer resolution shell this can be as low as 1.5
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for high resolution data that has been recorded using a Pilatus detector [Dectris] (Evans
et al., 2011). Another assessment of the quality of the intensities is the mean intensity
CC1/2, which divides the data into two bins and a correlation co-efficient is calculated for
the two bins. A CC1/2 close to 1.0 indicates that the intensities in the two bins agree and
are therefore consistent throughout all images.

Since processing of all datasets resulted in similarly low R values, I/cl >1.5 and mean
intensity CC1/2 of at least 0.996, the data that had been successfully processed to the
highest resolution was chosen. Dataset 4, indexed and integrated using Mosflm, to a
resolution of 1.65 A and with 100% completeness was used as the ’native’ data for all
downstream processing (Table 4.3.1).

As part of the Aimless workflow, Pointless (Evans, 2006; Evans, 2011) was used to
confirm that the correct point group had been chosen; the software indicated that all
four datasets were P44242 or P43212. The spacegroup P4,242 is non-centrosymmetric
meaning the centre of inversion is at the origin of the coordinate system and when in-
verted results in the change of the spacegroup to P435242 (Shmueli, 2008); this is known
as enantiomorphic ambiguity and the correct spacegroup will only be determined during
structure solution. Resolution of the unit cell content ambiguity was attempted during
molecular replacement (Section 4.3.1.4) but only resolved during experimental phasing
(Section 4.3.1.5).

128



Data Collection statistics

Resolutiqn 51.21-1.65
(A)
Unit cell
dimensions
a=b, ¢ (A) 102.42, 104.21
o=B=y (°) 90
Spacegroup P4,2,2 or P43242
Rmerge” 0.136 (1.887)
Total 904124
Reflections
Unique 67115 (3391)
Reflections
I/ol 10.7 (1.5)
Mean 0.998 (0.323)
intensity
CC1/2
Completeness 100.0 (100.0)
(%)

Table 4.3.1 — Table of dataset parameters for native R20291 PilA1A1-34 crystal 4. The re-
flections and intensities were then scaled and reduced using Aimless (Evans and Murshudov,
2013; Evans, 2006; Evans, 2011), the summary of the dataset parameters is presented above.
These data were collected at a wavelength of 0.92 A. Values in parentheses represent the
highest resolution shell. *Rycrge = > pp 2o | Li(REL) — (I(hED) |/ >0 > Li(hkl) , where e th
observation of reflection and is the massed average intensity for all observations of reflection .
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4.3.1.3 Unit cell content of native R20291 PilA1A1-34 crystals.

The unit cell contents were calculated using the Matthews program in CCP4 (Matthews,
1968; Kantardjieff and Rupp, 2003). The highest probability calculated was for the pres-
ence of four protein molecules (P(1.65): 0.78) in the asymmetric unit (ASU) (Table 4.3.2).
The Matthews coefficient suggested that there were most likely either three copies (Mat-
thews coef: 2.87 A3/Da) or four copies (Matthews coef: 2.15 A3/Da) in the ASU. Protein

crystals are composed of between ~25-75% solvent (Matthews, 1968).

Nmol/asym Matthews coef. (A3/Da) solvent (%) P(1.65) P(tot)

1 8.60 85.71 0.00 0.00
2 4.30 71.41 0.00 0.02
3 2.87 57.12 0.20 0.35
4 2.15 42.82 0.78 0.62
5 1.72 28.53 0.02 0.01
6 1.43 14.23 0.00 0.00

Table 4.3.2 — Unit cell contents of a native PilA1A1-34 R20291 crystal. Table of unit cell
contents properties by number of molecules in the asymmetric unit.

4.3.1.4 Molecular replacement

The peptide sequence of R20291 PilA1 was used to search the PDBe (www.ebi.ac.uk/pdbe)
for potential molecular replacement search models. The search returned two PDB entries:
2HI2, a 2.3 A resolution X-ray crystal structure of PilE1 from Neisseria gonorrhoeae (Craig
et al., 2006); and 2PIL, an X-ray crystal structure of the same PilE1 from N. gonorrhoeae
at a resolution of 2.6 A (Forest et al., 1999). R20291 PilA1 has 39% sequence identity
with PilE1 from N. gonorrhoeae. Both of these structures were used as molecular replace-
ment search models using the programs Phaser (McCoy et al., 2007) and MolRep (Vagin
and Teplyakov, 2010). Molecular replacement calculation in which four or three copies in
the ASU were sought was performed. The results of these molecular replacement pro-
cesses using either search model did not produce interpretable electron density maps.
The phasing statistics for the solutions produced by Phaser did not have translation func-

tion Z-score (TFZ) values greater than 5 which indicated that the phase problem had not
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been solved (McCoy et al., 2007). The log likelihood gain (LLG) values of the Phaser solu-
tions did not change significantly as the solution progressed, again indicating the solution
was not correct (McCoy et al., 2007). The solutions from MolRep did not have a solution
score greater than 0.3 indicating that the solution was not likely to be correct (Vagin and
Teplyakov, 2010). In addition, the R-values of all presented solutions were greater than
50%. Since it was possible to readily and reliably reproduce R20291 PilA1A1-34 crystals,

experimental phasing methods were pursued instead.

4.3.1.5 Experimental phasing

Single-wavelength anomalous dispersion (SAD) experiments were carried out using heavy
atom derivatives. Crystals were reproduced and were soaked in solutions containing ~ 10
mM KsPtCly, AuCls and Pb(CH3CO5),. After a 10 minute incubation in the derivative
solution, the crystals were back soaked in the crystallisation solution from the drop reser-
voir to remove unbound and excess heavy atom derivates before flash cooling in liquid
nitrogen (Garman and Murray, 2003).

Diffraction experiments were carried out at the 104 beamline at Diamond Light Source
using a Pilatus 6M detector [Dectris]. To check for the presence of a heavy atom, fluor-
escence scans were performed at energy ranges that covered the L-1ll absorption edge
of each heavy atom (Pt, Au and Pb) (Figure 4.3.2). The raw fluorescence data were pro-
cessed in Chooch (Evans and Pettifer, 2001) at the beamline to calculate the peak and
inflection points. The incident radiation wavelength was then set to that corresponding to
the peak energy for the heavy atom present (Figure 4.3.2).

Two test images (90° apart) of each crystal were collected for indexing and optimum
data collection strategy (subsection 4.3.1.2), as described previously. High redundancy is
key for a successful SAD experiment as anomalous scatterers result in only small differ-
ences in intensities that are comparable to or lower than the noise in a dataset, therefore
excellent collection statistics are required to detect these differences (Dauter et al., 2002).
To achieve a high redundancy, a total crystal oscillation of 720° was performed (Dauter et
al., 2002). To minimise radiation damage, the beam transmission was attenuated to 40%
(2.66 x 102 photons/second at the Pb peak energy), for all derivative datasets, to ensure

that meaningful data were still being collected towards the end of the experiment as crys-
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tals that contain heavy atoms suffer from greater radiation damage than native crystals,
especially at the atom absorption edges (Owen and Sherrell, 2016).

The datasets were indexed and integrated using XDS in which the Friedel’s law para-
meter was set to 'false’ so that I+ and |- were handled separately during data processing
(Kabsch, 2010), since the law breaks down when anomalous scatters are present (Dauter
et al., 2002). These data were then scaled and reduced using Aimless, and particu-
lar attention was paid to the anomalous signal, anomalous completeness and anomalous
multiplicity, in addition to the usual indicators of dataset quality previously described (Table
4.3.3). Soaking the crystals with the heavy atom derivatives did not change significantly
the unit cell parameters or spacegroup, indicating crystals of native and derivative were
isomorphous. Reflections were observed to a range of 3-1.5 A, similar to the native crys-
tals (Table B.0.1).

Derivative and native data (Section 4.3.1.2) were prepared for use in the SHELX
(Sheldrick, 2010) and hkl2map (Pape and Schneider, 2004) suite using Aimless and each
derivative dataset was processed using SHELXC. Attention was paid to the anomalous
difference signal (d”/sig) of each derivative dataset in given resolution bins. The difference
signal describes the strength of the anomalous signal (differences in intensities between
and —h, —k, —[) which is used to derive crystallographic phases (Dauter et al., 2002). The
difference signal vs resolution for each of the derivative datasets is plotted in Figure 4.3.3.
The dataset with the highest resolution bin with a difference signal >0.8 was chosen for
further processing, this was the Pb dataset in which the anomalous difference signal re-
mained >0.8 to a resolution of 2.7 A but overall lower than the others (Figure 4.3.3D). The
remaining datasets had a difference signal >0.8 to a resolution ~5 A and as such these
datasets were much less likely to yield an interpretable electron density map into which
the atomic structure of PilA1 could be built.

SHELXD (Schneider and Sheldrick, 2002) was used to find the Pb substructure with
the initial search of 8 Pb sites in the ASU. The correct number of heavy atom sites would
be resolved later using SHELXE. SHEXLD was instructed to perform 1000 tries to find the
heavy atoms. The CCall/CCweak statistics (Figure 4.3.4A) showed two distinct popula-
tions of solutions, suggesting that a correct heavy atom substructure had been determined

(Sheldrick, 2007). The best heavy atom substructure solution was output in a PDB file.
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Figure 4.3.2 — Fluorescence scans of derivative soaked PilA1A1-34 R20291 crystals.
Fluorescent scans were performed on the derivative crystals to determine the presence of
heavy atom and the energy of the absorption edge (L-IIl) for each derivative atom tested (Pt,
Au and Pb). Fluorescent counts were processed using Chooch (Evans and Pettifer, 2001) to
calculate the f’ and f” of each scan in addition to the peak and inflection points. The Pt (A)
scan had a peak at 11562 eV (1.0723 A) and inflection point at 11565 eV (1.0721 A), Au (B)
peak at 11969 eV (1.0359 A) and inflection at 11920 eV and Pb (C) peak at 13075 eV (0.9483
A) and inflection at 13038 eV.



Pt-1 Pt-2 Au Pb
Resolution (A) 46.13-3.00 46.26-2.50 46.61-1.54 46.6 - 2.00
Wavelengtoh 1.07206 1.07206 1.03588 0.94825
(A)
Unit cell
dimensions
a=b, ¢ (A) 101.74, 102.04, 103.16, 102.37,
103.50 103.79 104.49 104.67
a=B=y (°) 90.00 90.00 90.00 90.00
Spacegroup P41212 or P41 212 or P41 212 or P41212 or
P452,2 P452,2 P452,2 P452,2
Rmerge* 0.156 (1.773) 0.207 (4.342) 0.202 (1.543) 0.100 (1.095)
Total 241978 983182 5193752 1958556
Reflections
Unique 11401 19604 81820 38380
Reflections
Mean /sl 14.8 (1.7) 16.5 (1.4) 16.6 (0.7) 38.2 (5.1)
Mean intensity 0.999 (0.707) 0.999 (0.659) 1.0 (-0.027) 1.0 (0.9)
CC1/2
Completeness 100.0 (100.0) 100.0 (100.0) 97.9 (61.2) 99.9 (98.4)
(%)
Multiplicity 21.2 50.2 63.5 51.0
Anomalous 5.63 4.8 5.3 2.8
signal
(Aimless,
CCanom >0:! 5)
(At
Anomalous 100.0 (100.0) 100.0 (100.0) 97.1 (47.6) 99.8 (97.2)
Completeness
(%)
Anomalous 11.6 (9.8) 26.9 (26.6) 32.7 (3.6) 26.9 (25.1)
Multiplicity
Anomalous 5 5 5 2.7
signal
(SHELXC)

<d”/sig> (A)¥

Table 4.3.3 — Table of crystal parameters of derivative R20291 PilA1A1-34 crystals. Crys-
tal parameters of derivative soaked R20291 PilA1A1-34 crystals. Values in parentheses rep-
resent the highest resolution shell. *Rycrge = > 2 oi [Li(hEL) — (T(hED) [/ > pi 2o Li(hEL)
where I;(hkl) is the ith observation of relfection hkl and (I(hkl)) is the massed average in-
tensity for all observations i of reflection hkl. TCCanom = resolution at which CCanom is greater
than 0.15. ¥Resolution at which <d”/sig > < 0.8.
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Figure 4.3.3 — SHELXC - Difference signal vs resolution in heavy atom derivative data-
sets. The differgnce signal in datasets Pt-1 (A), Pt-2 (B) and Au (C) remained >0.8 to a
resolution of ~5 A. The dataset containing Pb-heavy atom (D), had a difference signal >0.8 to

a highest resolution of 2.7 A.
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Figure 4.3.4 — Pb dataset statistics from SHELXD/E for three molecules in the ASU. A:
CCall vs CCweak output from SHELXD, two distinct populations of solutions are seen, indicat-
ing that a correct solution has been found. B: Heavy atom site occupancy vs peak number. 9
heavy atom sites were found by SHELXE as indicated by the drop in occupancy below 0.3 at
peak numbers greater than 9. C: Contrast vs cycle during auto-tracing cycles in SHELXE of
which there were 80 for the original enantiomorph (red) and 40 for the inverted enantiomorph
(blue). D: The estimated map CC vs resolution. A map (CC) above 0.8 indicates an inter-
pretable map although a value above 0.65 is indicative of a good solution (Sheldrick, 2010).
The inverted enantiomorph did not reach the 0.65 threshold while the original enantiomorph
is above 0.8 to a highest resolution of 1.7 A. The graphs in panels C and D indicate that the
original enantiomorph is the correct solution. The final mean figure of merit (FOM) was 0.71
and pseudo-free CC was 77.8%.
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The substructure solution from SHELXD was used in SHELXE for phase calculation
for both possible enantiomorphs. The number of heavy atom sites found by SHELXD was
9 (Figure 4.3.4B), as determined by the occupancy threshold. As 9 is divisible by 3, it was
most probable that there were three copies of PilA1 in the ASU and not four as suggested
by the Matthews coefficient calculation (Table 4.3.2). Therefore, SHELXE calculations
were performed using a fractional solvent content of 0.57, corresponding to three copies
of PilA1 in the ASU.

SHELXE was instructed to invert the heavy atom substructure, this enabled the correct
anomalous hand to be determined. From the statistics output by SHELXE, it was clear
that the original hand was the correct one (Pape and Schneider, 2004). The contrast
per cycle (Figure 4.3.4B) increased for the original hand during the first 40 cycles and
remained greater than 0.8, while the inverted hand did not increase above a contrast of
0.3 and SHELXE stopped after 20 cycles. A contrast of 1.0 is indicative of a correct
hand so the observed CCmap greater than 0.8 to a resolution of 1.7 A confirms that the
original hand is correct (Figure 4.3.4D). The inverted solution has a highest CCmap of
0.5 even at lower resolutions. A final mean FOM of 0.71 and pseudo-free CC of 77%
was calculated suggesting that the final phases were correct (Sheldrick, 2010), and when
the electron density map was visualised in Coot, clear contrast between protein features
and solvent could be seen, confirming that the structure had been solved in spacegroup
P4.2,12. When the calculations were repeated in P43242, no interpretable electron density

map could be obtained.

4.3.1.6 Ab initio structure solution of R20291 PilA1A1-34

Methods for determining a crystal structure without prior phases such as experimentally
derived phases or a search model for replacement have been developed. Known as ab
initio phasing, a fragment based search method using secondary structure elements has
been developed in the program Arcimboldo (Rodriguez et al., 2009; Millan et al., 2015).
Arcimboldo uses a combination of helix fragment placement utilising Phaser (McCoy et al.,
2007) followed by density modification and main chain tracing using SHELXE (Sheldrick,
2010). Such a method is the equivalent of determining the substructure as in experimental

phasing methods, using secondary structure fragments rather than heavy atoms, and then
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extending and improving the phases to produce a reliable map. Model and map quality
are judged on the CC output by SHELXE, and Arcimboldo will conduct a number of rounds
of these cycles until the CC value is greater than 25%, indicating a reliable solution has
been found (Millan et al., 2015). The output from Arcimboldo is a set of phases for the
input intensities and traced coordinates (poly-alanine fragments), that can be used as a
basis for model building in a program such as Buccaneer (Cowtan, 2006).

The requirements to use Arcimboldo are data to a resolution greater than 2 A, inform-
ation about helix content (maximum helix length), number of molecules in the ASU and
the molecular mass of the target protein. As native data for R02921 PilA1A1-34 are of a
higher resolution that 2 A and are predicted to contain a helix ~30 residues long, phasing
using Arcimboldo was tested (Figure 4.3.5). A final CC of 47.4% was calculated and 395
residues were traced. The phases were input into the model building program Buccaneer
that built 411 residues out of 441. An initial round of refinement using Refmac5, followed
by manual model inspection and adjustment in Coot, resulted in an Ryge Of ~25 %. This
is comparable with the model that had been built using experimentally derived phases
(Section 4.3.1.8), and after comprehensive refinement and validation had the potential to
provide a final model of equal quality.

The ability to solve the phase problem without experimentally derived phases or a
search model for molecular replacement methods is a great advantage. However, the
R20291 PilA1A1-34 dataset was of a high resolution and quality (low Rmerge, high I/cl and
completeness), which is a strict requirement for successful ab initio phasing (Rodriguez
et al., 2009).
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Figure 4.3.5 — R02921 PilA1A1-34 best coordinates and phases displayed in CCP4AMG.
Zoomed on the longest helix in R02921 PilA1A1-34 (a1), the resulting electron density map
(map level: 1.3 e/A3) from Arcimboldo is of good quality and side chains are clearly visible.
The traced coordinates are represented in C-alpha/backbone (McNicholas et al., 2011).

4.3.1.7 Model building

The phases output by SHELXE after Pb-SAD phasing and the sequence of the R20291
PilA1A1-34 construct were input into the automated model building program, Buccaneer,
and after five cycles of building and refinement using Refmac5, 402 residues (out of 441)
were built in 3 fragments (Cowtan, 2006). Ry,ork and Ryee after the final cycle were 20.8%

and 20.5%, respectively.

