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Abstract
Although bacteria appear to be simple organisms when compared to eukaryotes, the systems by
which they undergo chromosome replication and cell division are exceedingly complex. Due to the
circular nature of many bacterial chromosomes, an odd number of crossing-over events that can
result from homologous recombination lead to the formation of covalently linked chromosomes,
known as “chromosome dimers”. These dimers need to be resolved before cell division can occur.
Bacteria undergo this resolution of chromosome dimers via site-specific recombination. In
Escherichia coli, Pseudomonas aeruginosa, Vibrio cholerae and other bacteria, the action of FtsK,
XerC and XerD produces two pairs of strand-exchange reactions which resolve chromosome
dimers, thus allowing cell division to proceed. Some bacteria (e.g. Lactococcus lactis) and most
archaea encode only a single Xer recombinase that does both strand exchanges. FtsK interacts with
specific sequences that orient the protein toward “dif” sites, positioning the chromosome so XerC/
XerD can undertake the recombination reaction. FtsK also has a role during cell division in which
it pumps DNA, at an extraordinary rate, to hasten cytokinesis and chromosome segregation. The
N-terminus of FtsK is primarily responsible for localisation of the protein during cell division and
assembly of cell-division machinery, whilst the C-terminus forms the motor domain, responsible
for translocase activity and interactions with XerD.
The work conducted herein, sought to confirm structural and functional information about FtsK
from E. coli and P. aeruginosa. Functionally, it was important to identify the conserved nature of
the protein by performing in vitro recombination experiments across both species. These
recombination assays were used in downstream FtsK inhibition experiments where a suite of
inhibitory compounds was designed to target its ATPase activity in vitro and in vivo. As part of
structural studies, mutagenesis of the amino acids in the E. coli FtsKγ – XerD interaction was
completed, elucidating important interactions between these two protein subunits. The final stage
of experimentation was dedicated to crystallography studies, aimed at identifying a high-resolution
structure of FtsK in its active state.
The results of the mutagenesis studies were published in October 2016 in a paper titled “Activation
of Xer-recombination at dif: structural basis of the FtsKγ-XerD interaction.” This paper featured
structural information of FtsKγ and XerD and how mutations in this interaction can affect its
recombination effect in vitro and in vivo.
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Chapter 1: Introduction
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1.1. Principles of Chromosome Replication, Segregation and Cell Division
Prokaryotes and eukaryotes alike require the use of several intricate molecular mechanisms to
ensure faithful segregation of genetic material into daughter cells. In eukaryotes, these events
can be temporally separated due to the presence of a nucleus. Furthermore, eukaryotes employ
several “checkpoint” mechanisms by which certain stages of cell division can be delayed as
necessary (Bigot et al., 2004; Houtgraaf et al., 2006). As prokaryotes lack a nucleus,
chromosome replication, segregation and cell division cannot be compartmentalised, and these
processes tend to overlap, making them difficult to characterise (Bartosik and Jagura-Burdzy,
2005). The methods by which bacteria undergo chromosome partitioning, cytokinesis and cell
division differ between species, though most knowledge has been achieved by studying
Escherichia coli cells. In 1974, Dingman first showed that replication and chromosome
segregation occur concomitantly in E. coli (Dingman, 1974). E. coli can complete a single cell
cycle in 20 minutes under rapid growth conditions (37°C in Luria Bertani medium), despite
DNA replication usually requiring 40 minutes for completion. This is due to the ability of E.
coli to begin multiple rounds of DNA replication before the preceding round is complete
(Dingman, 1974). The rates of these bacterial processes are under tight regulation and
numerous “back-up” mechanisms are in place if environmental conditions are changed
(Robinson and van Oijen, 2013).
To ensure replication and segregation occur unimpeded, bacteria exhibit a high level of
intracellular organisation in the timing of essential processes and in the placement of the
chromosome at the division site (Ryan and Shapiro, 2003). The complexities faced during the
eukaryotic cell cycle are simplified in prokaryotes with circular chromosomes as polymerases
are no longer hindered by “free ends” but can continue chromosome replication uninterrupted.
Whilst this is a major advantage for prokaryotes, the major disadvantage of replicating circular
chromosomes is the possibility of the formation of dimeric and catenated structures that cannot
be segregated into daughter cells, thus preventing the cell from dividing. For this reason,
bacteria employ a site-specific recombination system to reverse the damage caused by
supercoiling and homologous recombination events that occur during chromosome
segregation. In E. coli, P. aeruginosa, Vibrio cholerae, and others, this process is highly
conserved and involves the proteins FtsK, XerC and XerD. Homologues of XerC and
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XerD are found in virtually all bacteria and archaea featuring circular chromosomes, further
demonstrating the highly conserved nature of this recombination system.