4.3.1.8 Model refinement and validation

Cycles of automated refinement in Refmac5 (Murshudov et al., 2011), using the native
data, followed by manual model inspection and adjustment using Coot were performed
(Emsley et al., 2010). Waters were arranged around the 3 protein molecules in the ASU
using the ’arrange waters’ tool in Coot (Emsley et al., 2010). The positions of the wa-
ter molecules were checked in Coot based upon distances that were less than 2.3 A

or greater than 3.5 A and with a B-factor value lower than 80 A2. Waters that did not
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fulfil these criteria were removed or refined. To validate the model, geometry, clashes,
rotamers, Ramachandran outliers, bond lengths and angles were analysed and checked
using MolProbity (Chen et al., 2010). MolProbity also added riding hydrogen atoms to
the model and flipped any asparagine, glutamine or histidine molecules that clashed as
a result, increasing hydrogen bonding potential. The resulting coordinate file was used
for further refinement in Coot and Refmac5. The refinement cycles were continued until
all the parameters analysed by MolProbity were within acceptable ranges. Anisotropic B
factors were selected since the data had a resolution of 1.6 A and the number of unique
reflections in the dataset was greater than the number of atoms in the ASU multiplied
by six (Merritt, 2012). There are six parameters that describe a thermal ellipsoid of an
atom that displays anisotropy at high resolution, therefore at least six reflections per atom
are required to describe each atom (Merritt, 2012). After several rounds of manual in-
spection and building in Coot and automated refinement in Refmac5, the Ry,qrk and Ryee
values were reduced to less than 25%. However, the bond angles and bond length root
mean squared deviations (RMSD) were outside acceptable ranges of 1.5°- 1.3°and 0.01
A - 0.02 A, respectively (Rossmann and Arnold, 2001). To ensure the bond angles and
lengths were within reasonable, expected values, the refinement weighting term was ad-
justed in Refmac5 over a number of refinement rounds to a final value of 0.2. To ensure
that the refinement geometry was not ‘over’ massed, attention was paid to the R,k and
Riree Values, which did not change as a result of defining a massing term in Refmac5.
Once all the peaks in the electron density map had been accounted for and the para-
meters in MolProbity were satisfied, refinement was stopped (Figure 4.3.6A). The R20291
PilA1A1-34 model was submitted to the wwPDB validation server (validate-rcsb-1.wwpdb.org)
and a validation report was generated. The report included information comparing the
R20291 PilA1A1-34 model statistics with other structures in the PDB, which indicated that
the quality of the model was within the top 30% of structures at 1.65 A (Figure 4.3.6B).
The programme Polygon (Urzhumtseva et al., 2009) from the Phenix suite was also used
to assess the refinement parameters of the R20291 PilA1A1-34 model with other struc-
tures in the PDB of the same atomic resolution (Figure 4.3.6C). The polygon indicated
that the RMSD bond lengths, angles, Ry and mean B factor were in the average range.

The Ryork Was slightly higher than average and the clash score was lower than aver-
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A All-Atom Clashscore, all atoms: 0.16 |1oo‘h percentile” (N=829, 1.65A + 0.25A)
Contacts Clashscore is the number of serious steric overlaps (> 0.4 A) per 1000 atoms.
Poor rotamers 1 0.29%  |Goal: <0.3%
Favored rotamers 344 98.29% |Goal: >98%
Ramachandran outliers 0 0.00% |Goal: <0.05%
Protein Ramachandran favored 394 98.50% |Goal: >98%
Geometry MolProbity score” 0.56 100t percentile” (N=9033, 1.65A + 0.25A)
CB deviations >0.25A 0 0.00% |Goal: 0
Bad bonds: 0/3048 [0.00% |Goal: 0%
Bad angles: 1/4153 [0.02% |Goal: <0.1%
Peptide Omegas |Cis Prolines: 0/12 0.00% |Expected: <1 per chain, or 5%
B Metric Percentile Ranks Value
Rfree I 0 0.203
Clashscore NN 1
Ramachandran outliers IS 0
Sidechain outliers I 0.3%
RSRZ outliers IR D 2 .0%
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0 Percentile relative to all X-ray structures

[l Percentile relative to X-ray structures of similar resolution
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7.0 0.004
28.1 0.014
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Figure 4.3.6 — R20291 PilA1A1-34 model validation. MolProbity validation statistics (A) and
Polygon (C) refinement comparison. Model geometry was analysed using MolProbity (A) after
each round of refinement and used to identify problematic residues. The R20291 PilA1A1-34
model statistics were compared with other structures in the PDB using the wwPDB validation
tool (B) and the Phenix program Polygon (C). The wwPDB validation sliders (B) rank model
statistics from worse (red) to better (blue). All of the parameters shown by the sliders (B) are in
the better range compared to other structures of similar resolution - in this case 1.65 A. Polygon
compares each parameter using bins. These bins are coloured upon the number of structures
in each bin at similar resolution to the model provided from the PDB (see key). Under each
parameter the highest (top) and lowest (bottom) bins are defined and the value from the model
is shown in red. Black lines describe where the model statistics for each parameter are located
within the bins and should lie in the bins with the highest number of structures or better. The
RMSD bond lengths, RMSD angles, Ryee and average B factor are average for a structure of
this resolution. The clash score is better while the Ryork is higher than average but within the
range observed for structures of 1.65 A.



age. Together the wwPDB validation sliders and Polygon results showed that the R20291
PilA1A1-34 model was of a good quality. The final refinement statistics are shown in Table
4.3.4.

Refinement statistics for native R20291 PilA1A1-34

Ruork (%) 14.60
Riree (%) 19.07
No. of non-H atoms

No. of protein atoms 3010

No. of solvent atoms 440
RMSD

Bond angle (°) 1.49

Bond length (A) 0.01
Average B factor (A?) 28.12
Ramachandran plot, residues in

Most favoured regions (%) 98.25

Allowed (%) 1.75

Ouitliers (%) 0

Table 4.3.4 — Table of R20291 PilA1A1-34 mode!)bl;efirlgpent statistics. Refinement statist-
ics output by Refmac5 and MolProbity. R = 2 hx— i |

hkl hkl

obs
ZhetF 3
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4.3.2 Structure determination of 630 PilA1A1-34

4.3.2.1 Crystallisation

Figure 4.3.7 — 630 PilA1A1-34 crystal. A single crystal of PilA1A1-34 from 630 obtained in a
100 nl:100 nl drop with crystallisation solution Structure D1 [Hampton] (0.2 M sodium acetate,
0.1 M Tris pH 8.5 and 30% PEG 400). The crystal formed within 10 days of the protein and
crystallisation screen being dispensed and appeared to have defects that suggested there
were hollow regions.

Crystallisation trials of 630 PilA1A1-34 were set up at 18 mg/ml and 9 mg/ml in the
commercial screens Structure, Index, Morpheus and JCSG+. A single crystal of PilAT1A1-
34 from 630 was obtained (Figure 4.3.7B) in 0.2 M sodium acetate, 0.1 M Tris pH 8.5
and 30% PEG 400 (Structure, D1) in a 1:1 protein:crystallisation solution drop ratio. The
crystallisation solution did not contain any cryo-protecting compounds, so crystallisation
solution from the reservoir was used to dilute PEG 400 to a final concentration of 25%
v/v and the crystal was harvested from the crystallisation drop, soaked for 10 seconds in
the cryo-solution and flash cooled in liquid nitrogen (Garman and Schneider, 1997). The
crystal was tested on a MicroMax home source X-ray generator [Rigaku] equipped with
an Raxis IV++ detector [Rigaku]. Diffraction spots were observed to a resolution of ~2 A
(Figure 4.3.8), however it was not possible to index these data using Mosflm or XDS. The
single crystal obtained appeared to have defects that suggested that there were hollow
regions which could have resulted in poor quality diffraction, particularly when a wide

beam, as produced by the in house X-ray generator, was used. The diffraction image
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shown in Figure 4.3.8 was of poor quality and diffraction spots were smeared which most
likely inhibited indexing of these images. However, the images confirmed that this crystal
is formed of protein and not salt, due to the number of diffraction spots and the close
proximity of these reflections indicating a unit cell compatible with protein molecules. The

crystal was stored in liquid nitrogen and sent to Diamond Light Source synchrotron.

A B

7.39A 3.87A 276A 224A 195A

Figure 4.3.8 — Home source diffraction image of 630 PilA1A1-34. A: Diffraction im-
ages of the single crystal of 630 PilA1A1-34 (Figure 4.3.7) taken on a Rigaku 007 using a
Raxis IV++ detector. B: shows a zoomed in corner of the diffraction image contains diffrac-
tion spots to a resolution of ~2 A. These images were presented using the ADXV package
(http://www.scripps.edu/tainer/arvai/adxv.html).

4.3.2.2 Synchrotron data collection

Figure 4.3.9 — 630 PilA1A1-34 synchrotron crystal diffraction images. A: Test images
were taken at a central position along the crystal that appeared to contain fewer defects using
a 43 x 30 um beam (yellow circle). B: Smearing of diffraction spots was observed during
diffraction, as observed in Figure 4.3.8 but to a lesser extent.
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Diffraction experiments were performed by Dr Arnaud Baslé at the 104 beamline at
Diamond Light Source. Test diffraction images were taken at a central position along the
crystal (Figure 4.3.9A). Even though the crystal produced smeared diffraction spots, they
were still indexable to a resolution of ~1.7 A. The test images were indexed using Mosflm
(Battye et al., 2011) to determine the unit cell parameters and the spacegroup of the
crystal as P24242¢. The strategy function in Mosflm was used to calculate the optimum
starting position for data collection in this spacegroup. A highly redundant dataset was
collected over 200° with an oscillation of 0.1 ° per image.

The dataset was indexed using DIALS (Gildea et al., 2014) before scaling and re-
duction using Aimless in CCP4i (Evans and Murshudov, 2013; Evans, 2006); the data

collection statistics are summarised in Table 4.3.5.

630 PilA1A1-34

Resolution (A) 242.09 - 1.61
Wavelength (A) 0.97951
Unit cell dimensions

o

a, b, c(A) 28.89,54.67,242.09

o=B=y (°) 90.00
Spacegroup P2{2:24

Rmerge” 0.119 (1.421)

Total Reflections 345516
Unique Reflections 51272
I/ol 8.60 (1.6)

Mean intensity CC1/2 0.995 (0.607)
Completeness (%) 100.0 (100.0)

Table 4.3.5 — Table of crystal parameters of native 630 PilA1A1-34 crystals. The dataset
collected of PilA1A1-34 630 was indexed and integrated using DIALS. Values in parentheses
represent the highest resolution shell. *Ryerge = Y piy 2o |Li(RELD) — (L(hED) |/ > 2o Li(hED)
, Where I;(hkl) is the ith observation of reflection hkl and (I(hkl)) is the massed average
intensity for all observations i of reflection hkl.
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4.3.2.3 Molecular replacement and model building

The Matthews program (Matthews, 1968; Kantardjieff and Rupp, 2003) in the CCP4i suite
was used to determine the unit cell contents (Table 4.3.6), indicating that the highest
probability was three molecules in the ASU, with a 40% solvent content and Matthews
coefficient of 2.05 A3/Da.

Nmol/asym Matthews coef. (I:\3/Da) Solvent (%) P(1.65) P(tot)

1 6.15 80.03 0.00 0.00
2 3.08 60.05 0.10 0.33
3 2.05 40.08 0.90 0.66
4 1.54 20.11 0.00 0.00
5 1.23 0.13 0.00 0.00

Table 4.3.6 — Unit cell contents of native 630 PilA1A1-34 crystals. Table of the unit cell
content properties by number of molecules in the asymmetric unit.

Molecular replacement was carried out in the program MolRep (Vagin and Teplyakov,
2010) using the complete R20291 PilA1A1-34 model, cwith the 3 chains in the ASU but
without water molecules. MolRep was instructed to search for three chains in the ASU.
The phasing statistics from the MolRep solution were a final CC of 0.56 and contrast of
5.59 which indicated that the the phases were correct. A model was output by MolRep
that included 408 residues out of a possible 438 for three molecules of the 630 PilA1A1-34

construct.

4.3.2.4 Model refinement and validation

The model produced by MolRep was refined in Refmac5 against the native data of 630
PilA1A1-34. The initial round of refinement calculated an Ry 0Of 33.2% and Ry Of
39.2%. The model was inspected and compared with the electron density map in Coot
and manual refinement across all residues was carried out to improve the fit of the model
to the electron density. The sequence was verified manually. Water molecules were added
in Coot using the ’arrange waters’ tool and checked as previously described (Emsley et al.,

2010). Anisotropic B factors were selected since the data contained a number of unique
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reflections 6-fold greater than the number of atoms in the ASU (Merritt, 2012). Selection
of anisotropic B factors decreased the Ry« and Ry Values.

Further rounds of refinement were performed using Refmac5 and Coot. The models
output by Refmac5 were input into the MolProbity program to analyse model geometry and
identify residues that did not fulfil normal geometric ranges (Chen et al., 2010; Rossmann
and Arnold, 2001). MolProbity also identified Asn/GiIn/His residues that required flipping
to remove clashes, these were flipped and new coordinates output which were used for
further rounds of refinement.

Poor regions of density were present in all three chains between residues 70-85 in
which it was difficult to accurately model residue side chains. Moreover, backbone density
was missing in all chains for residue 71 (Asp), while in chain B no density was observed
between residue 71 and 74. Other problematic residues included the final 4 residues at
the C-terminal of chain C. To address the missing density, these residues were either
replaced with alanine or their occupancies optimised during automated refinement with
Refmac5 (Murshudov et al., 2011). Changes in the R,k and R Were negligible but a
small improvement in geometry was observed when these sides were mutated to alanine
and therefore the model containing alanine in substitution for these residues was used for
further refinement and analysis. After several rounds of refinement using these settings it
was not possible to improve the model statistics any further. The final refinement statistics
are shown in Table 4.3.7.

The 630 PilA1A1-34 model was submitted to the wwPDB validation server and a valid-
ation report was produced. The refinement parameters were compared with all structures
and structures of a similar resolution in the PDB (Figure 4.3.10B), which indicated that
there were problems with the 630 PilA1A1-34 model. Most striking is the poor Rge in
comparison to other structures. Analysis using Polygon also shows that the Ry Was in
the upper range for this resolution and in a R¢ee bin higher than the most common bin
(Figure 4.3.10C). Polygon did indicate that RMSD bond lengths and angles and average
B values were in average bins and the clash score was below average.

Overall these validation data show that the 630 PilA1A1-34 model is not the best
quality, however, further refinement and manual model adjustment does not improve the

model. The model reflects the observed diffraction data and includes regions of poor or
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Refinement statistics 630 PilA1A1-34

Rwork (%) 20.3
Riree (%) 26.8
No. of non-H atoms

No. of protein atoms 2964

No. of solvent atoms 141
RMSD

Bond angle (°) 1.5

Bond length (A) 0.01
Average B factor (A2) 22.9
Ramachandran plot, residues in

Most favoured regions (%) 97.7

Allowed (%) 2.0

Outliers (%) 0.25

Table 4.3.7 — Table of 630 PilA1A1-34 modelb refim;:-ment statistics. Refinement statistics
output by Refmac5 and MolProbity. R = Znitl P g |

hkl hkl

obs
EraF

missing density. This may be the result of poor quality data, which correlates to the im-
perfect diffraction patterns for this unique crystal, which could not be reproduced. Even
though the completeness and noise quality measurements of the collected data were
within an acceptable range (Table 4.3.5), the Rmerge Of the native 630 PilA1A1-34 data
was relatively high in the highest resolution shell (1.421) and inspection of the diffraction
images revealed diffractions spots that were smeared and not always well defined. The
data were collected using 100% beam transmission that may have resulted in radiation
damage to the crystal during the experiment and therefore the data at the end of the

experiment is not as high quality as the data at the start of the experiment.
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A All-Atom  |Clashscore, all atoms: 0.33 100™ percentile” (N=711, 1.61A + 0.25A)
Contacts Clashscore is the number of serious steric overlaps (> 0.4 A) per 1000 atoms.
Poor rotamers 2 0.60% |Goal: <0.3%
Favored rotamers 317 95.77% |Goal: >98%
Ramachandran outliers |1 0.25% |Goal: <0.05%
Protein Ramachandran favored (387 97.97% |Goal: >98%
Geometry  |MolProbity score” 0.63 100 percentile” (N=7200, 1.61A + 0.25A)
CB deviations >0.25A |2 0.53% |Goal: 0
Bad bonds: 0/2992 |0.00% |Goal: 0%
Bad angles: 0/4062 |0.00% |Goal: <0.1%
Peptide Omegas |Cis Prolines: 0/9 0.00% |Expected: <1 per chain, or 5%
B Metric Percentile Ranks Value
Rfree T 0.275
Clashscore I 0
Ramachandran outliers HE || TN 0.3%
Sidechain outliers I 0 0.9%
RSRZ outliers I 0 T 3.5%
Worse Better

I Percentile relative to all X-ray structures

[l Percentile relative to X-ray structures of similar resolution

l}MSD(angles)

Clashscore 1.49
0.000 2.56
0.334
13.690

)

R-work [EEEEN R-free

0.1092 0.1416
0.2080 0.2678
0.2570 0.2842

/ \

Ayezrage B IL!h!JIUSp(bonds)
24.0 0.014
34.2 0.026
Structure per bin:  [Jfj =0 =118 B =236

Figure 4.3.10 — 630 PilA1A1-34 model validation. Model geometry was analysed using
MolProbity (A) after each round of refinement to identify problematic residues. MolProbity
indicated that there were some problems with the model geometry including poor rotamers,
Ramachandran outliers and CB deviations (>0.25 i—\). The 630 PilA1A1-34 model statistics
were compared with other structures in the PDB using the wwPDB validation tool (B) and
the Phenix program Polygon (C). The wwPDB validation sliders (B) rank model statistics from
worse (red) to better (blue). Clashscore and side chain outliers are in the better region however,
the Ryee is worse (high) for a structure based on data of this resolution (1.61 A).
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4.3.3 Analysis of the PilA1A1-34 crystal structures

Figure 4.3.11 — R20291 PilA1A1-34 crystal structure model. A: Chain A of R20291
PilA1A1-34 represented in cartoon viewed from the predicted solvent exposed side. The
R20291 PilA1A1-34 contains structural regions associated with TFPa pilin protein, including a
long «-1 helix (dark blue) followed by a «- loop, that connects the long «-helix and anti-parallel
B-sheet (green). The variable D-region (cyan) contains a shorter o-helix, 10 residues long but
is largely loop. B: Three molecules were observed in the ASU of R20291 PilA1A1-34 shown
viewed from the C-terminal end of the «-1 helix.

The structure of R20291 PilA1A1-34 (Figure 4.3.11A) is typical of the TFPa pilins,
containing a long N-terminal o-helix («1), which is linked by an o-f loop to an anti-parallel
B-sheet (31-$2-83) which encapsulates the D-region containing a shorter o-helix («2) and
the rest of this sub-domain is largely formed of loop. As there are no Cys residues in the
PilA1 ORF, R20291 PilA1A1-34 lacks the disulphide bridge that delimits the D-region of
Gram-negative pilins.

The crystal structures of PilA1A1-34 from the C. difficile strains R20291 and 630 are
very similar (core RMSD: 0.7 A). As such the 630 PilA1A1-34 structure contains the same
structural elements as the R20291 structure. This is not a surprising result as the pilA1

open reading frames from these two strains are 91% identical, although the differences
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Figure 4.3.12 — 630 PilA1A1-34 crystal structure model. A: Viewed from the predicted
solvent exposed side, 630 PilA1A1-34 is also representative of a typical of TFPa pilin pro-
tein. The long «-1 helix (dark blue) that is linked to an anti-parallel 3-sheet (green) by an o-
loop. The variable D-region (cyan) contains the most sequence and structural divergence from
the R20291 PilA1 (Figure 4.3.13).B: Three molecules of 630 PilA1A1-34 were present in the
ASU and differ in C-termini residue conformation. Interestingly, the arrangement of the three
moleulces in the ASU is different to that seen in R20291 crystals.
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are restricted to the C-terminal region (Figure 4.3.13). Noticeable differences in these
structures are observed between residues 139-145 (between 34 and (35), where there is
an extended loop region in the R20291 structure and at the C-termini of the structures,
which diverge (Figure 4.3.13). The extended loop in the R20291 structure is the result of
a 3 residue insertion in the R20291 peptide sequence when aligned with the 630 peptide
sequence (4.3.13).

Both the R20291 and 630 structures contained three molecules in the ASU. As part
of the structure analysis, each of the coordinate files were submitted to the protein inter-
faces, surfaces and assembles (PISA) server (Krissinel and Henrick, 2007). PISA scores
interfaces between molecules using a complex formation significance score (CSS), 0.0
indicating no biological significance and a value of 1.0 for a significant complex formation
(Krissinel and Henrick, 2007). The CSS score can be used to assess whether molecular
interfaces are biologically significant or a product of crystallisation. A summary of the in-
terfaces detected by PISA are presented in Appendix B, in Table B.0.2 and Table B.0.3.
However, a salt bridge between Asp62 (chain A) and Lys96 (chain C) in R20291 PilA1
drew attention with an apparent interface surface area totalling 7% of the solvent access-
ible surface area of both proteins (Figure 4.3.14, Table B.0.2, ID 1). A number of hydrogen
bonding interactions were also predicted to contribute to this interface. Although the calcu-
lated solvation energy of the interaction had a P-value in chain C interface of 0.6, suggest-
ing the interface was a product of crystal packing, the solvation energy P-value for chain
A was 0.3 and suggested the interface on chain A could be biologically relevant. To test
this hypothesis, three point mutants of R20291 PilA1A1-34 were produced, D62A, K96A
and a double mutant D62A-K96A with the aim of attempting to crystallise them. However,
it was not possible to solubly express and purify these mutants, suggesting these residues
were important for protein stability.

Of the interfaces detected for the 630 PilA1A1-34 structure by PISA, none had a CSS
score greater than 0 and none of the interfaces observed in the R20291 structure were
seen in 630 PilA1A1-34. However, one interface was formed of two salt bridges Asp62-
C:Lys39-B and Glu80-C:Lys150-B, forming a complex of 630 PilA1A1-34, with molecules
aligned in the same orientation (Figure 4.3.15A/B) and with the polymerisation helix («-1)

on the same face (Table B.0.3, ID 4). The interface on chain C had a solvation energy P-
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Figure 4.3.13 — Comparison of R20291 and 630 PilA1A1-34 backbone structures. The
C-alpha backbone structures of R20291 and 630 were superimposed using SSM on chain A
of each structure (Coot). The core RMSD was 0.7 A. Structures are coloured by region: o-1
dark blue; o-B loop orange; 3-sheet (green); D-region (cyan). For clarity R20291 is coloured
and 630 is grey in panel A and 630 is coloured with R20291 in grey in panel B. The D-regions
of the R20291 and 630 PilA1 are most divergent (C). While the a-helix («2) within the D-region
of both R20291 and 630 is structurally conserved, there are differences in the loop structure
downstream of «2. In addition to these differences (A/B black dashed circle), five residues at
the C-terminus of 630 PilA1A1-34 extend away from the (3-sheet region, whilst in the R20291
structures this terminal region loops back towards the -sheet (red dashed circle).



Figure 4.3.14 — R20291 PilA1A1-34 interface. Interface analysis using PISA indicated a
possible interface between R20291 PilA1A1-34 molecules via a Asp62:Lys96 salt bridge (A/B
are view rotated by 180°). The Asp62:Lys96 residues were 2.9 A apart (C). The resulting
orientation of the two R20291 PilA1A1-34 molecules is unlikely to be compatible with filament
formation.

value of 0.6 and on chain B of 0.4, the overall P-value for the interface was 0.5 suggesting
that the interface could be a result of crystal packing. It was not possible to mutate these
residues within the scope of this work to test whether these residues were important, how-
ever, they should be the focus of future experiments. Interestingly, Asp62 in both R20291
and 630 structures were predicted to be involved in salt-bridges with different interfaces,
which suggests that these salt-bridges could be significant. However, there was also
no experimental evidence that either R20291 or 630 PilA1A1-34 formed multimers; dur-
ing size-exclusion chromatography only monomer species were observed (Figure 4.2.2A,
Figure 4.2.2E).
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\ 28 Lys150

Figure 4.3.15 — 630 PilA1A1-34 interface. Interface analysis with PISA defined an inter-
face between 630 PilA1A1-34 molecules that involved two salt bridges (Asp62:Lys39 and
Glu80:Lys150), which arranged both 630 PilA1A1-34 molecules in the same direction (A/B).
The Asp62:Lys39 were 3.4 A apart and the Glu80:Lys150 residues were 2.8 A apart. The
acidic residues were positioned at the C-terminal end of the «-1 helix (Asp62) and within the
o-B loop (Glu80), while the Lys residues in the other chain were positioned at the N-terminal
end of the «-1 helix (Lys39) and within the D-region (Lys150).

4.4 Discussion

4.4.1 Comparison of Major Type IV pili structures

During the course of this project, the structures of PilA1 from three strains of C. diffi-
cile were published (Piepenbrink et al.,, 2015), including R20291 (PDB: 4TSM, Figure
4.4.1A/B), NAP08 (PDB: 40GM) and CD160 (PDB: 4PE2) at resolutions between 1.7 A
and 2.3 A. These structures were of PilA1 that had been truncated to residue 26 and were
fused to maltose binding protein (MBP) at the N-terminus and were His-tagged at the C-
terminus. The MBP fusion was not removed prior to crystallisation and it appears in the
structures (Figure 4.4.1A). The sequence coverage in the Piepenbrink structures is the
same as observed in the structures presented in this chapter (residue 35-176).

The structures determined by Piepenbrink et al., were aligned with the R20291 and
630 structures determined in this chapter using the secondary structure matching super-
imposition (SSM) tool in Coot to calculate the core RMSD between them. All of these
structures are highly similar (within 1.0 A) with the exception of the CD160. Protein se-

guence conservation of PilA1 proteins across C. difficile strains varies; R20291, 630 and

155



Figure 4.4.1 — R20291 PilA1 structure determined by Piepenbrink et al. 2015. A: Three
copies of MBP-PilA1 (PDB: 4TSM) were present in the ASU of the R20291 structure determ-
ined by Piepenbrink et al., The MBP tags (grey ribbon) formed a trimer with PilA1 at the outer
edges (represented in cartoon). B: Chain A of MBP-PilA1 in cartoon representation show-
ing the o1 helix (dark blue), «-3 loop (orange), a 3-stranded [3-sheet (green) and the D-region
(cyan). C: The PilA1 structure by Piepbrink et al. 2015, (coloured) SSM superimposed onto
the R20291 PilA1A1-34 (grey) and displayed in ribbon format for clarity. The structures have
a core RMSD of 0.8 A. Small structural differences are observed in the o-B loop and D-region
which are highlighted by dashed circles.

NAPO8 are between 82-90% sequence identical (Figure 4.4.2C). PilA1 from the strain
CD160 has the lowest level of conservation of the C. difficile structures discussed here
(<70% sequence identity). The sequence variability in the pilA1 genes from these strains
is limited to the o-3 loop and D-region (Figure 4.4.2A/B). The D-region of TFPa pilin pro-
teins has been modelled on the surface of pilin filaments (Craig and Li, 2008; Piepenbrink
et al., 2014; Piepenbrink et al., 2015) and is widely recognised across many TFP pilins as
forming a pilin-surface interface (Miller et al., 2014). Therefore sequence variability is an
important property for cell-surface and host cell adhesion, particularly for pathogens such
as C. difficile and well studied examples including N. meningitidis (Szeto et al., 2011; Miller
et al., 2014). Meanwhile, the N-terminal region of the TFP contains a highly conserved
signal peptide sequence and polymerisation domain formed of an extensive «-helix (a1),
and as expected there is little structural or sequence divergence in this domain across
the C. difficile strains (Figure 4.4.2A/B). In addition to the conserved o1 helix, the 3-sheet

forming regions (residues 95-133 and 160-170) are also well conserved (Figure 4.4.2B).
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Figure 4.4.2 — PilA1 sequence conservation across C. difficile strains. A: R20291
PilA1A1-34 structure coloured by sequence conservation across R20291, 630, NAPO8 and
CD160. Green: 100% conservation; yellow: 50%; red: 0% conservation. B: The open reading
frames of pilA1 from R20291, 630, NAP08 and CD160 were aligned with ClustalO and the
structural domains annotated in Geneious. The sequences are most divergent in the o- loop
(orange) and D-region (cyan). C: Identity matrix of pilA71 from the R20291, 630, NAP08 and
CD160 strains. CD160 pilA1 is the most divergent of these C. difficile strains.



4.41.1 Structural similarities of Gram-positive TFP, Gram-negative TFP and pseudopil-

ins

The first structure determined of a Gram-positive TFP pilin protein was of Pild from C. diffi-
cile at a resolution of 1.98A (PDB:4IXJ) (Piepenbrink et al., 2014). PilJ is a minor pilin that
has been shown to interact with PilA1 in C. difficile along the pilin fibre in a ratio of 1:2000
Pild:PilA1 (Piepenbrink et al., 2014; Piepenbrink et al., 2015). The pilJ gene is not located
within the main or secondary TFP loci in C. difficile but is a remote satellite gene (Piepen-
brink et al., 2014). The N-terminus of Pild contained common TFP features including the
conserved signal peptide and a hydrophobic a-helix for pilin polymerisation, which were
truncated from the crystallised protein (Figure 4.4.3A). PilJ has two well defined domains
that each contain the commonly observed TFP structural features including a prominent
ol helix, o-B loop and B-sheet, while only the C-terminal domain contains a D-region (Fig-
ure 4.4.3A). Superposition of the C-terminal region of PilJ returned a core RMSD of 2.5
A (Figure 4.4.3B). These structures show that pilin proteins in C. difficile are formed of
conserved structural units (Figure 4.4.3B).

A search of the PDB using the peptide sequence of the R20291 (CD3355) and 630
(CD3513) PilA1 proteins retrieved the 2.3 A resolution structure of a full-length TFP pilin
protein known as PilE1 (PDB:2HI2) from Neisseria gonorrhoeae (Craig et al., 2006) that
shared 39% sequence identity with the C. difficile proteins (Figure 4.4.4A). The PilE1
structure represents mature TFP, including the complete hydrophobic N-terminal o-helix
responsible for pilin polymerisation that extends away from the globular element of the
protein. Superimposition of PilE1 and R20291 PilA1A1-34 showed the conservation of
structural domains in the headgroup of PilE1 (Figure 4.4.4B). Unlike the Gram-positive
TFP structures presented in this chapter, PilE1 contains a disulphide bond that delimits
the D-region.

The models of the R20291 and 630 structures were submitted to the PDBe fold (Krissinel
and Henrick, 2004) and the DALI (Holm and Rosenstrém, 2010) servers to identify sim-
ilar structures in the PDB. PDBe fold search using the R20291 model retrieved the 1.6
A structure of a truncated pseudopilin known as PulG (PDB:1T92) from a Gram-negative
bacterium, Klebsiella pneumoniae (Kéhler et al., 2004). Pseudopilins are part of the Type

[l secretion system (TIISS) which are similar in architecture to TFP and export pilin-like
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Figure 4.4.3 — Structure of C. difficile Pild. A: Cartoon representation of PilJ structure, the
N-terminal domain is shown in green and the C-terminal domain is shown in blue. There is
a loop missing between the B-strands that connect the two domains, as electron density did
not support model building in this loop region (Piepenbrink et al., 2014). A structural Zn?*
was found to be coordinated by three Cys residues (36, 81, 111, coloured green) in the N-
terminal domain, plus a single His (114, blue) residue from the C-terminal domain (shown in
stick representation) and was predicted to stabilise the interaction between the two domains
of PilJ. B: Superimposition of R20291 PilA1A1-34 structure and the N-terminal domain of the
PilJ structure (core RMSD: 2.5 A).
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Figure 4.4.4 — Cartoon representation of PilE1 from Neisseria gonorrhoeae and super-
imposition with R20291 PilA1A1-34. A: Cartoon representation of the full-length PilE1 from
Neisseria gonorrhoeae with intact N-terminal o-helix forming an oligomerisation domain with
other pilin proteins in the pilin fibre (Craig et al., 2006). B: Superposition of PilE1 (grey), exclud-
ing the residues 1-25 in the superposition calculation, with the R20291 PilA1A1-34 (coloured
by structural domain as in Figure 4.3.11) (core RMSD: 4.4 A).

units, however, they do not readily form filaments as observed in TFP (Korotkov et al.,
2012).

Superimposition using SSM of PulG with the R20291 PilA1A1-34 structure calculated
a core RMSD of 1.6 A. As observed in the TFP pilin structures determined in this work
and discussed here, the pseudopilin PulG contains the characteristic structural regions
observed (Figure 4.4.5B). Two molecules were observed in the ASU of the PulG structure,
where the C-termini were domain swapped and form an anti-parallel g-sheet with the three
pB-strands of the partner molecule (Figure 4.4.5A). The swapped C-termini coordinate a
Zn?* between them. The dimer form of PulG was only observed in crystal form and the
authors of the PulG structure concluded that the dimerisation was a crystallisation artefact
(Kéhler et al., 2004; Lewis et al., 2000).

Search results using R20291, 630 model and the DALI server returned a number of
TFP pilins and pseudopilins from TIISSs. The structures included the major pilins, TcpA
from Vibrio cholerae (PDBs: 10QV;3HRV) (Craig et al., 2003), CofA from Escherichia
coli (PDB:3S0T) (Lim et al., 2010) and PilS from Salmonella typhi (PDB:3FHU). The
TIISS structures included EspG from V. cholerae (PDB:4LW9) and GspG from E. coli
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Figure 4.4.5 — Cartoon representation of PulG and SSM superimposition with R20291
PilA1A1-34. A: Cartoon representation of a dimer of PulG from Klebsiella pneumoniae. The
C-termini of each molecule swap and form an anti-parallel 3-sheet with the other molecule in
what was likely to be a crystallisation artefact. B: SSM superimposition of PulG monomer and
R20291 PilA1A1-34, with a core RMSD of 1.6 A these proteins share 23% sequence identity.

(PDB:3G20) (Korotkov et al., 2009).

All of the structures discussed here have the commonly observed folds of TFP includ-
ing an N-terminal a-helix (o1), connected to a 3-sheet of at least 3 anti-parallel 3-strands
by an o- loop, the C-termini are formed of a structurally variable D-region. There are
clear similarities in the TFP proteins of Gram-positive proteins with the pseudopilins of
the Type Il secretion system in Gram-negative bacteria. These structures also contain
a disulphide bond between the p-sheet containing region and the variable D-region that
is observed in Gram-negative TFP (Giltner et al., 2012). Non-TFP pilins have been ob-
served in Gram-positive bacteria such as Streptococcus pyogenes that have pilins that are
covalently attached to the cell membrane and are non-retractable (Proft and Baker, 2009).
Structures of such Gram-positive pilins have revealed Ig-like structural domains (Proft and
Baker, 2009). Additionally, the pilin units in S. pyogenes interact via covalent iso-peptide
links that enable the formation of a strong helix (Kang et al., 2007). The determination
of TFP pilin structures from a Gram-positive bacterium has revealed structural conserva-

tion of the TFP secretion system and has shown that these structures in Gram-positive
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organisms are very different to the non-TFP Gram-positive pilins.

4.4.2 Major pilin filament formation

Models of filament formation have been proposed for the Gram-negative TFP of N. men-
ingitidis, N. gonorrhoeae and V. choleraee (Craig et al., 2003; Craig et al., 2006; Craig
and Li, 2008; Hartung et al., 2011). The models have been built using crystallographic
and NMR structures of the pilin proteins and electron-microscopy data of the overall fila-
ment structure to fit the pilin units (Craig and Li, 2008). Such models place the extended,
hydrophobic a-helix within the core of the filament, interacting with other pilin units via hy-
drophobic interactions. The soluble headgroups form the solvent accessible surface of the

filament and are responsible for interactions with surfaces (Figure 4.4.6).