1.1.1 Chromosome Replication
Chromosome replication in E. coli occurs bi-directionally along the 4.6Mbp circular
chromosome, starting at a site known as “oriC” (origin of replication) and terminating at a
broad region called “ter” (termination of replication; Fig. 1.1) (Prescott and Kuempel, 1972).
The two chromosomal arms formed are known as “replichores” and occupy opposite halves of
the cell with oriC remaining at midcell (Nielsen et al., 2006). The recruitment of numerous
protein types (e.g. helicases and polymerases) leads to the formation of the replisome- a multiprotein complex that carries out replication. Each replication fork moves, copying the DNA,
around the chromosome at a rate of ~1000 bp/ second and thus, on average, meet at the terminus
region approximately 40 minutes after initiation (Neylon et al., 2005). Transcription mostly
occurs co-directionally although this varies greatly across species (Mirkin and Mirkin, 2005).
For example, Bacillus subtilis transcription is far more co-directional than E. coli, with 80% of
the B. subtilis genes being co-directional with replication. In the E. coli chromosome,
transcription is co-directional ~50% of the time but the most highly transcribed genes (e.g.
rRNA operons) are exclusively co-directional (Merrikh et al., 2012).
Chromosome replication is initiated by the protein DnaA which, when activated by ATP, binds to
specific sequences on oriC causing unwinding of the chromosome’s double-stranded DNA
(dsDNA; see Fig. 1.2). When enough DnaA-ATP is present in the cell, the initiation complex is
formed resulting in strand opening (Skarstad and Katayama, 2013). Upon origin unwinding, the
chromosome is first bound by the replicative helicase, DnaB (Weigel and Seitz, 2002). DnaB is
bound by the helicase loader DnaC to expedite loading onto the unzipped, and now single-stranded,
E. coli chromosome; after which the DNA replication machinery can load and begin elongation.
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Figure 1.1: E. coli cell cycle. Newly born cells contain a single chromosome with oriC and ter. Replication is
initiated, and the chromosome begins to segregate. ter remains at midcell whilst the chromosome continues to
segregate and migrate toward cell poles. Chromosome segregation is complete and septum formation is initiated.
The chromosome is segregated into two daughter cells, each containing a complete copy of the chromosome. Key:
grey oval: E. coli cell, black circle: chromosome, orange square: oriC, green square: ter (terminus region).

The newly loaded DnaB-DnaC complex assembles onto the lagging strand where the primase,
DnaG, is responsible for removal of DnaC as well as creation of the first primer for leading
strand synthesis (Kaguni, 2011). Elongation requires the function of a bacterial DNA
polymerase, Pol III. The Pol III holoenzyme core consists of the ,  and  subunits which
provide polymerase and proof-reading activities. The clamp loader complex, a 7-subunit
enzyme ('), loads the -sliding clamp, enabling processive DNA synthesis, and
subsequently unloads the -sliding clamp upon completion. The holoenzyme core, clamp
loader complex, and -sliding clamps work together as the Pol III holoenzyme to continue
replicating both the leading and lagging strands simultaneously (Kelman and O'Donnell, 1995)
(Robinson and van Oijen, 2013). Leading strand replication (see Fig. 1.2) is highly processive,
whilst lagging strand replication is discontinuous, relying on DnaG synthesised primers to link
synthesised short DNA sequences (Okazaki fragments), and on Pol III working backwards
from the replication fork.
The ter region lies almost directly opposite oriC and is the region at which the replication forks
arrest and chromosome replication ceases. It is at this region that the replication machinery is
dissociated from the replication forks and a terminator complex is formed (Bartosik and JaguraPage 5

Burdzy, 2005). When the replisome encounters a Tus-Ter protein-DNA complex in the nonpermissive orientation, the helicase activity of DnaB is blocked and the replication fork is
stalled at the termination site (Neylon et al., 2005).

Figure 1.2: E. coli chromosome replication. DnaA (dark blue) binds oriC generating single-stranded DNA
substrates suitable for replication. DnaB (yellow) and DnaG (red) are recruited and begin bidirectional unwinding
of dsDNA. The clamp loader complex of the Pol III holoenzyme (purple) interacts with the DnaB helicase as well
as loading and unloading the β-sliding clamp (green). Pol III polymerises DNA in the 5’ – 3’ direction. Only
leading strand synthesis is shown in this model (Robinson and van Oijen, 2013).