Figure 4.4.6 — Neisseria TFP filament model. Adapted from Craig et al. 2006. N. gonnor-
rhoeae TFP filament model built by fitting the full-length crystal structure of PilE1 into the cryo-
EM density of the filament (Craig et al., 2006). This model also shows filament surface bound
molecules (green spheres: disaccharide Gal-DADDGIc; red spheres:phosphoethanolamine).

The structural similarity of the PilA1 structures from C. difficile to PilE1 and Tcp of N.
gonorrhoeae and V. cholerae, respectively enabled Piepenbrink et al. to propose a model
for PilA1 filament formation in C. difficile (Piepenbrink et al., 2015). In this model, they
observed a possible salt bridge between PilA1 units between Lys30 and Glu75 that was in
a similar position to a salt bridge observed in the TcpA filament model (Arg26:Glu83), pro-
posing that these two residues are important in pilin interface formation within the filament
(Figure 4.4.7A). Further, they determined that these residues were well conserved across
C. difficile strains and observed Lys and Glu residues within Pild in structurally similar po-

sitions (Figure 4.4.7B). Piepenbrink et al. produced charge reversing point mutants (K30E
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and E75K) of pilA1in C. difficile which abrogated the formation of TFP in these mutants.
Although a double mutant was also unable to produce TFP, they conclude this was due to

an imperfect recreation of the interaction (Piepenbrink et al., 2015).

Lys39 Lys150

Figure 4.4.7 — Piepenbrink et al. PilA1 filament model and 630 PilA1A1-34 interface.
Adapted from Piepenbrink et al. Possible PilA1 filament formation was modelled based upon
data of the V. cholerae TFP model (C). From the model they proposed that K30 and E75
formed a salt-bridge between PilA1 monomers within the filament (A) and this was structurally
conserved in Pild (B). Point mutants in C. difficile PilA1 that altered the charge at these residue
positions could not form TFP. Interface analysis of the 630 PilA1A1-34 structure highlighted
a possible interface between molecules in which they were arranged in the same orientation
(D/E).

Analysis of the PilA1A1-34 structures from R20291 and 630 determined in this project
using PISA did not reveal a salt-bridge in the positions proposed by Piepenbrink et al.,
2015. The structures we have determined have the advantage that they only interface
with other PilA1 molecules, unlike the Piepenbrink structures that also contain contacts
with MBP and as a result they are unable to observe inter-PilA1 contacts on all interfaces
of the PilA1 molecules. Moreover, analysis of the 630 structure determined an interface
that contained 2 salt bridges (Asp62:Lys39, Glu80:Lys150) and allowed the molecules
to be arranged in such a way that could be compatible with filament formation (Figure
4.4.7D/E). Further work is required both in vitro and in vivo to determine whether these

salt-bridges are significant in TFP filament formation.
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4.4.3 Comparison of protein structure determination methods

The methods used in this project and by Piepenbrink et al. in the determination of the
structures of PilA1 from a number of C. difficile strains have been quite different. Piepen-
brink et al. reported that an MBP fusion to PilA1 was required for solubilisation. They
excluded the first 34 residues of the open reading frames of all their PilA1 constructs, as
was the case in the constructs used in our project and His-tagged the construct at the
C-terminus. The His-tag of the PilA1A1-34 constructs used here were positioned at the
N-terminus and were non-cleavable, however, we did not experience any issues regarding
solubility of these constructs.

During structure determination Piepenbrink et al. were able to use the structure of
maltose binding protein to determine phases using Phaser and to build the PilA1 struc-
tures (Piepenbrink et al., 2015). Despite collecting high resolution data of R20291 PilA1A1-
34, it was not possible to calculate phases and an interpretable electron density maps us-
ing crystal structures of PilE1 as a search model (39% sequence identity). Since R20291
PilA1A1-34 crystals were readily reproducible, heavy atom soaking and experimental
phasing was pursued and it was possible to calculate phases from a Pb-containing de-
rivative crystal and determine the structure of R20291 PilA1A1-34 to a resolution of 1.65
A with good figures of merit (FOM: 0.71 ;CC: 77%). The refinement of the R20291 model
resulted in an Ry Of 14.6% and Ryee 0f 19.1%, which were slightly better (1%) than
those achieved by Piepenbrink et al. At the same time, phases were calculated using
Arcimboldo, a relatively recent ab initio phasing method that combines substructure de-
termination using alpha helical fragments using Phaser and density modification using
SHELXE (Millan et al., 2015). The final mapCC using Arcimboldo was 47.2%. Arcimboldo
traced 395 residues during ab initio phasing whilst Buccaneer built 411 using experimental
derived phases. The native dataset of R20291 PilA1A1-34 was of a high resolution (1.65
A), high completeness, low Rmerge and high I/cl and as a result was an ideal candidate
for ab initio phasing using Arcimboldo (Rodriguez et al., 2009). Even though the phases
provided by Arcimboldo were not used to build a model which was refined, Arcimboldo
provides a useful alternative to experimental phasing or molecular replacement that can

be biased by the search model if crystal data is of suitable quality.
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Chapter 5

Structural studies of minor pilin

proteins from Type IV pili in C. difficile

5.1 Introduction

Type IV pili (TFP) are fibre-like appendages that extend from the cell and provide the cell
with twitching abilities (Varga et al., 2006). The pili are predominantly formed by the major
pilin PilA1 (Chapter 4), however, they are also decorated with pilin proteins known as
minor pilins. C. difficile has three minor pilin genes in the major TFP locus: pilV, pilU and
pilK (Melville and Craig, 2013). Pilin units are formed of an N-terminal hydrophobic stem
that enables polymerisation and a C-terminal globular head-group that is on the exterior
of the pilin fibre. Mature PilU and PilV proteins are 166 residues and 178 residues in
length respectively, which is a similar size to the mature major pilin, PilA1 (164 residues)
(Maldarelli et al., 2014).

PilK differs from the other minor pilin proteins in that it is the only pilin protein in the
major locus that does not have a conserved pilin leader sequence. Glu5 is substituted
for Leu (Figure 5.1.1), and unlike the other pilins, the N-terminal residue of mature PilK
is Ala. At 500 residues, mature PilK protein is also much larger than the other pilins
discussed here. A single large minor pilin has been identified in the TFPa loci of a number
of Gram-positive and pseudopilin loci of Gram-negative species, and has been grouped
in the GspK family of proteins that have been shown to cap pseudopili in TIISS (Type |l

secretion system) (Korotkov and Hol, 2008).
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Figure 5.1.1 — Organisation of TFP proteins and signal peptide. The type-a N-terminal
signal peptide sequences of PilA1, PilV, PilK and PilU aligned using ClustalO. Residues are
numbered by their position in the mature pilin protein and bold residues are at least partially
conserved. The conserved Gly-1 at which cleavage by the pre-pilin peptidase PilD occurs is
highlighted in green. The first residue of mature PilA1 and PilU is Phe1 and is conserved
amongst TFPa proteins. Leu3 is conserved across all 4 pilin proteins. Glu5 is conserved in all
but PilK.

The specific roles of minor pilins within the TFP assembly are unclear, particularly in
Gram-positive bacteria. The functions of a number of TFP minor pilins in Gram-negative
bacteria have been identified, including DNA binding (Cehovin et al., 2013), cell-adhesion
(Helaine et al., 2005) and filament control (Szeto et al., 2011). Particularly interesting is
the role of PilK, which has a non-conserved signal peptide, and is three-fold larger than
the other minor pilins. A hypothesis for the role of PilK is as an initiator pilin unit which is
localised at the tip of the pilus (Melville and Craig, 2013).

The aim of the work in this chapter was the structural characterisation of the minor
pilins PilU, PilV and PilK. Some preliminary work into pilus assembly was also carried out

to understand whether PilU, PilV or PilK interact with the major pilin, PilA1.
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5.2 Expression and purification of minor pilins

All of the constructs used in this chapter were produced by Edward Couchman in Professor
Neil Fairweather’s group at Imperial College, London, as part of an ongoing collaboration.
The pilin signal peptide sequence, identified using PilFind (Imam et al., 2011), and the
N-terminal hydrophobic residues that form the polymerisation domain, were not included
in these constructs. The truncated open reading frames were inserted into the expression
vector pET-28a such that the expressed proteins were tagged at the C-terminal with an
uncleavable 6-His-tag, linked to the protein by a Leu-Glu linker.

The proteins were expressed in Rosetta Escherichia coli DE3 cells, as described in
Section 2.4. The expressed proteins were purified by nickel affinity purification followed by

size exclusion chromatography (SEC) using a calibrated Superdex 75 16/600 column.

5.2.1 PilV

The PilVA1-35 construct (pECC74) contained residues 36-189 of the open reading frame
from the pilV gene CD3508 (Figure 5.2.1A). Three peaks eluted from the SEC at peak
elution volumes of ~46, ~60 and ~71 ml and SDS-PAGE analysis showed that a single
protein that had migrated between the 15 and 25 kDa markers was present in all fractions
analysed (Figure 5.2.2B). The theoretical mass of PilVA1-35 is 19.1 kDa (ProtParam).
These results indicated that PilVA1-35 was able to form multimeric species as well as
a monomer. Elution of PilVA1-35 at volumes equivalent to 21 kDa and 52 kDa suggest
that the protein was present in monomer and dimer or trimer species, respectively. The
remaining peak eluted at the void volume of the S75 SEC column (46.5 ml), suggesting
that the sample contained protein aggregates or higher oligomeric states. There was no
indication that the protein was in a dynamic equilibrium between monomer and dimer
or trimer species, as would have been evidenced by a broader peak with a shoulder,
suggesting that the monomers and multimers are stable entities, given the timescale of
the analyses. The final yield of monomer PilVA1-35 was 4.5 mg/L cell culture and a dimer

yield of 2.3 mg/L cell culture.
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KKQQl | TDAQVNI NLI NKYLNRDLENCKELTKTGSGNNYEYNI EMPDNVVKY 94
| — —

EVSI ETKKNTEVYSVTRI QNNTI DTENEVREEI I YNQPLVQNNKEMKETPFK 146

E——) —— )] -
| EKQTGKSI YTVSI YYNESVQESHKNSNLNNKTYTFDVMSRI G. . ... ... 189
—> 3 ] )

Figure 5.2.1 — PilVA1-35 construct design. Open reading frame of pilV (CD3508), the pre-
dicted polymerisation domain is highlighted in black, the conserved Gly, Leu and Glu residues
of the pilin leader sequence are coloured red. PSIPRED secondary structure prediction is an-
notated below the peptide sequence. The limits of the PilVA1-35 construct are described by
the sequences highlighted in green, including a C-terminal 6-His-tag. The PilVA1-35 construct
has a calculated mass of 19.1 kDa (ProtParam)
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A PilVA1-35 SEC
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Figure 5.2.2 — PilVA1-35 purification. A: The UV trace from size-exclusion chromatography
(SEC) of PilVA1-35 (black) after initial nickel affinity purification. A Superdex 75 16/600 column
was used and the elution profile of molecular mass marker proteins are shown in grey. PilVA1-
35 elutes from the S75 column in two peaks at volumes equivalent to masses of 21.2 kDa and
52.2 kDa indicating the presence of monomer and dimer forms of PilVA1-35. A peak is also
observed at the void volume. B: SDS-PAGE of the injected sample and peak elution fractions
from SEC. Fractions from the void (44-45 ml), 52.2 kDa peak (56-60 ml) and 21.2 kDa peak
(68-73 ml) all contain a protein that has migrated to a distance equivalent to ~20 kDa.
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5.2.2 Pilu

The PilU construct excluded 33 residues at the N-terminus and is referred to as PilUA1-
33 (encoded on pECC73) (Figure 5.2.3A). A single elution peak was observed the S75
column used, at an elution volume equivalent to 19.1 kDa. The theoretical mass of PilUA1-
33is 17.4 kDa (ProtParam), indicating that PilUA1-33 was in a monomeric form in solution.

The final yield of pure PilUA1-33 was ~15 mg/L cell culture.

CD3507 - pilV MSKKNSER VLVAMAI MGI VLFAF 29

FNITINTNNKANTKNDTDI TSLNYVQSEI ENLREKI KSGE 68

FDFDSLDKLEDGTVVYEKLI DKSKKVVYDKVLSEGDVSL 107

IS = -

YDTPYEKI TTI KDEDGNLI DKGNI TNKI KTI VEDKSGAQI 146

» — — =
YKI TVTGKSMNDYSSKKEVKI VTEI FKDK. . . .. ... 175
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Figure 5.2.3 — :PilUA1-33 construct design. Open reading frame of pilU (CD3507), the pre-
dicted polymerisation domain is highlighted in black, the conserved Gly, Leu and Glu residues
of the pilin leader sequence are coloured red. PSIPRED secondary structure prediction is
annotated below the peptide sequence. The limits of the PilUA1-33 construct (pECC73)
are described by the sequences highlighted in green, including a C-terminal 6-His-tag. The
PilUA1-33 construct has a calculated mass of 17.4 kDa (ProtParam).
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Figure 5.2.4 — PilUA1-33 purification. A: The UV trace from size-exclusion chromatography
(SEC) of PilUA1-33 (black) after nickel affinity purification. A Superdex 75 16/600 column was
used and the elution profile of molecular mass marker proteins are shown in grey. PilUA1-33
elutes from the S75 column in a single peak at a volume equivalent to 19.1 kDa indicating
a monomeric species. B: SDS-PAGE of the injected sample and peak elution fractions from
SEC. Peak elution fractions contain a single protein that has migrated to a distance equivalent
to ~20 kDa.
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5.2.3 PilK
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Figure 5.2.5 — PilKA1-32 construct design. The open reading frame of pilK from the gene
CD3506 from strain 630 of C. difficile. The conserved pilin recognition residues are shaded
red, the non-conserved position of this sequence is outlined in red. The truncated hydrophobic
polymerisation domain is highlighted in black. Additional residues from the pET-28a vector
are aligned above the sequence and shaded in green, the arrow indicating where these insert
into the open reading frame of PilK to produce the PilKA1-32 truncation (pECC75) with a C-
terminal 6-His-tag. The theoretical mass of PilKA1-32 is 56.9 kDa. The PilK peptide sequence

has been annotated with PSIPRED secondary structure prediction (blue).

The truncated PilK construct, PilKA1-32 (encoded on pECC75) is illustrated in Fig-
ure 5.2.5. Two elution peaks were observed in the SEC (Figure 5.2.6C) and SDS-PAGE

analysis indicated the presence of PilKA1-32 in each peak (Figure 5.2.6D).Two signific-

ant bands were observed at migration distances equivalent to 55 kDa and 25 kDa.

The

band at 25 kDa was exclusive to fractions from the higher molecular mass peak. Compar-

ison with molecular mass protein standards suggested that the protein’s molecular mass
in these SEC peaks was 70.0 kDa and 120.9 kDa; the theoretical mass of PilKA1-32 is

56.9 kDa. Such an elution profile indicated the likely presence of monomeric and dimeric
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forms of PilKA1-32. The fractions from the two peaks, LMW (C, yellow shaded region)
and HMW (C, blue shaded region) were pooled separately and injected onto the SEC as
HMW and LMW (see Figure 5.2.7). Degradation of PilKA1-32 was also observed in the
SDS-PAGE analysis; more degradation or impurities were observed in the fractions from
the higher molecular mass peak than in the monomer peak. Intriguingly, a band at an
apparent molecular mass of 25 kDa is observed in the SDS-PAGE analysis of the higher
molecular mass peak, but not in the 70 kDa peak. To understand whether this apparent
degradation and oligomeric state were stable, the fractions from each peak were pooled
and reanalysed separately (Figure 5.2.3E/G). The pooled fractions of the higher molecular
mass peak resulted in a peak at an elution volume equivalent to 129 kDa and a similar
pattern of bands were observed in the SDS-PAGE. Meanwhile the low molecular mass
peak fractions resulted in an elution peak equivalent to 75 kDa, again indicating a mono-
meric species (Figure 5.2.7C). A shoulder was also observed on this peak at volumes of
a higher molecular mass, similar to the profile observed in Figure 5.2.3A. The SDS-PAGE
showed a decreased level of degradation and no clear bands ~ 25 kDa. The shoulder
contains protein of the same apparent molecular mass on SDS-PAGE as the monomeric
peak, suggesting that PilKA1-32 can form dimers.

To understand the content of the most significant bands observed in the SDS-PAGE
analyses, LC/MS/MS was performed on the ~55 kDa and ~25 kDa bands (Figure 5.2.7).
The use of LC/MS/MS enabled the isolation of specific peptides and subsequent identi-
fication of the proteins present in each band. The band at ~55 kDa contained residues
52-510, representative of 93 % of the peptide sequence of PilIKA1-32 (Figure 5.2.8B). The
band at ~25 kDa covered residues 52-211, representing the N-terminal region (32%) of
the peptide sequence of PilKA1-32 (Figure 5.2.8C).

The SEC and SDS-PAGE in Figure 5.2.6C/D suggested PilKA1-32 was present in
monomer and dimer species. Intriguingly, the SEC, SDS-PAGE and LC/MS/MS of the
HMW sample (Figure 5.2.8A) suggest that PilKA1-32 can form a stable interaction with its
degradation product, specifically the region between residues 52-211.

The final yields of the PilKA1-32 purifications were 8 mg/L cell culture of PilKA1-32
monomer (LMW) and 9 mg/L cell culture PilIKA1-32 HMW sampile.
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Figure 5.2.6 — PilKA1-32 purification. After lysis and clarification, PilKA1-32 was purified
using affinity purification by Ni-NTA chromatography (A), the cell extract, flow-through and peak
elution fractions were analysed by SDS-PAGE (B). The majority of PilIKA1-32 eluted from the
Ni-NTA column in 125 mM imidazole and a smaller quantity eluted in 250 mM imidazole. SDS-
PAGE showed the peak elution fractions from the affinity purification were impure. Further
purification by size-exclusion chromatography (SEC) (C) using a Superdex 75 column [GE
Healthcare] resulted in two elution peaks equivalent to 70.0 kDa (LMW: low molecular mass)
and 120.9 kDa (HMW: high molecular mass). The theoretical mass of PilKA1-32 is 56.9 kDa,
indicating the presence of monomer and dimer species in these peaks. The molecular mass
standards (grey) were thyroglobulin (670.0 kDa), -globulin (158.0 kDa), ovalbumin (44.0 kDa),
myoglobin (17.0 kDa) and Vitamin By, (1.4 kDa). SDS-PAGE of the elution peaks from the
S75 indicated impurities and degradation. Two significant bands were observed at migration
distances equivalent to 55 kDa and 25 kDa.
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Figure 5.2.7 — Analysis of PilKA1-32 MW species. The two significant peaks observed in
the SEC of PilKA1-32 (Figure 5.2.6C) were individually pooled and re-run on the SEC. The
samples were labelled HMW (blue shaded region, Figure 5.2.6C) and LMW (yellow shaded
region, Figure 5.2.6C). The HMW sample resulted in a single peak of 128.7 kDa and bands
were observed at 55 kDa and 25 kDa in the SDS-PAGE of the peak elution fractions (B).
The LMW sample (C) resulted in a single peak with a shoulder at lower volume edge. The
equivalent mass of the peak was 74.8 kDa and the shoulder was ~122 kDa. SDS-PAGE
analysis (D) showed the presence of a protein that had migrated at a distance equivalent to 55
kDa in the fractions of both the peak and shoulder. The molecular mass standards (grey) were

thyroglobulin (670.0 kDa), y-globulin (158.0 kDa), ovalbumin (44.0 kDa), myoglobin (17.0 kDa)
and Vitamin B> (1.4 kDa).
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Figure 5.2.8 — Sequence coverage of PilK fragments determined by LC/MS/MS. The two
significant bands (A) that migrated a distance equivalent to 55 kDa (1) and 25 kDa (2) were
excised and analysed by LC/MS/MS. The 55 kDa band (1) was shown to represent residues
52-510, the majority of PilKA1-32 (B, sequence in red). The 25 kDa band (2) was determ-
ined to represent residues 52-211 (C, sequence in red). The LC/MS/MS was performed and
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analysed by Dr Joe Gray, Pinnacle Laboratory, Newcastle University.
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5.3 Biophysical Characterisation of pilin proteins

To ensure that the recombinant proteins that were purified and subsequently crystallised
were correctly folded, circular dichroism (CD) scans, variable temperature CD spectro-

scopy and differential scanning fluorimetry (DSF) experiments were carried out.

5.3.1 PilVv

The CD spectrum of PilVA1-35 is presented in Figure5.3.1A, showing that PilVA1-35 is
folded. It was not possible to measure a CD spectrum below a wavelength of 195 nm
that did not cause high tension overload, despite adjusting the protein concentration. A
wavelength range of 260-190 nm is the minimum required for CD deconvolution using the
Dichroweb tools (Whitmore and Wallace, 2004). Therefore, quantification of the secondary
structure content in PilV using CD deconvolution was not possible.

The thermal stability of PilVA1-35 protein was also probed using CD spectroscopy at
220 nm and a melting temperature (Ty) of 64.5° C was calculated from the CD spectrum
in Figure 5.3.1B. The Ty, value was verified using differential scanning fluorimetry (DSF),
which calculated a melting temperature of 59° C (Figure 5.3.1C) - a value within 5° C of
the CD determined value.

Despite it not being possible to calculate the proportions of secondary structure, the
thermal stability assays show that PilVA1-35 is likely to contain secondary structure. If
PilVA1-35 did not, it is unlikely that protein would have a T, of ~60° C since intrinsicaly

disordered proteins cannot unfold.
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Figure 5.3.1 — CD spectroscopy and DSF of PilVA1-35. A: CD spectrum of PilVA1-35
measured between 240-195 nm at 20° C. The wavelength range of the scan was limited by the
sample quality and as such it was not possible to deconvolute the data. B: CD was measured
at 220 nm over a temperature gradient of 20-95°C (+1°C min™') and a T, of 64.5° C (dotted
line) was calculated from these data. C: Triplicate DSF were performed of PilVA1-35 during a
temperature gradient of 25-95°C (+1°C min™'). A T,y of 59° C was calculated.
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5.3.2 PilU

A CD spectrum of PilUA1-33 was measured (Figure 5.3.2A), however it was not possible
to measure a greater wavelength range than 240-195 nm. The limited wavelength range
meant it was not possible to deconvolute the data using the Dichroweb server (Whitmore
and Wallace, 2004). The spectrum contained minima at 220 and 208 nm indicating the
presence of alpha-helical structure. The thermal stability of PilUA1-33 was measured
using CD spectroscopy at 208 nm since the peak at this wavelength was better defined
than at other wavelengths (Figure 5.3.2B). A T,y value of 65.3° C was calculated from
these data. It was not possible to measure the T, of PilUA1-33 using DSF because there

was no change in fluorescence during the assay.
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Figure 5.3.2 — CD spectroscopy of PilUA1-33. A: CD scan of PilUA1-33 between 240-195
nm at 20° C, with features at 208 and 220 nm indicating the presence of a-helical secondary
structure. The limited range of the spectrum prevented deconvolution. B: CD was measured
at 208 nm over a temperature range of 20-95°C (+1°C min') and a T, of 65.3 (dotted line)
was calculated from these data.

The CD spectroscopy of PilUA1-33 did not conclusively show that the protein was well
folded despite the indication of the presence of secondary structure features. Moreover, it
was possible to observe a change in the ellipticity at this wavelength during a temperature

gradient indicating that the protein is at least partially folded.

5.3.3 PilK

Deconvolution of the PilKA1-32 CD spectrum (Figure 5.3.3A) using the CDSSTR al-
gorithm on the Dichroweb server (Whitmore and Wallace, 2004), revealed that PilKA1-32

179



contained 52% helix, 10% strand and 15% coiled residues. The proportions of secondary
structure calculated from the CD spectrum was similar to those predicted by the PSIPRED
secondary structure prediction server (Table 5.3.1) (Buchan et al., 2013). The CD spec-
trum and resulting deconvolution indicate that PilKA1-32 is a highly folded protein. CD
spectroscopy at 220 nm over a temperature range of 4-95° C revealed a clear unfolding
event at 70° C (Figure 5.3.3B). Interestingly, a weaker event may have occurred at 36° C
but was not significant enough to be described as an unfolding event. This minor even may
represent destabilisation of the interface between two domains within PilKA1-32 or that a
domain within PilKA1-32 is partially unfolded and only required a relatively small amount
of energy to result in the complete unfolding of a subdomain. While DSF of PilKA1-32, re-
affirmed the the significant unfolding event observed at 70° C using CD, it also revealed a
similar weak event at 36° C (Figure 5.3.3C). The minor event at 36° C, a relatively low tem-
perature, indicated that care should be taken in the purification and storage of PilKA1-32

protein and was a factor to consider in crystallisation experiments.

Helix (%) Strand (%) Coil (%) Disordered (%)
CDSSTR 52 10 15 22
PSIPRED 48 18 - 19

Table 5.3.1 — PSIPRED secondary structure prediction and deconvolution of CD spec-
trum of PilKA1-32. Deconvolution of the PilKA1-32 CD scan spectrum (Figure 5.3.3A) using
the CDSSTR algorithm calculated the secondary structure content described above. The av-
erage helix length was calculated to be 11 residues and average strand length ~5 residues.
The deconvoluted CD is similar to the predicted secondary structure content of PilKA1-32
calculated using PSIPRED, indicating that PilKA1-32 is folded.
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Figure 5.3.3 — CD spectroscopy and DSF of PilKA1-32. A: The CD spectrum of PilKA1-
32 was measured over a range of 260-190 nm at 20° C. The experimental data (black) and
reconstructed data (red) from CDSSTR strongly agree giving a high level of confidence in the
deconvolution results. B: CD was measured at 220 nm over a temperature range of 4°-95°C
(+1°C min™"). An unfolding event was observed at 70° C (dotted lines), resulting in a much
more significant change in ellipticity at 220 nm. A much smaller event may have also occurred
at 36° C. C: A significant unfolding event was observed in triplicate DSF data at 77£0.2° C,
although a small event was also observed at 36+0.5° C.
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5.4 Crystallisation of minor TFP

5.4.1 PilV and PilU

Sparse matrix crystallisation trials of PilVA1-35 and PilUA1-33 were conducted using
commercial crystallisation screens (Table 5.4.1). Many of these trials resulted in clear
drops and increasing the protein concentration had no effect. PilVA1-35 and PilUA1-33
contain 15 Lys (9%) and 23 Lys (15%) residues respectively, making them good can-
didates for lysine methylation in an effort to reduce the solubility of the proteins and aid
crystallisation (Figure 5.4.1). Even though lysine methylation changed the elution prop-
erties of the proteins in SEC, suggesting that the proteins had been methylated (Figure

5.4.1), crystals of these samples were not obtained.

Protein Sample Total protein Crystallisation Drop Drop
concentration screen ratio volume
(mg/ml)
PilVA1-35 9 Index, Structure, 1:1, 2:1 100 nl
Morpheus,
JCSG+
PilVA1-35 19 Index, Structure, 1:1, 2:1 100 nl
Morpheus,
JCSG+
PilVA1-35- 12 Index, Structure, 1:1, 2:1 100 nl
K(CH3) Morpheus,
JCSG+, PACT
PilUA1-33 10 Index, Structure, 1:1, 2:1 100 nl
Morpheus,
JCSG+
PilUA1-33 40 Index, Structure, 1:1, 2:1 100 nl
Morpheus,
JCSG+
PilUA1-33- 8 Index, Structure, 1:1, 2:1 100 nl
K(CHj3) Morpheus,
JCSG+, PACT

Table 5.4.1 — Table of PilV and PilU crystallisation trials. Total protein concentration, crys-
tallisation screens and drop ratio and volumes attempted in the pursuit of PilVA1-35 and
PilUA1-33 crystals.
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Figure 5.4.1 — Lysine methylation of PilVA1-35 and PilUA1-33. Lysine methylation was
performed on purified PilVA1-35 (A, purple) and PilUA1-33 (B, green) proteins. After the
reaction the proteins were purified by SEC using an S200 16/600 column. The peak elution
volumes of the lysine methylated samples (coloured curves) were compared to non-methylated
samples (black curves).

5.4.2 PilK

Sparse matrix crystallisation trials of both PilKA1-32 samples of monomer (Figure 5.2.7C/D)
and HMW (Figure 5.2.7A/B) were set up at 16 mg/ml and 10.5 mg/ml respectively. The
crystallisation screens probed were Index, Structure, Morpheus and JCSG+. Within 12
days of dispensing drops of the PilIKA1-32 monomer sample, micro-crystals of approxim-
ately 10-20 um across (Figure 5.4.2) had formed in 0.2 M MgCl,, 0.1 M Na/HEPES pH
7.5, 30% PEG 400. The crystals were identified as protein crystals using a UV-scope [Mo-
lecular Dimensions] (Figure 5.4.2B/C/D). The crystals were harvested using micro-mesh
crystal mounts with 10 um apertures (Figure 5.4.3A) and directly flash cooled in liquid ni-
trogen as the crystallisation condition contained a cryo-protecting compound (30% PEG
400). The crystals were then tested at the micro-focus beamline at Diamond Light Source,
124.

An intrinsic problem in using micro-mesh crystal mounts is the removal of mother li-
quor from the very small apertures. The liquid surrounding crystals contributes to the
background scatter during a diffraction experiment and data maybe lost if the diffraction
spots from the crystal are weak. New methods for the mounting of microcrystals were
trialled at Diamond Light Source, as work carried out during the internship included in this

PhD, are discussed in Appendix D and published in, Acta Crystallographica, section D
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(Warren et al., 2015). By wrapping the mounted crystal samples in X-ray invisible multi-
layer graphene, the mother liquor was drawn away from the crystals and the diffraction

quality of the crystals was improved (Warren et al., 2015).

Figure 5.4.2 — PilKA1-32 micro-crystals. PilKA1-32 micro-crystals of approximately 10-20
um across formed in 1:1 and 2:1 drops of PilKA1-32 crystals at 16 mg/ml in 0.2 M MgCly,
0.1 M Na/HEPES pH 7.5, 30% PEG 400 two weeks after dispensing. Crystals of such a size
were difficult to identify by light microscopy (A). Crystals were identified as protein crystals us-
ing a UV-scope [Molecular Dimensions] (B). Zoomed in (C/D), fluorescent crystals are clearly
observed.

Using grid scans to identify the location of the crystal on the mesh-mount, test diffrac-
tion images were taken of the crystals using a 10 x 10 um beam at 100% transmission.
The crystals diffracted to a resolution of ~7.5 A (Figure 5.4.3C). A dataset of 2000 images
over a total oscillation of 200° was collected from a crystal (Figure 5.4.3A/B) to determ-
ine the unit cell dimensions and spacegroup of the crystal. Automatic data processing
pipelines on the 124 beamline at Diamond Light Source, the Xia2 pipeline using DIALS
(Gildea et al., 2014) and 3dii (XDS) (Winter et al., 2013) suggest that the spacegroup of
the crystal is 144 3 2, with a large unit cell (a=b=c=~187 A, o=03,=y=90°) (Table 5.4.2).
DIALS indicated that there were useful reflections to a resolution of 6.8 A, however, the

Rmerge across the dataset at this resolution was high (>0.5) indicating the data were of
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Figure 5.4.3 — PilKA1-32 crystal diffraction. A: PilKA1-32 crystals supported by a 10 x 10
um aperture mesh crystal mount (crystals are highlighted in orange circles),. The beam size
was 10 x 10 um (red box). B: 2000 diffraction images were recorded over a 200° oscillation
of the crystal mount. The number of spots found (red) and resolution (blue) per image are
generated automatically in this DISTL plot (Zhang et al., 2006). The number of spots that fulfil
Bragg’s law per image are also given (green). C: A test image taken to confirm alignment of the
crystal within the X-ray beam and determine diffraction quality. The image represents a 0.5°
oscillation. Reflections are observed to beyond a 10 A resolution. D: The unit cell parameters
were used to calculate the Matthews coefficient and solvent content (48.8%) of the PilKA1-
32 crystal (Kantardjieff and Rupp, 2003). The graph shows the probability of a given solvent
volume (Vs) against the percentage solvent volume (Vs[%]). The probability of 1.0 for one
molecule in the ASU was calculated.



poor quality. The solvent content of the crystal and number of molecules in the asym-
metric unit were calculated using the Matthews coefficient (Matthews, 1968; Kantardjieff
and Rupp, 2003), indicating that there was one molecule in the asymmetric unit that has
a solvent content of 48.8 %. The low resolution of these data did not permit any further
processing or analysis. Using graphene based crystal mounting methods as trialled dur-
ing the internship at Diamond Light Source might also have resulted in improvement of
data quality. Optimisation of the crystals to produce larger crystals with greater diffraction

power was therefore pursued.

DIALS Xia2 3dii

Wavelength (A) 0.96858
High resolution limit (A) 6.81 7.66
Low resolution limit (A) 66.24 66.31
Completeness (%) 99.9 (100.0) 99.9 (100.0)
I/ol 7.5 (0.9) 10.2 (2.1)

Rmerge* 0.491 (6.102) 0.387 (2.382)
Unit cell dimensions:

o

a=b=c (A) 187.341 187.550
a=PB=y (°) 90 90
Spacegroup 14432 14,32

Table 5.4.2 — Automatic processing statistics for PilKA1-32 crystals. Automated data
processing pipelines at Diamond Light Source DIALS and Xia2-3dii successfully indexed and
integrated the PilKA1-32 crystal data. The indexing and integration statistics are shown above.
The pipeline processed the data to ~7 A. Statistics in the highest resolution shell are in par-
entheses. *Roerge = Y pir 2o 1 Li(RkL) — (I(hKD)) |/ > p 2o, Li(hkl) , where I;(hkl) is the ith
observation of reflection hkl and (I(hkl)) is the massed average intensity for all observations
i of reflection hkl.

Many attempts were made to reproduce and improve upon the initial crystallisation
hit of the PilKA1-32 crystals (Figure 5.4.2) and are summarised in Table 5.4.3. These
trials included varying the crystallisation temperature, using additives and micro-seeding,
as well as fine screening matrices around the original crystallisation solution. Crystal-
lisation temperature was a factored variable due to the apparent two-step unfolding event
observed by CD spectroscopy and DSF (Figure 5.3.3B/C)

Since there were no structures of homologous proteins in the PDB and PilKA1-32
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contained 13 methionines, a seleno-methionine preparation of PilKA1-32 protein was
prepared for structure solution by SAD (Figure 5.4.4). In addition, incorporation of seleno-
methionine into PilKA1-32 could have a positive effect on the crystallisation of the protein
and, possibly, could have produced better diffracting crystals. The final yield of SeMet
PilKA1-32 protein was 4.1 mg/L cell culture which was used in sparse matrix crystallisa-
tion screens and optimisation trials based upon the initial native hit at 16, 14 and 8 mg/ml
(See Table 5.4.3). Incorporation of SeMet into PilKA1-32 appeared to improve the stability
of the protein when compared with the native PilKA1-32 preparation (Figure 5.2.6 and Fig-
ure 5.2.7), since the significant N-terminal degradation product of ~25 kDa incorporating
residues 52-211 was not observed in this sample.