It is rare for chromosome replication to proceed unimpeded. Chromosomal damage in the form
of inter-strand crosslinks, gaps, nicks, double-strand breaks (DSBs) and protein roadblocks
must be efficiently repaired to prevent collision with an oncoming replication fork thereby
allowing replication to continue. Whilst the normal process for replication initiation begins at
oriC, bacteria have evolved mechanisms for replication restart at stalled replication forks or
blockages (Heller and Marians, 2006). To maintain viability, the cell must undergo repair of
the DNA lesion and replication restart at the stalled replication fork. This level of replication
is DnaA-independent and instead relies on a secondary helicase, PriA, whose helicase activity
is dispensable when reloading is required (Windgassen et al., 2018). PriA binds to nascent
DNA at stalled replication forks and promotes the assembly of the replicative machinery (e.g.
DnaB). In PriA mutagenesis studies, E. coli cells show reduced viability, increased cell
filamentation, hypersensitivity to UV radiation and sensitivity to nutrient-rich media (Kogoma
et al., 1996). The fact that PriA is not essential to E. coli suggests alternative DNA-repair
pathways the cell must utilise to complete replication, albeit at a lower efficiency. In the
absence of PriA, the PriC- dependent pathway takes over (Sandler, 2000). A double mutation
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of PriA/ PriC is lethal to the cell, emphasising the essentiality of these repair pathways (Wessel
et al., 2013).
Stouf et al. in 2013, using fluorescent microscopy, showed that replication of ter occurs
concomitantly with recruitment of cell division proteins at midcell, highlighting how these
processes overlap during the bacterial cell cycle. Termination of replication occurs prior to
completion of chromosome segregation and cell division and at this stage, the cell requires the
activity of several other proteins to complete chromosome segregation (Bartosik and JaguraBurdzy, 2005). The replisome must be dissociated just prior to the two replication forks
meeting so they do not pass one another and “over-replicate” (Reyes-Lamothe et al., 2012). To
further complicate matters during replication termination, all catenated links that occur as a
consequence of the double-stranded helical nature of DNA and the circular chromosome
topology must be unwound and resolved prior to segregation. Most removal of positive
supercoiling is completed by DNA gyrase during elongation; however, the action of another
topoisomerase, TopoIV removes any catenanes at termination (Ullsperger and Cozzarelli,
1996).
Overall, the ability of cells to maintain the accuracy of chromosome replication is essential in
order to prevent deleterious mutations and disruptions to the organism’s genetic identity. The
sheer number and varied roles of proteins involved in the repair and maintenance of cell and
chromosome integrity provide insight into how bacteria have evolved over billions of years.

1.1.2 Chromosome Segregation
Whilst DNA replication and cell division have been extensively studied, there is still much
debate relating to how the bacterial chromosome is effectively segregated into two daughter
cells. Due to the circular nature of the majority of bacterial chromosomes, and the intertwined
nature of dsDNA, unwinding of DNA at the replication fork leads to catenated products toward
the end of replication (Grainge et al., 2007). Similarly, crossing-over events that occur as a
result of homologous recombination between daughter chromosomes lead to the formation of
two covalently linked chromosomes, known as chromosome dimers (Fig. 1.3) (Rothfield,
1994). If left unresolved, these multimeric products are lethal to the cell. The activity of a type
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II topoisomerase, TopoIV, is primarily responsible for unlinking catenanes, though recently it
has been shown that loss of TopoIV activity can be compensated by overexpression of FtsK
during XerCD-dif site-specific recombination- the process which also resolves chromosome
dimers (Grainge et al., 2007). TopoIV, FtsK and XerC/ XerD are highly conserved proteins
across several bacterial species, highlighting the essential nature of these proteins and possible
evolutionary implications.

Figure 1.3: Schematic representation of how chromosome (black circle) dimers are formed and subsequently
resolved. Replication begins at oriC (blue square) where naturally occurring homologous recombination events
(black cross) lead to the formation of chromosome dimers. Dif sites (orange triangles) are brought together in a
synapse where the Xer proteins initiate strand-exchange reactions, resolving the dimer into two monomers
(adapted from Steiner and Keumpel, 1998).