Despite the extensive crystallisation optimisation trials listed in Table 5.4.3, which in-
cluded ~10,000 crystallisation drops, it was not possible to obtain larger crystals of PilKA1-
32 or SeMet PilKA1-32.
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Figure 5.4.4 — Purification of SeMet PilKA1-32 protein. A: Chromatogram of SeMet PilKA1-
32 purified by SEC after nickel affinity purification. SEC was performed using an S200 SEC
column [GE Healthcare]. Two significant peaks eluted from the column at the void volume and
a volume equivalent to 65.1 kDa. The molecular mass standards (grey) were thyroglobulin
(670.0 kDa), y-globulin (158.0 kDa), ovalbumin (44.0 kDa), myoglobin (17.0 kDa) and Vitamin
B12 (1.4 kDa). B: SDS-PAGE analysis of the peak elution fractions from the SEC. Fewer impur-
ities and degradation products were observed in the SeMet PilKA1-32 SEC purification com-
pared with the native purification (Figure 5.2.6), specifically the degradation product observed
at 25 kDa by SDS-PAGE of native PilKA1-32 was not as significant in the SeMet PilKA1-32
purification.
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5.5 Inter-pilin interactions

To determine whether the head-groups of the minor pilins of PilV, PilU or PilK interacted
with the head-group of the major pilin PilA1 (Chapter 4), preliminary interaction studies
were performed. Surface plasmon resonance (SPR) was performed to identify interac-
tions using a PilA1A1-34 bound surface that was challenged with PilVA1-35, PilUA1-33
or PilIKA1-32. The PilA1A1-34 surface as also challenged with PilA1A1-34 protein to
probe self-interaction. The PilVA1-35, PilUA1-33 and PilA1A1-34 proteins bound non-
specifically to both the reference chip surface and the PilA1A1-34 bound surface. It was
not possible to optimise sample conditions to minimise non-specific binding within the
scope of this project. However, a specific interaction between PilKA1-32 and PilA1A1-34
was observed (Figure 5.5.1).

The Kp of the PilKA1-32:PilA1A1-34 interaction was calculated to be 13 uM. The
SPR indicates that there is a weak affinity between the PilA1 and PilK head-groups and
suggests that PilK could be located within the pilin fibre of the major pilin PilA1. The
constructs used here of all the pilin proteins lack the hydrophobic polymerisation domains,
which is expected to be required for the stable polymerisation of the pilin proteins into
a fibre-like assembly. Therefore, it is interesting that PilA1 and PilK are able to form an
interaction in the absence of the polymerisation domain.

Further experiments are required to confirm the data in Figure 5.5.1, including ortho-
gonal techniques such as isothermal titration calorimetry (ITC) and microscale thermo-
phoresis (MST).
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Figure 5.5.1 — SPR binding analysis of PilKA1-32 and PilA1A1-34. PilA1A1-34 was co-
valently bound to a CM5 sensor chip and PilKA1-32 was flowed across the PilA1 surface
through a concentration range of 2-225 uM. The saturation Kp, fit (B) of the change in response
units vs concentration determined a Kp of 13.3+4.9 uM. The sensograms for each PilKA1-32
concentration are shown in panel A.
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5.6 Discussion

5.6.1 Structural studies of minor pilins from TFP

During the course of this project it was only possible to obtain crystals of PilIKA1-32 and
not of the other minor pilins studied, PilVA1-35 and PilUA1-33. The micro-crystals of
PilKA1-32 had limited diffraction, most likely due to their very small size and as a result it
was not possible to obtain data that proved suitable for structure determination. Optimisa-
tion of the crystallisation conditions that produced PilKA1-32 crystals failed to reproduce
diffracting crystals and it was not possible to obtain larger crystals. Characterisation of
PilKA1-32 using CD indicated that the protein was well folded in solution. Even though
the thermal stability assays suggested that PilKA1-32 unfolded at 70-77°C, a small event
was also observed at the relatively low temperature of 36° C and it is possible this result
influenced the crystallisation of the protein. In addition, some degradation of PilKA1-32
protein was observed during purification, although it was possible to purify apparently
stable protein. The protein sample that did not contain significant degradation and eluted
as an apparent monomer from SEC yielded crystals. The behaviour of PilKA1-32 protein
observed in the experiments presented in this chapter suggest why an initial crystallisa-
tion hit was identified that was not subsequently optimisable to obtain larger, better dif-
fracting crystals or even reproduce the micro-crystals of PilKA1-32. It is possible that the
micro-crystals were a product of degraded PilKA1-32 or formed of a complex between
degraded and full-length PilKA1-32 protein. Improving the diffraction quality and size of
small crystals is highly challenging and in many cases micro-crystals cannot be improved
upon (McPherson and Cudney, 2014).

In addition to optimising the purification and crystallisation conditions for PilKA1-32, al-
ternative construct designs could have a greater crystallisation success. Such changes in
construct design could include changing the position of the 6-His-tag from the C-terminus
to the N-terminus of the construct or use removable tags. His-tags are intrinsically dis-
ordered and can hinder crystallisation success. Constructs designed around the degrad-
ation pattern observed during purification of PilKA1-32 (Figures 5.2.7 and 5.2.8) where
the degradation product was determined to include residues 52-211 of PilKA1-32 may

have greater stability and be more amenable to crystallisation. To understand whether the
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degradation products are significant, two constructs PilKA1-211 and PilKo41.512 would be
appropriate. The micro-crystals obtained of PilIKA1-32 may have been the product of de-
gradation at the protein termini, and to test this hypothesis, constructs that differ in length
by a small number of residues could identify crystallisable protein. Constructs with triplet
residue truncations at the N- or C-termini could aid crystallisation if terminal degradation
enabled the micro-crystals to form. Analysis of the full-length PilK peptide sequence using
the disorder prediction tool PONDR (Xue et al., 2010), reveals a region of 32 residues
(84-115) that are predicted to be disordered (Figure C.0.1). PilK constructs that exclude
this region such as PilKA1-115 could have greater overall order and be more amenable
to crystallisation.

Crystallisation of the PilVA1-35 and PilUA1-33 proteins was unsuccessful in the scope
of this project. Despite increasing protein concentrations and methylation of exposed lys-
ines, both PilVA1-35 and PilUA1-33 proved to be highly soluble and limited precipitation
was observed in crystallisation trials. Subsequent biophysical analysis of the PilVA1-35
and PilUA1-33 proteins using CD did not conclusively show that the proteins were well
folded in solution and it was not possible to deconvolute the data to calculate secondary
structure proportions. Further work is required to optimise the constructs and buffering
conditions of both PilV and PilU. The PONDR disorder prediction tool (Xue et al., 2010)
predicts that each of the proteins have a single region of disorder: PilV residues 109-
132 (Figure C.0.3); PilU residues 51-56 (Figure C.0.2). Constructs that do not include
these regions, for example PilUA1-56 or PilV35-109 may provide a better opportunity to
obtain crystals. Since the C-termini of the ORFs of both PilU and PilV are predicted to
be ordered, N-terminal His-tags maybe more appropriate, especially as the N-terminal
regions of these proteins have been truncated.

The identification of an interaction between PilA1 and PilK suggests that co-crystallisation
of the protein constructs presented in Chapter 4 and this Chapter could yield crystals. As
PilA1 is the ubiquitous pilin unit, co-crystallisation trials with PilU, PilV or PilK proteins
should be attempted in addition to PilK with PilU or PilV.

In the absence of crystals of the minor pilins studied here and thus structure models,
modelling was attempted using the Phyre2 (Kelley et al., 2015) and Swiss-Model tools
(Arnold et al., 2006; Biasini et al., 2014; Bordoli et al., 2009). Submission of the complete
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ORF peptide sequences of PilV, PilU and PilK to these model building tools did not result
in substantial models, however, the modelling tools identified potentially similar structures.
The PilV and PilU models resemble the long N-terminal a-helix (Figure 5.6.1) that forms
the polymerisation domains as observed in the PilA1 structures from C. difficile (Chapter
4) and TFP pilin proteins such as PilE1 from Neisseria gonorrhoeae (Craig et al., 2006)
and PAK pilin from Pseudomonas aeruginosa (Craig et al., 2003). The structure templates
used by the modelling programs are predominately pilin proteins in the PDB, PilU being
modelled upon PilA (PDB: 2M7G) from Geobacter sulfurreducens (Reardon and Mueller,
2013) in Swiss-Model while Phyre2 used PAK (PDB: 10QW) from P, aeruginosa (Craig et
al., 2003) as the major templates for PilU and PilV. Swiss-Model also used 1OQW as a
major template in the production of the PilV model. The coverage and confidence of the
PilV and PilU models and the templates that were chosen by the modelling tools suggest
that these proteins have similar structure to major Type IVa pilin proteins. However, it
seems both tools proposed models restricted to the long o-helix, characteristic of TFP
pilins.

The modelsof PilK covered only a small proportion of the sequence and have low con-
fidence scores meaning they are unlikely to be representative of the actual PilK structure.
Unlike the PilV and PilU models, the templates used by the modelling tools are not related
to TFP proteins and mostly include DNA binding or viral proteins. Structure modelling
does not give any greater insight into the structure or function of PilK, this is likely due to
the absence of apparent homologues of this protein.

It is interesting to note that while the templates for the PilV and PilU model include
major pilins in the PDB, neither Swiss-model or Phyre2 utilised the C. difficile PilA1 or
Pild structures available in the PDB (Piepenbrink et al., 2014; Piepenbrink et al., 2015).
PilA1 shares 16% identity and 9% identity with PilV and PilU, respectively, and are most
highly conserved at the N-terminus (residues 1-30). Pild shares 15% and 20% sequence
identity with PilV and PilU respectively. It is likely that the structure of the polymerisation
domain of the pilin proteins is conserved and sequence alignment and structure modelling
provides evidence to suggest this. However, differences between the minor pilin head-
groups and those observed in the PilA1 and PilJ proteins cannot be elucidated without

crystal structures of the minor pilins studied in this chapter or from a close homologue
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Figure 5.6.1 — Swiss model and Phyre2 models for PilV and PilU. A: PilU model (GMQE:
0.18) from Swiss-model covering residue 10-76. GMQE is a global model quality estimation
which reflects the accuracy of the model against the alignment and template and is scored
between 0 and 1. B: PilU model (confidence: 94%; coverage: 28%) from Phyre2 covering
residues 10-59. C: PilV model from Swiss-model (GMQE: 0.12) covering residues 12-62. D:
PilV model (confidence: 83%; coverage: 42%) from Phyre2 covering residues 12-90.
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such as Clostridium perfringens.
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5.6.2 TFP pilin assembly

Interactions between the head-groups of the minor pilins with the major pilin PilA1 were
investigated in this project and it was determined that the PilA1 and PilK head-groups
formed an interaction with a Kp of 13 uM. Previously Piepenbrink et al. had determined
an interaction between the PilA1 head-group and another pilin Pild with a Kp of 70 uM
(Piepenbrink et al., 2014). PilJ was also demonstrated to be localised in the pilin fibre
with PilA1 (Piepenbrink et al., 2015). The majority of the interactions between the pilin
proteins within the fibre is expected to occur via the hydrophobic polymerisation domain
which forms a hydrophobic core inside the fibre. The PilA1 and PilJ structures determined
by Piepenbrink et al. have been modelled in fibre assemblies (Piepenbrink et al., 2015)
based on the cryo-EM structure of PAK pilin (Craig et al., 2003). In the modelled fibre,
the truncated polymerisation domains of PilA1 and PilJ were modelled (Figure 5.6.2).
The protein molecules were organised in such a way that the hydrophobic polymerisation
domains formed the core of the fibre, the N-termini of the proteins pointing towards the
base of the fibre (Figure 5.6.2A). Where PilJ was added, the larger protein provided a
more bulky head-group (Figure 5.6.2B).

The identification of an interaction between PilA1 and PilK is interesting due to the
unknown role of the PilK minor pilin within the fibre. It has been hypothesised that PilK is
similar to the GspK family of proteins from the TTIIS system that forms a cap on the end
of the pseudopilus (Korotkov and Hol, 2008). If indeed PilK plays this role, it is likely that
the protein interacts with the head-group of PilA1, since the head-groups are positioned
at the top of the filament (red block, Figure 5.6.3). Even though PilK is predicted to have a
polymerisation domain that will anchor the protein into the core of the filament, the head-
groups of several PilA1 units are likely to be exposed at the top of the filament. As PilK is
much larger than the other minor pilins, it may be large enough that it interacts with more
than one PilA1 unit to completely cap the end of the filament. Further investigation of the
PilA1 interaction with PilK could be conducted with more limited PilK constructs (PilKA1-
211 and PilK»11.512 for example) than have been used here, to enable identification of the
interaction domains. Truncations of the PilA1 head-group designed in a similar manner
would enable identification of the domain interacting with PilK.

While PilA1 is the major pilin unit, PilJ and PilV have been identified on the surface
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Figure 5.6.2 — Model of C. difficile fibre assembly using PilA1 and PilJ. Adapted from
Piepenbrink et al., 2015. PilA1 is structurally similar to the Vibrio cholerae major pilin TcpA
of which an electron microscopy model of the filament has been produced (Craig et al., 2003;
Lim et al., 2010). Based upon the model of the V. cholerae TFP filament, Piepenbrink et al.
were able to fit their PilA1 structure within the electron density to produce a model of a filament
formed exclusively of PilA1 (A) and with PilJ present (B).
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of C. difficile, it is not unreasonable that PilK may also interact with these proteins and

potential interactions between the head-groups of Pild, PilV and PilU with PilK should also
be probed.

Tip of pilus

.
’
f
/

To Cell

Figure 5.6.3 — Predicted organisation of TFP filaments. The TFP filament is predominantly
formed of PilA1 units (blue) with the minor pilins, PilV (grey), PilU (green) and PilJ (orange)

interspersed along the pilin filament. PilK (red) is predicted to sit at the end of the filament as
a filament cap.

5.6.3 The role of minor pilins

As PilA1 forms the bulk mass of the TFP pilin fibre in C. difficile (Piepenbrink et al., 2015),
the exact role of the minor pilins in C. difficile is yet to be elucidated. Minor pilins feature
in many TFP loci of both Gram-positive and Gram-negative bacteria, and in the latter the
function of some minor pilins has been determined. Minor pilins have been studied extens-

ively in the Gram-negative pathogen, Neisseria meningitidis and their functions include the
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ability to bind DNA (Cehovin et al., 2013), host-cell adhesion (Helaine et al., 2005; Helaine
et al., 2007) and extension/retraction of the pilin filament (Szeto et al., 2011). N. meningi-
tidis has Type IVa pili genes and therefore the same signal peptide as observed in C.
difficile (Craig and Li, 2008). It is recognised that the minor pilins are accessory pilin units
in the fibre and can provide TFP with secondary functions (Melville and Craig, 2013).

Modelling of PilV and PilU (Subsection 5.6.1), and sequence conservation at the N-
terminus suggests that these proteins follow the structural paradox of TFP pilin proteins
of an N-terminal hydrophobic stem that is involved in forming the core of the pilin subunit.
The PilV and PilU proteins are similar in size to the major PilA1, suggesting conformity
in the pilin units that form the fibre. PilV expressed from the locus known as CD3507
(previously described as PilA) has been observed on the surface of C. difficile strain 630
cells in infected hamsters, indicating the presence of PilV pilin units within TFP fibres
(Goulding et al., 2009).

The function of the largest minor pilin unit, PilK, is the most curious. In many species
that express Type IVa pilins, a single larger minor pilin gene is located in the major loci,
amongst minor pilin genes (Melville and Craig, 2013). Unlike the rest of the pilin proteins
in these loci, they do not conform to the TFPa signal peptide and have a hydrophobic
residue at the position where glutamate is usually conserved. Additionally, in Clostridia,
the N-terminal residue of mature TFP is not phenylalanine but an alanine residue. This
phenomena is also observed in TIISS and loci encoding pseudopilins in Gram-negative
bacteria, these large minor pilins have been named the GspK family and are also observed
in TFPb systems (Melville and Craig, 2013). The structure of a GspK pseudopilin from the
E. coli TIISS was determined in complex with two other pseudopilins (Gspl and GspJ)
that form a pseudopilus (Figure 5.6.4A-C) (Korotkov and Hol, 2008). All of the proteins
in the GspK complex have the o-f fold that is observed in many pseudopilins and TFP
proteins such as PilA1 and PilE (Figure 5.6.4) (Forest, 2008). In addition, GspK also has
a large a-helix flanked by two p-strands as is observed in the major pilins (Forest, 2008).
The complex formed a quasi-helical structure that could form the tip of the pseudopilin.
The sequence identity between E. coli GspK and C. difficile PilK is 17%. However, the
similarity of the larger size, consistent differences in signal peptide sequence and position

in their respective loci across TFP and TIISS/pseudopilin loci suggests that the role of PilK
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could be to cap the pilin fibre.

Figure 5.6.4 — Comparison of GspK, GspK-I-J complex, PilE1 and R20291 PilA1 struc-
tures. The crystal structure of E. coli GspK (A), a TIISS pseudopilin. The o-helix 1 is coloured
dark blue, the a-3 region is coloured orange and conserved [3-strands are coloured green. The
D-region or variable region is coloured in cyan. The structure of GspK was determined in com-
plex (B) with Gspl (C, blue) and Gspd (C, purple). For comparison the structures of PilE1 (D),
R20291 PilA1 (E) and the pseudopilin PulG (F) are also shown (Craig et al., 2006; Kéhler et
al., 2004).

The structure of GspK suggests that the larger pilin could have a larger D-region that
could enable the tip of the fibre to have greater variability. In an attempt to find any in-
ternal repeats within PilK, both the PilK and GspK peptide sequences were submitted to
Radar, an internal repeat search tool (Heger and Holm, 2000; Goujon et al., 2010). Radar
revealed three possible internal repeats within PilK between 61 and 88 residues in length.

Interestingly, despite the internal repeats not being highly conserved (16-23% identity),
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the class of side chain was more conserved (Figure 5.6.5). GspK was found to contain 2
internal repeats of an average length of 113 residues and shared 25% sequence identity
(Appendix C, Table C.0.4).

1 10 20 30 40 50
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Figure 5.6.5 — Alignment of PilK internal repeats. Radar detected internal repeats between
residues 54-115, 121-209 and 217-301 within PilK. The repeats contain conserved amino acid
types at positions highlighted in black (A). The identity distances between these repeats are
between 16 and 23% (B).

The TFP of Gram-positive must pass through the thick peptidoglycan layer. In Gram-
negative bacteria the pilin fibre passes through the peptidoglycan layer in the periplasm
and through the outer membrane via a series of channels formed of proteins known as
PilQ (Martin et al.,, 1993; Chang et al., 2016). No proteins have so far been identified in
the TFP expressing Gram-positive bacteria that may form a secretion channel through the
peptidoglycan layer. If positioned at the tip of the pilin filament, PilK maybe required for
forcing the filament through the peptidoglycan layer.

To test whether PilK is indeed at the tip of the pilin fibres in C. difficile and the other
minor pilins in the fibre, in vivo experiments are needed. Labelling of the pilin proteins with
fluorescent tags and conducting single molecule fluorescent experiments to verify incor-
poration of pilin units within the fibre and to quantify the ratio of different pilins could be
carried out. Electron microscopy could be used to identify immunogold antibody labelled
pilin units using specific antibodies raised against individual pilin units, this technique has
been successfully utilised to quantify the incorporation of PilJ into PilA1 filaments (Piepen-
brink et al., 2015). Methods to control the expression of TFP fibres in C. difficile using

cGMP have been developed could be advantageous for such localisation experiments
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(Bordeleau et al., 2015).
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Chapter 6

Discussion

A major hospital associated pathogen, C. difficile still represents a significant challenge
in the healthcare setting. Increasing resistance to antibiotics that are commonly used to
treat C. difficile infection (CDI) is a problem and novel therapeutics are now being sought.
In order to achieve this, basic understanding of the C. difficile life cycle must be acquired.
Sporulation and colonisation are two important pathogenicity associated traits that are still
poorly understood. The C. difficile spore is a highly resistant dormant cell type that is the
infective agent of CDI and enables the spread of infection. Colonisation is the stage of
the cycle during which C. difficile populates the host gut and produces enterotoxins that

cause the clinical symptoms of infection which can in some cases result in fatality.

6.1 The C. difficile SpollQ:SpolllAH sporulation complex

The SpollQ:SpolllAH complex is required for the engulfment of the forespore by the
mother cell during sporulation. SpollQ, located in the forespore, and SpolllAH, in the
mother cell, form a bridge between the two cells and are predicted to provide a commu-

nication mechanism that enables coordination of sporulation gene expression.

6.1.1 Aims and outcomes

The aims of the work on the SpollQ:SpolllAH complex presented in this thesis were the

in vitro biophysical and structural characterisation of the individual proteins and their com-
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plex from C. difficile. SpollQ contains a conserved LytM domain that includes signature
metal coordinating motifs. It was shown that these conserved motifs did indeed coordinate
a Zn2*, as observed in active LytM proteins. Surprisingly, it was determined that regard-
less of whether Zn2* is required for catalytic activity of SpollQ, presence of the metal ion
was essential for the formation of a stable 1:1 complex between SpollQ and SpolllAH in
vitro. This result complemented our collaborator’s work that showed that a spo//Q mutant
incapable of binding Zn2*, formed fewer and less stable complexes with SpolllAH, than
those formed by wildtype SpollQ (Serrano et al., 2015). This was a different behaviour
that had not been observed in the SpollQ:SpolllAH complex from B. subtilis that has been
extensively studied but does not have metal binding capabilities.

As the basic understanding of the sporulation pathway has increased over the past 4
years, it has become clear that although many of the sporulation expressed proteins and
their regulators are conserved across the Bacilli and Clostridia, the exact mechanisms
are not. The Clostridia represent an older genera of the Firmicutes than Bacilli and it has
been hypothesised that Bacilli have evolved a more complex sporulation pathway. It is
possible that the conserved LytM domain of C. difficile SpollQ represents a now arcane
function but the Zn%* binding capability is conserved in this bacteria as it is required for

stable complex formation.

6.1.2 Future outlook: SpollQ:SpolllAH

The role of the Zn?* bound to SpollQ in the C. difficile sporulation complex is still not
completely understood. Further studies on the potential endopeptidase activity of SpollQ
are required to determine whether the metal has a dual role or is exclusively a structural
requirement. Understanding of the exact SpollQ:SpolllAH complex interface is lacking
in relation to why the Zn2+ is required for complex stabilisation. It is hypothesised that
the metal ion stabilises the formation of secondary structure in SpollQ at the interface
required for SpolllAH binding, which otherwise forms a predicted disordered loop. In-
deed, C. difficile SpolllAH was shown to be compatible with B. subtilis SpollQ but not vice
versa, indicating that the SpollQ binding interface of C. difficile SpolllAH is similar to that
observed in B. subtilis. Further structural studies are required to understand the exact

structural mechanism of Zn2* binding in SpollQ, using techniques such as NMR or X-ray
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crystallography should crystals of the complex become obtainable using new constructs.

The SpollQ and SpolllAH proteins are membrane anchored proteins with N-terminal
transmembrane domains, whilst the work presented in this thesis was conducted using
SpollQ and SpolllAH constructs that lacked these regions. Membrane anchoring may
change the biophysical properties of these proteins and it is therefore important to study
them in this context. Thus far there is no data from either C. difficile or B. subtilis regarding
the predicted self-polymerisation of the SpollQ or SpolllAH proteins. Assembly models
have so far been based on the sequence similarity of SpolllAH with the Type Il secretion
protein EscJ.

Optimisation of membrane purification of full-length SpollQ and SpolllAH should be
carried out. This would enable experiments such as SEC-MALLS to determine the oligo-
meric state of these proteins, binding studies of SpollQ vs SpolllAH, in which the pres-
ence of the N-terminal region could have an as yet unknown effect, and electroporation
experiments to ascertain whether full-length SpollQ and SpolllAH can form pores and
to determine the size of such assemblies. In vitro formation of the SpollQ:SpolllAH as-
sembly may also provide a mechanism to test the transport of potential substrates such as
proteins, small molecule metabolites or DNA, as their exact nature is currently unknown.

Although membrane proteins are substantially more challenging crystallisation targets
than soluble proteins, full-length SpollQ and SpolllAH may prove more amenable. Failing
crystallisable targets, if full-length SpollQ and SpolllAH can form assemblies of at least
several molecules, they would be suitable for structural studies using cryo-electron micro-
scopy which would provide valuable information regarding the SpollQ:SpolllAH complex
assembly.

Finally, in vivo studies in C. difficile have suggested that the SpollQ:SpolllAH complex
does not act alone during engulfment of the forespore. Interaction with another sporulation
complex, the SpolIDMP machinery, which is predicted to have endopeptidase activity, ap-
pears to be recruited by the SpollQ:SpolllAH complex to the engulfment septum (Serrano
et al., 2015). Such association of the SpollQ:SpolllAH and SpolIDMP complexes could
be important for the proper peptidoglycan and membrane processing during engulfment.
Also, SpolllAH is the final gene in the 8 gene spolllA operon, which includes membrane

proteins and a predicted ATPase. It has been predicted that some of the spolllA expressed
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genes may be required for the regulation of the SpollQ:SpolllAH complex from the mother
cell side. In vitro characterisation of both the SpolIDMP proteins and products of the
spolllA operon should be carried out and possible interactions of these proteins with the
SpollQ:SpolllAH should be investigated. Indeed, interaction of one or more of the spolllA
products could stabilise the SpollQ:SpolllAH complex and provide a more amenable crys-

tallisation target than SpollQ and SpolllAH alone.

6.2 Type IV pilins in C. difficile

Type IV pili (TFP) have only relatively recently been identified in Gram-positive bacteria,
including C. difficile. So far characterisation of the expression, function and structure of
TFP in C. difficile is at an early stage. However, this early work and their apparent similarity
to pili that have been extensively characterised, suggests that TFP may play an important

role in C. difficile colonisation, biofilm formation and virulence.

6.2.1 Aims and outcomes

The work on TFP in this thesis aimed to determine the crystal structures of the major
and minor pilins and determining potential interactions between the major and minor TFP
proteins beyond the polymerisation domain.

The structure of the major pilin, PilA1, was determined from two C. difficile strains, the
630 lab strain and the hyper-virulent R20291 to 1.6 A and 1.7 A, respectively. The PilA1
structures were determined to be highly similar and the most significant structural vari-
ations were observed in the sequence variable D-region which is predicted to be exposed
on the surface of the pilin filament. The structures also shared the common features of
type-a pilin proteins as had been determined from Gram-negative species including a pre-
dominant o-1 helix, o-3 loop, 3 stranded anti-parallel 3-sheet, and the variable D-region.
However, PilA1 lacks any Cys residues and therefore the D-region was not delimited by a
disulphide bridge. PilA1 is unusual in this aspect as this is a common feature of not only
TFP but many other pilin proteins.

During the course of this work, the crystal structure of the PilA1 from R20291 and two

other strains was published by Piepenbrink et al. and although the structure determination
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methods varied considerably, the structure of the R20291 PilA1 monomer was essentially
the same (Piepenbrink et al., 2015). However, Piepenbrink et al. determined the struc-
ture of MBP-PilA1 fusions, whilst our structures contained no fused tags, allowing us to
observe PilA1 trimers which provide possible PilA1 interfaces. In particular, the 630 struc-
ture formed an interface that could be compatible with PilA1 assembly in the pilin filament.

Pilins have been shown to interact via their o-1 helix, a hydrophobic helix that forms a
polymerisation domain but it is also recognised that the head-groups of the pilin proteins
will be in contact within the filament. Therefore, interactions between the head-groups of
the major pilin, PilA1, and the minor pilins, PilV, PilU and PilK were probed. An interaction
was identified between PilA1 and PilK with an Ky of less than 20 uM. While PilV and
PilU are ~17 kDa in mass and contain the conserved signal peptide, PilK is almost 3-fold
greater in mass and contains a Glu-Leu substitution within the signal peptide. The function
of PilK as a minor pilin is currently unknown, however, it has been hypothesised that PilK
may form a cap and in this role it is likely that PilK could interact with the headgroup of
PilA1.

6.2.2 Future outlook: Type IV pili

Determination of the structures of the minor pilins will provide insights into their function
and possibly into their assembly within the C. difficile pilin filament. In particular, optim-
isation of PilK crystals and structure determination would provide significant information
as there are no homologues or domain information available. An interesting feature of the
PilK peptide sequence is that it contains three internal repeats, which could represent re-
peating structural domains. A proposed homologue of PilK, the pseudopilin GspK, which
contains repeating structural domains, is also proposed to form the cap of the pseudopilus
(Forest, 2008; Korotkov and Hol, 2008; Melville and Craig, 2013). No structures of filament
cap proteins from any TFP expressing species currently exist and therefore PilK repres-
ents an important and novel structure target. Work is now ongoing to fluorescently label
PilK in C. difficile in an attempt to determine the localisation pattern of PilK and confirm
the hypothesis that it caps the filament.

The PilA1 structures share significant structural homology with the PilE1 and TcpA

structures from Neisseria gonorrhoeae and Vibrio cholerae. The structures of the TFP
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filaments from these species have been determined and the crystal structures modelled
within them. Considering the similarities between PilA1 and these structures, it is likely
that C. difficile forms pilus filaments which are also structurally similar. The filaments of
the Gram-negative bacteria were constitutively expressed and isolated for cryo-EM ex-
periments. This is currently a challenging aim in C. difficile despite the identification of
pathways, such as c-di-GMP, that control TFP expression. In the mean time, in vitro char-
acterisation of possible interactions between the head-groups of the major and minor pilins
will give information on filament formation.

Potential biological interfaces were identified in the crystal structures of the PilA1 pro-
teins presented here. While there was no experimental evidence that PilA1 could form oli-
gomeric states greater than monomers, point mutations that remove or reverse the charge
polarity of possible salt-bridge forming residues should be produced and purification at-

tempted to assess protein stability and probe formation of high order states.

6.3 Final remarks

The work presented in this thesis provides new insight into the basic mechanisms of spor-
ulation and colonisation of C. difficile. These stages in the life cycle of C. difficile represent
important pathogenicity factors. Understanding of these areas has so far been limited
and represents potential new routes towards the control and treatment of C. difficile infec-
tion. This work extends our knowledge of these processes and can be the basis for future

development of such strategies.
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Appendix A

SpollQ:SpolllAH complex in

Clostridium difficile
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Figure A.0.1 — 1-D NOESY NMR spectra of sQ and sAH. 1-D "H NMR NOESY spectra of
sQ (A) and sAH (B) were collected using a 500 MHz INOVA NMR [Agilent] magnet at the
Astbury Centre, University of Leeds. For water suppression, double pulsed field gradient spin
echo (DPFGSE) pulse sequence was used. The regions at 6.5-9.2 "H/ppm, 3.2-6 'H/ppm and
-1-1.2 "H/ppm represent the backbone N-H, o-H and methyl H-protons respectively. These
spectra show that sQ and sAH contain structured elements but are not representative of highly
folded globular proteins. The negative peak at 4.7 "H/ppm represents the suppressed water
signal.
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Figure A.0.2 — SEC purification of sQH120S, A: Size-exclusion chromatogram of sQ"120S
which eluted from the SEC at a mass equivalent to 40.1 kDa of the wildtype sQ (Figure 3.2.4A).
The UV elution profile of molecular weight standard proteins is shown in grey and each peak is
labelled with the mass of these standards. The molecular weight standards were thyroglobulin
(670.0 kDa), y-globulin (158.0 kDa), ovalbumin (44.0 kDa), myoglobin (17.0 kDa) and Vitamin
Bi2 (1.4 kDa). B: SDS-PAGE of uncleaved Q11295 (1), the sample loaded to SEC (3) and peak
elution fractions (4-12) showing the protein was stable and pure.
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Figure A.0.3 — Nickel binding analysis of sQ and sQ"'20S py ICP-MS. A: 10 uM sQ was
incubated with either 1 mM EDTA or a 5-fold excess of ZnCl, before injection on to an S200
10/300 GL Increase column. A 10 uM sample of sQ was left untreated and also applied
to the column. Fractions of 0.5 ml were collected during elution. The metal content was
analysed using ICP-MS and the protein concentration determined by absorbance at 280 nm.
Ni%*concentration in the fractions of of the samples are shown: 1 mM EDTA (red), untreated
(grey) and 5-fold Zn?* (black). The sQ protein concentration is also shown (blue). Ni?* is
not observed to elute with sQ. B: 10 uM of sQ"'2S was treated and analysed in an identical

manner to sQ. sQ"'29S protein concentration is shown in purple. Ni2* is not observed to elute
with sQ120S,
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Figure A.0.4 — sQH120S yg sAH MST experiments. A: MST binding curves with sQ labelled
with Cy5 fluorophore at a constant concentration of 0.01 uM and a 2:1 serial dilution of sAH
at the highest concentration of 4.7 mM. The MST data of wildtype sQ are shown in grey. Due
to the highly inconsistent data it was not possible to determine a reliable Kp value. B: sAH
labelled with Cy5 fluorophore at a constant concentration of 0.17 uM with a 2:1 serial dilution
of sQ at the highest concentration of 6.8 mM. The MST data using wildtype sQ are shown in
grey. A Kp value could not be fitted due to the unreliable nature of the data.
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1 2 3 4 5 6

2 M (NH4)SOs 2 M (NH4)SOs 2 M (NHg)SOs 2 M (NH4)SOs 2 M (NH4)SO, 2 M (NH4)SO,
0.004 M Mg 0.006 M Mg 0.008 M Mg 0.010 M Mg 0.012 M Mg 0.014 M Mg
Acetate Acetate Acetate Acetate Acetate Acetate

0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES
25M 25M 25M 25M 25M 25M
(NH4)SO2 (NH4)SO> (NH4)SO2 (NH4)SO> (NH4)SO2 (NH4)SO>
0.004 M Mg 0.006 M Mg 0.008 M Mg 0.010 M Mg 0.012 M Mg 0.014 M Mg
Acetate Acetate Acetate Acetate Acetate Acetate

0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES
2.8 M 2.8 M 2.8 M 2.8 M 2.8 M 2.8 M
(NH4)SO2 (NH4)SO2 (NH4)SO2 (NH4)SO2 (NH4)SO2 (NH4)SO>
0.004 M Mg 0.006 M Mg 0.008 M Mg 0.010 M Mg 0.012 M Mg 0.014 M Mg
Acetate Acetate Acetate Acetate Acetate Acetate

0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES

3 M (NH4)SOs 3 M (NH4)SO, 3 M (NH4)SO, 3 M (NH4)SOs 3 M (NHg)SOs 3 M (NH4)SO,
0.004 M Mg 0.006 M Mg 0.008 M Mg 0.010 M Mg 0.012 M Mg 0.014 M Mg
Acetate Acetate Acetate Acetate Acetate Acetate

0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES 0.05 M MES

216

Table A.0.2 — Opt1_Meisner: a crystallisation screen developed around the crystallisation conditions for B. subtilis SpollQ:SpolllAH by
Meisner et al., (Meisner et al., 2012) in the determination of 3TUF. This 24 condition block was replicated 4 times (in 96-well format) at pH
5.6, 6.0, 6.2 and 6.5.