The accumulation of positive supercoils ahead of the replication fork naturally occurs due to
the action of DnaB, DnaG and the double-stranded helical structure of DNA. DNA gyrase acts
ahead of the fork to remove this supercoiling (Bush et al., 2015). However, positive
supercoiling can also equilibrate with the replicated DNA behind the fork, leading to the newly
replicated dsDNA chromosome arms becoming interlinked and forming “pre-catenanes”. Upon
completion of replication, these crossings become DNA catenanes and must be resolved.
TopoIV was first identified when overproduction of the protein (encoded by parC and parE)
led to enhanced plasmid relaxation in vitro. Furthermore, overexpression of the parC and parE
genes in vivo compensated for a topoI mutation (Kato et al., 1990). TopoIV is a multifunctional
protein involved in decatenation of chromosomes as well as generation and relaxation of
positive supercoils (see Fig. 1.4) (Neuman et al., 2009). FtsK may coordinate the decatenation
activity of TopoIV through interactions with its ParC subunit (Espeli et al., 2003).
Recombination at XerC-dif has also been shown to be physiologically relevant in chromosomal
decatenation and may function when TopoIV activity is compromised (Grainge et al., 2007).
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Figure 1.4: Action of TopoIV during chromosome segregation. A. TopoIV relaxes both positive (+ve) and
negative (-ve) supercoils whilst gyrase is only able to relax positive supercoiling. B. Catenated products are
unlinked by TopoIV to produce two complete chromosomes. C. TopoIV resolves tangled DNA products into the
relaxed chromosome structure. Orange arrows depict reaction preference.

1.1.2.1 The ParABS chromosome partitioning system
Once replicated daughter chromosomes have been converted to an uncatenated, monomeric
form, they can then be segregated into the two daughter cells. A highly conserved (65% of all
known bacteria) active partitioning system, known as ParABS, plays an important role in the
completion of chromosome segregation (Wang et al., 2013). ParABS is known as a “mitoticlike” apparatus and consists of three components: the ParA ATPase, the ParB DNA-binding
protein and the parS DNA sequence (Toro and Shapiro, 2010). In Caulobacter crescentus,
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ParA and ParBS are spatiatially segregated. ParBS resides at one cell pole, close to the origin,
whilst ParA forms a “cloud” at the other end of the cell. Upon DNA replication, secondary
ParBS complex is formed and is pulled toward the ParA cloud along with the newly replicated
origin (Schofield et al., 2010). The ParABS system is responsible for orienting newly replicated
origins to the cell poles (Reyes-Lamothe et al., 2012). It is noteworthy that E. coli does not
contain a ParABS system, but segregation of replicated origins occurs efficiently and early
following replication initiation (Reyes-Lamothe et al., 2010).

A

B

ParABS from Caulobacter crescentus

Cell

Chromosome

OriC

MukBEF

Midcell

MukBEF from Escherichia coli
Figure 1.5: Comparison of the ParABS and MukBEF systems. A ParABS from C. crescentus; during
chromosome segregation, ParB-parS (orange circle) localises at oriC whilst the other complex is drawn toward
the new pole at the opposite end of the cell by a concentration gradient of ParA (maroon cloud) (Schofield et al.,
2010). B E. coli MukBEF begins at oriC. After replication intitiation, MukBEF localises at the ¼ and ¾ nucleoid
positions (Nolivos et al., 2016). As the chromosomes segregate and move toward cell poles, MukBEF works to
organise the chromosome prior to cell division.

1.1.2.2 MukBEF in Escherichia coli
Whilst the ParABS system is well conserved, it is absent in E. coli cells. E. coli instead relies
heavily upon the activity of the MukBEF protein complex to ensure proper chromosome
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positioning and organisation during replication and chromosome segregation. The ParABS and
MukBEF systems differ significantly despite both having roles in segregation. Par proteins
bind close to the origin and actively segregate origin regions. Whereas, MukBEF proteins help
compaction of DNA and lead to more passive segregation processes (see Fig. 1.5B). Cells with
ParABS do not have a MukBEF system but do have a related system known as “Structural
Maintenance of Chromosome (SMC)” – like proteins. E. coli MukBEF are classified as SMClike proteins which play key roles in chromosomal organisation in both prokaryotes and
eukaryotes (Danilova et al., 2007). Mutations of mukB in E. coli lead to a temperature sensitive
phenotype with ~15% anucleate cells and asymmetric positioning of the chromosome arms
during segregation (Niki et al., 1991) (Danilova et al., 2007). During and following DNA
replication in mukB mutants, the two chromosome arms are not efficiently segregated, and the
origins of sister cells migrate to the cell poles, instead of remaining at midcell (Danilova et al.,
2007).
MukBEF preferentially co-localises with the origin to initiate chromosomal positioning during
segregation (Danilova et al., 2007). mukB deletions have been extensively studied and it is
hypothesised that MukE and MukF bind MukB at its C-terminal domain. However, the exact
role of the MukBEF protein complex during chromosome partitioning and segregation is
poorly understood.
Proper partitioning and segregation of daughter chromosomes is only achieved once the actions
of TopoIV, FtsK and XerC/ XerD have been properly executed (Grainge et al., 2007). This
complicated set of interactions requires large amounts of cooperation and organisation
throughout the entire segregation pathway. Not only are the processes of replication and
segregation responsible for the spatial and temporal positioning of chromosomes but
chromosomal organisation must be re-established upon segregation (Reyes-Lamothe et al.,
2012).

1.1.3 Cell Division
Overall, there are more than two dozen cell division proteins which have been identified in E.
coli; 10 of which are essential (9 Fts proteins and ZipA). These proteins work in conjunction
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at the division septum, in a complex called the “divisome”, to constrict the outer membrane,
allow growth of the peptidoglycan layer and finally divide the cell into two daughter cells with
complete copies of the chromosome (Buddelmeijer and Beckwith, 2002). A recent study by
Trip et al. isolated a 1MDa protein complex by native PAGE which contains 7 of these essential
cell division proteins; FtsA, -B, -I, -K, -L, -N, -Q, -W, -Z and ZipA. This complex only exists
when cells are in exponential growth phase. Whilst the combined molecular weight of the 7
identified proteins only amounts to 316.2kDa, it is likely that proteins in the proposed complex
exist as multimers (Trip and Scheffers, 2015). Furthermore, there is the possibility that other
proteins are present within the divisome that were not identifiable by native PAGE.
1.1.3.1 Assembly of the divisome
The first protein recruited to the divisome is FtsZ, which localises to midcell and polymerises
to form the Z-ring. In vitro experiments overexpressing FtsZ and FtsA in liposomes showed
membrane curvature and budding at the outer membrane, implying that only these two proteins
are absolutely required for septation (Szwedziak et al., 2014). The MinCDE system (see section
1.1.3.2) acts to localise the Z-ring at midcell, preventing unwanted constriction at other sites in
the cell (Rothfield et al., 2001). FtsA and ZipA work together to anchor FtsZ to the division
septum; though both proteins can perform this function independently, implying that they may
also be involved in other aspects of cell division (Pichoff and Lutkenhaus, 2002). It was
recently shown that ZipA may be responsible for protecting FtsZ against degradation by Clp
proteases (Pazos et al., 2013). FtsA forms actin-like filaments whilst remaining anchored to
both the cell membrane and FtsZ (Fig. 1.6) (Szwedziak et al., 2012). The presence of FtsZ,
FtsA and ZipA lead to the recruitment of FtsK (Buddelmeijer and Beckwith, 2002). FtsK is a
multifunctional protein, with its N-terminus acting during cell division whilst its C-terminus
plays an essential role in chromosome segregation (Crozat and Grainge, 2010). Indeed, a
severely truncated form of FtsK, containing just the N-terminal ~200 amino acids, FtsKN, is
sufficient for cell division to proceed (Draper et al., 1998). Following recruitment of FtsK,
FtsQ, FtsB and FtsL are recruited to the divisome. Recent data has shown that FtsQ/B/L form
a complex independently of FtsK and that this complex likely exists as either a trimer or
hexamer (Villanelo et al., 2011). It is known that FtsK is required to localise these proteins to
the division septum, therefore making it likely that the FtsBLQ complex forms prior to
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recruitment (Buddelmeijer and Beckwith, 2004). The exact roles of these individual proteins,
as well as those of the complex as a whole, remain unclear, although it is possible that FtsQ
has a role during cell wall synthesis as it is only present in species with a cell wall
(Buddelmeijer and Beckwith, 2004). FtsW is required for the recruitment of FtsI and is likely
to be involved in stabilising the Z-ring during the final stages of cell division. Both proteins
have a predicted role in peptidoglycan synthesis as well as the potential to form a subcomplex
with FtsN, perhaps initiating septum closure and final constriction of the Z-ring (Buddelmeijer
and Beckwith, 2002; Modell et al., 2011). FtsN is the last recruit of the divisome assembly.
Several functions of FtsN have been identified, though due to its poorly conserved nature,
elucidating essential functions of this protein have been difficult. It is possible that FtsN acts
to enhance the activity of the divisome, triggers final Z-ring constriction, assists in recruitment
of other proteins involved in separation of daughter cells, and perhaps plays an indirect role in
assisting FtsI with peptidoglycan synthesis (Bernard et al., 2007).