Appendix B

Crystal structures of PilA1 from

Clostridium difficile
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Dataset 1 Dataset 2 Dataset 3 Dataset 4
Software XDS Mosflm DIALS XDS Mosflm DIALS XDS Mosflm DIALS XDS Mosflm DIALS
Resolution 46.7 - 1.85 52.31 - 60.17-1.8 46.79 - 72.89-22 72.70-2.3 46.72 - 59.66 - 73.63 - 46.64 - 51.21 - 73.32 -
(A) 1.65 2.23 1.87 1.78 1.75 1.76 1.65 1.67
Unit cell
dimensions
a=b, c, AB 103.60, 103.62, 103.86, 102.61, 101.99, 102.82, 103.19, 102.82, 103.33, 102.78, 102.42, 102.80,
104.74 104.62 104.97 105.15 104.21 105.58 104.81 104.39 104.94 104.67 104.21 104.61
o=B=y (°) 90.00 90.00 90.00 90.00
WUNOQQHOCU _UN:NA_N _UL.._NAN _ULJN._N _UL.ANA_N
Rmerge* 0.120 0.177 0.151 0.074 0.141 0.134 0.077 0.108 0.100 0.103 0.136 0.124
(1.327) (1.646) (0.965) (0.999) (1.245) (0.75) (1.062) (1.149) (1.136) (1.144) (1.887) (2.297)
Total 354141 908077 770621 197896 233046 302039 333420 688483 808333 320494 904124 941365
Reflections
Unique 44796 68857 53740 27964 26237 25772 47291 54192 57815 45939 67115 65512
Reflections (2978) (3371) (3111) (2524) (2340) (2483) (3025) (3046) (3138) (2919) (3391) (3288)
I/cl  8.6(1.4) 7.8 (1.5) 9.1 (1.5) 14.8(1.8) 31.5(1.9) 9.7 (1.9) 13.5(1.7) 14.0(2.0) 13.3(1.8) 11.2(1.6) 10.7(1.5) 11.0(1.6)
Mean 0.996 0.996 0.997 0.999 0.997 0.998 0.999 0.999 0.998 0.998 0.998 0.998
intensity (0.682) (0.410) (0.814) (0.662) (0.657) (0.930) (0.627) (0.522) (0.650) (0.678) (0.323) (0.605)
CC1/2
Completeness 99.8 99.9 100.0 99.9 99.6 99.9 99.9 100.0 100.0 99.6 100.0 100.0
(%) (100.0) (100.0) (100.0) (99.9) (99.3) (100.0) (99.9) (100.0) (100.0) (99.9) (100.0) (100.0)

Table B.0.1 — Table of dataset parameters for native R20291 PilA1A1-34 crystals. Each of the four datasets were integrated and
indexed using XDS (Kabsch, 2010), iMosflm (Battye et al., 2011) and DIALS (Gildea et al., 2014). The reflections and intensities were
then scaled and reduced using Aimless (Evans and Murshudov, 2013; Evans, 2006; Evans, 2011), the summary of the dataset parameters
is presented above. These data were collected at a wavelength of 0.92 A. Values in parentheses represent the highest resolution shell.
*Rimerge = Y pit 2 | Li(REL) — (I(RED) |/ > pe 2o; 1i(hkl) , where I;(hkl) is the ith observation of reflection hkl and (I(hkl)) is the massed
average intensity for all observations i of reflection hkl.
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N# Structure 1 Structure 2 Interface

Range N Nres Surface A2  Range Symmetryop. Ny Nres Surface A2 Interface area A2 AG kcal/mol AG P-value Nyg Ngg Nps CSS

1 A 53 13 7001 A -x-1,y-1/2,-z-1/2 44 13 7001 463.1 -3.6 0.237 3 1 0 0.0
2 C 51 15 7011 B x-1,y,z 43 12 6586 4441 -3.9 0.261 6 0 0 0.0
3 C 41 13 7011 C x-1,y,z 45 16 7011 376.2 -3.6 0.311 5 0 0 0.0
4 C 34 11 7011 B x-1/2,-y+1/2,-z 27 9 6586 311.3 -1.0 0.514 3 2 0 0.0
5 A 30 9 7001 C -x-1,y-1/2,-z-1/2 25 7 7011 298.1 -1.7 0.406 3 1 0 0.0
6 B 32 13 6586 B x-1,y,z 29 11 6586 269.7 0.6 0.698 5 1 0 0.0
7 A 31 12 7001 A -X,y-1/2,-z-1/2 25 8 7001 259.0 2.9 0.799 6 1 0 0.0
8 B 27 9 6586 C x,y-1,z 21 6 7011 214.2 1.1 0.654 1 0 0 0.0
9 B 27 9 6586 A ¥,X,Z 23 8 7001 255.6 -2.8 0.253 2 0 0 0.0
10 A 25 10 7001 A x-1,y,z 16 5 7001 169.5 0.1 0.557 2 0 0 0.0
11 C 4 2 7011 B x-3/2,-y+1/2,-z 11 5 6586 70.8 0.1 0.592 0 0 0 0.0
12 C 6 4 7011 B ¥,X,2 9 6 6586 48.7 -0.2 0.505 0 0 0 0.0

Table B.0.3 — PISA results for 630 PilA1A1-34. The chain, number of interfacing atoms (Nat), humber of interfacing residues (Nyes)
and total solvent accessible area (A2) for the two interacting chains are described. The symmetry operation that must be applied to
the second structure to obtain the respective interface is given. The surface area (A2) of the interface, the solvation free energy upon
complex formation (AG kcal/mol) and the specificity of the formation (AG P-value). The number and type of bonding: hydrogen-bonding
(Npg); salt-bridges (Ngg); disulphide bonds (Nps) are indicated. Complex formation significance score (CSS), describes the biological
significance of the interface, a value of 1.0 is highly significant and 0.0 is not significant.
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Appendix C

Structural studies of Type IV minor

pilins from C. difficile
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1 2 3 4 5 6

0.1t MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 M HEPES
pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5

0 M MgCl, 0 M MgCls» 0 M MgCl» 0 M MgCls» 0 M MgCl» 0 M MgCls

26 % PEG 400 28 % PEG 400 30 % PEG 400 32 % PEG 400 34 % PEG 400 36 % PEG 400
0.1t MHEPES 0.1t MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 M HEPES
pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5

0.075 M 0.075 M 0.075 M 0.075 M 0.075 M 0.075 M

26 % PEG 400 28 % PEG 400 30 % PEG 400 32 % PEG 400 34 % PEG 400 36 % PEG 400
0.1t MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 M HEPES
pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5

0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M

26 % PEG 400 28 % PEG 400 30 % PEG 400 32 % PEG 400 34 % PEG 400 36 % PEG 400
0.1 MHEPES 0.1t MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 M HEPES
pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 7.5

0.225 M 0.225 M 0.225 M 0.225 M 0.225 M 0.225 M

26 % PEG 400

28 % PEG 400

30 % PEG 400

32 % PEG 400

34 % PEG 400

36 % PEG 400

Table C.0.1 — PilKA1-32 Optimisation Screen #1. The HEPES buffer was prepared at pH 7.0, pH 7.2, pH 7.5 and pH 7.7. One of these
pH values would be selected for a 24-well screen or all four used in a 96-well screen.
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1 2 3 4 5 6 7 8 9 10 1 12

0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES
0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M 0.150 M
_/\_@O_N —/\_QO_M _/\_QO_N _<_©O_N —<_©O_M _/\_QO_N _<_©O_M —S@O_N —/\_QO_M _/\_QO_N _/\_@O_N —<_©O_m

18 % PEG 400 20 % PEG 400 21% PEG 400 22 % PEG 400 23 % PEG 400 24 % PEG 400 25% PEG 400 26 % PEG 400 27 % PEG 400 28 % PEG 400 30 % PEG 400 0 % PEG 400
0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES
0.175M 0.175M 0.175M 0.175M 0.175M 0.175M 0.175M 0.175M 0.175M 0.175M 0.175M 0.175M
_/\_@O_N —/\_QO_M _/\_QO_N _<_©O_N —<_©O_M _/\_QO_N _<_©O_M —S@O_M —/\_QO_M _/\_OO_N _/\_@O_N —<_©O_m

18 % PEG 400 20 % PEG 400 21% PEG 400 22 % PEG 400 23 % PEG 400 24 % PEG 400 25% PEG 400 26 % PEG 400 27 % PEG 400 28 % PEG 400 30 % PEG 400 0 % PEG 400
0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES
0.200 M 0.200 M 0.200 M 0.200 M 0.200 M 0.200 M 0.200 M 0.200 M 0.200 M 0.200 M 0.200 M 0.200 M
_/\_@O_N —/\_QO_M _/\_QO_N _<_©O_N —<_©O_M _/\_QO_N _<_©O_M —S@O_M —/\_QO_M _/\_OO_N _/\_@O_N —<_©O_M

18 % PEG 400 20 % PEG 400 21% PEG 400 22 % PEG 400 23 % PEG 400 24 % PEG 400 25% PEG 400 26 % PEG 400 27 % PEG 400 28 % PEG 400 30 % PEG 400 0 % PEG 400
0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES 0.1 MHEPES
0.250 M 0.250 M 0.250 M 0.250 M 0.250 M 0.250 M 0.250 M 0.250 M 0.250 M 0.250 M 0.250 M 0.250 M
_/\_@O_N —/\_QO_M _/\_OO_N _<_©O_N —<_©O_m _/\_QO_N _<_©O_M —S@O_M —/\_QO_M _/\_OO_N _/\_@O_N —<_©O_M

18 % PEG 400

20 % PEG 400

21 % PEG 400

22 % PEG 400

23 % PEG 400

24 % PEG 400

25 % PEG 400

26 % PEG 400

27 % PEG 400 28 % PEG 400 30 % PEG 400

0 % PEG 400

Table C.0.3 — PilKA1-32 Optimisation Screen #3. The HEPES buffer was prepared at pH 7.2.
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Protein Number of repeats Total score Coverage Length of repeat

54-115 61
PilK 3 299 121-209 88
217-301 84
39-157 118
GspK 2 300 162-270 108

Table C.0.4 — Radar results for C. difficile PilK and E. coli GspK. Radar was used to search
for internal repeats in the PilK and GspK peptide sequences. Three possible internal repeats
were found in PilK of an average length of 78 residues and two internal repeats were detected
in GspK of an average number of 113 residues.(Heger and Holm, 2000; Goujon et al., 2010)
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A PilK - CD3506

1.0
0.84
a
@
@ 2
S 8
3 0.61 2
3 \ a
@ 0.5 4 ! %
Q .
Z 0.4 3
2 4
o
0.24
0.0 T T T T T
0 100 200 300 400 500
Residue Number
LXT NNP STATISTIC:
Predicted residues: 512 Number Disordered Regions: 8
Number residues disordered: 64 Longest Disordered Region: 32
Overall percent disordered: 12.50 Average Prediction Score: 0.1861
Predicted disorder segment [3]-[9] Average Strength= 0.5975
Predicted disorder segment [84]-[115] Average Strength= 0.7943
Predicted disorder segment [251]-[258] Average Strength= 0.5657
Predicted disorder segment [270]-[271] Average Strength= 0.5238
Predicted disorder segment [321]-[328] Average Strength= 0.5967
Predicted disorder segment [396]-[396] Average Strength= 0.5012
Predicted disorder segment [398]-[398] Average Strength= 0.5144
Predicted disorder segment [441]-[444] Average Strength= 0.5457
EDICTOR OUTPUT
"D" = Disordered " " = Ordered
1 MRKWNKFKSE RGAALVLVLV VVALLSIVGL IFSNQIANRI KSTKTTNEGI

VLXT D DDDDDDD

51 QAKYLAETCV ENSIDKAYEK LYDELEKMDN EFKSENQEKS ISRSKLRNIS
VLXT iDDDDDDD DDDDDDDDDD
101 DEDFNNQDEE NIEAERLGYM NNINFYLNKA SSDLEKASME LKKLYDLDML
VLXT DDDDDDDDDD DDDDD)

151 DYRDIEYVDA NIISHRDSIL EICKNYTSGD ISKINEYILE EDIDSTTLIE
VLXT

201 AKLVNNDILL KMFLEENKIE NEHLNSAFSH TYKALDNISL AMQNMIEYRH
VLXT

251 VSNGIPDSQQ YYELIQNPII NSMEYIWNSK WDTLENLLEI
VLXT DD

301 LPNQTQGFNS LRVHLRNNVR|KFEKLSDNES SGKKNTAKNF LKYKELLYEI
VLXT D

351 SDQCNQLKSM SYEKIPVKYD NMALITTFDY IQNELLAEIK CRLKELKPQE
VLXT DD
401 IDKTEGITIK IPFYKADYDM TKEGWPKLKE NGSGAELSLM |VTGDKNGIKE
VLXT DDDD;

451 VEVTDGKKNI IGLGVEENSN SKYKVDAIVN FNLNIDTNVV GNYDIKDKIL
VLXT

501 INHDISSYKK VN

VLXT

Figure C.0.1 — PONDR disorder prediction of PilK-CD3506. A: Graphical output of PONDR
score vs residue number. Residues scored below 0.5 are ordered and above 0.5 are dis-
ordered (Xue et al., 2010). B: Summary of the disordered regions which are also annotated
(red boxes) on the peptide sequence. Disordered residues are marked below the sequence
with a D. The largest region of predicted disorder in the PilK peptide sequence includes 32
residues at 84-115.
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A PilU - CD3507

1.0

0.8+

Disorder

PONDR Score
© © ©
=Y (4] o

Order

0.2+

0.0 T T T T T T 1
0 25 50 75 100 125 150 175

m Residue Number

VLXT NNP STATISTICS
Predicted residues: 175 Number Disordered Regions: 2
Number residues disordered: 14 Longest Disordered Region: 8
Overall percent disordered: 8.00 Average Prediction Score: 0.1612
Predicted disorder segment [1]-[8] Average Strength= 0.8390
Predicted disorder segment [51]-[56] Average Strength= 0.5635
PREDICTOR OUTPUT
"D" = Disordered " " = Ordered
1 MSKKNSERGF SLIEVLVAMA IMGIVLFAFF NIINTNNKAN TKNDTDITSL
VLXT DDDDDDDD
51 ‘NYVQS TENL REKIKSGEFD FDSLDKLEDG TVVYEKLIDK SKKVVYDKVL
VLXT DDDDD
101 SEGDVSLYDT PYEKITTIKD EDGNLIDKGN ITNKIKTIVE DKSGQIYKIT
VLXT
151 VTGKSMNDYS SKKEVKIVTE IFKDK
VLXT

Figure C.0.2 — PONDR disorder prediction of PilU-CD3507. A: Graphical output of PONDR
score vs residue number. Residues scored below 0.5 are ordered and above 0.5 are dis-
ordered (Xue et al., 2010). B: Summary of the disordered regions which are also annotated
(red boxes) on the peptide sequence. Disordered residues are marked below the sequence
with a D. The largest region of predicted disorder in the PilU peptide sequence is the N-terminal
8 residues, the only other region includes 5 residues from 51-56.
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A PilV - D3508

1.0
0.8
e
3
: :
0.6‘ 2
é a
@ 0.5
Q .
Z 0.4 3
2 o
o
0.0
0 150
[— vixT] Resndue Number
VLXT NNP STATISTIC
Predicted residues: 189 Number Disordered Regions: 3
Number residues disordered: 30 Longest Disordered Region: 24
Overall percent disordered: 15.87 Average Prediction Score: 0.1747
Predicted disorder segment [1]-[2] Average Strength= 0.7136
Predicted disorder segment [4]-[7] Average Strength= 0.5755

Predicted disorder segment [109]-[132] Average Strength= 0.7017

PREDICTOR OUTPUT

"D" = Disordered " " = Ordered
1 MMSLYKNNEK GLTLLEVIIA VFILTIVLSI SYKVFNGITS AVKKQQIITD
VLXT DD DDDD
51 AQVNINLINK YLNRDLENCK ELTKTGSGNN YEYNIEMPDN VVKYEVSIET
VLXT
101 KKNTEVYJVT RIQNNTIDTE NEVREEIIYN QPLVQONNKEM KETPFKIEKQ
VLXT DD DDDDDDDDDD DDDDDDDDDD DD
151 TGKSIYTVSI YYNESVQESH KNSNLNNKTY TFDVMSRIG
VLXT

Figure C.0.3 — PONDR disorder prediction of PilV-CD3508.A: Graphical output of PONDR
score vs residue number. Residues scored below 0.5 are ordered and above 0.5 are dis-
ordered (Xue et al., 2010). B: Summary of the disordered regions which are also annotated
(red boxes) on the peptide sequence. Disordered residues are marked below the sequence
with a D. A 24 residue region of disorder is predicted between residues 109-132.
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Appendix D

Professional Internship for

Postgraduate students

For 11 weeks (Sept-Nov 2014) the professional internship for postgraduate students (PIPs)
was completed at Diamond Light Source under the supervision of VMXm principal beam-
line scientist Dr Gwyndaf Evans. Working with the VMXm group | developed a technique to
protect protein crystals from harsh environments such as in vacuo and room temperature
conditions using multi-layer graphene. The work involved understanding the multi-layer
graphene material using resources at Diamond such as interferometry, designing new
tools to wrap the crystals using 3D printing and testing the quality of standard crystals
(lysozyme, thaumatin and glucose isomerase) wrapped in graphene on the beamline 104
during in vacuo and room temperature data collection. By wrapping protein crystals in
multi-layer graphene datasets with improved diffraction quality and lifetime in these ex-
treme conditions were achieved over those that were not protected in graphene. This
technique is now in trial on the new long-wavelength beamline 123. These results have
also formed the basis of a paper published in Acta Crystallographica section D (Warren
et al., 2015). The PIPs was a valuable experience and enabled me to gain experience of
methods development at a cutting edge facility and develop skills that | was able to apply

to my PhD studies.
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Publications

» Crawshaw AD, Serrano M, Stanley WA, Henriques AO and Salgado PS. A mother
cell-to-forespore channel: current understanding and future challenges. FEMS Mi-
crobiology Letters. 2014; 358(2):129-136

» Warren AJ, Crawshaw AD, Trincao J, Aller P, Alcock S, Nistea |, Salgado PS and
Evans G In vacuo X-ray data collection from graphene-wrapped protein crystals.
Acta Crystallographica Section D. 2015;71(10):2079-2088

» Serrano M, Crawshaw AD, Dembek M, Monteiro JM, Pereira FC, de Pinho MG,
Fairweather NF, Salgado PS and Henriques AO. The SpollQ-SpolllAH complex of
Clostridium difficile controls forespore engulfment and late stages of gene expres-

sion and spore morphogenesis. Molecular Microbiology. 2015;100(1):204-28
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