Outer membrane

FtsK
FtsW

Figure 1.6: Divisome assembly: FtsA (blue) and ZipA (red) (Zawadzki et al.) work together to anchor FtsZ
(green) to the division septum. Recruitment of FtsN (purple) by FtsA may lead to disruption of FtsA into
monomers. The presence of FtsA, ZipA and FtsZ lead to the recruitment of FtsK (orange). The N-terminus of
FtsK remains anchored to the inner memberane connected to the C-terminus motor by a flexible proline and
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glutamine-rich linker. The FtsBLQ complex is then formed (brown) though its exact role in the cell remains
unknown. FtsW (grey) recruits FtsI (yellow) and is thought to stabilise the Z-ring during the later stages of
division. FtsN (purple) is recruited last and has a possible role in Z-ring constriction and peptidoglycan synthesis
with FtsI (Haeusser and Margolin, 2016).

1.1.3.2 MinCDE in Escherichia coli
The MinCDE system acts at the final stages of chromosome segregation and cell division to
ensure localisation of the septum at midcell. When activated by MinE, MinD, bound to MinC,
oscillates between cell poles, creating an FtsZ inhibition gradient: the MinCDE complex spends
minimal time at midcell, thereby allowing recruitment of FtsZ and assembly of the Z-ring (Fig.
1.7) (Raskin and de Boer, 1999) (Lutkenhaus, 2007) MinD is homologous to ParA; it is an
ATPase containing two conserved lysines within a “deviant Walker A motif” (see section
1.1.2.1) (Leipe et al., 2002).

Figure 1.7: Simplified model of the MinCDE system in E. coli. 1. MinE moves towards MinCD complexed at
one cell pole. 2. ATPase activity of MinD is activated and causes oscillation of MinCD toward the opposite pole
where MinE follows. 3. Continual oscillation of MinCDE establishes a gradient of MinD activity with a minimum
at the cell centre, allowing FtsZ to polymerise at this position and begin constriction. 4. MinCDE continues to
oscillate until Z-ring constriction is complete. 5. Two new daughter cells are created, each with a complete
MinCDE system. Modelled from Rowlett et al. 2013.
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Whilst the main proteins involved in chromosome segregation and partitioning have been
identified, determining the exact processes which allow segregation to proceed prior to cell
division has proven difficult. A recent study has suggested a secondary role of MinCDE during
chromosome segregation. In this model, MinD binds non-specifically to the E. coli
chromosome, whilst its oscillating action progressively moves the DNA from midcell toward
the poles as well as promoting the assembly of the Z-ring at midcell (Di Ventura et al., 2013).

1.1.3.3 Subpopulations in dividing bacterial cells
Recent data has revealed some interesting insights into how E. coli undergoes the cell division
process. Using single-cell flow cytometric and GFP dilution techniques, Roostalu et al. were
able to show that E. coli cells divide uniformly up until stationary phase at which point the cell
population undergoes an interesting change. When placed in fresh media, a subset of the
population is able to recover from stationary phase and continue dividing, whilst the remainder
can no longer divide (Roostalu et al., 2008). This remaining non-dividing subset is seemingly
unaffected by antibiotic treatment but can resume growth once the antibiotic stress is removed.
It is possible that this dormant population of cells leads to E. coli’s ability to resist antibiotics.
Furthermore, this approach could identify differences in cell division in response to different
environmental stressors for other single-cell organisms aside from E. coli.
Large throughput experimentation using whole cell cultures and traditional microscopy
techniques can miss the heterogeneity of bacterial populations, especially slower growing cells
(Roostalu et al., 2008). These single-cell experiments in E. coli were not the first example of a
subpopulation of bacterial cells noted during exponential phase. For example, C. crescentus
undergoes dimorphic cell division where one motile and one sessile cell are produced each cell
cycle (Poindexter, 1964; Brun and Janakiraman 2000). The sessile cell then produces a stalklike appendage whose exact function is unknown but is thought to play a role in cell adhesion.
B. subtilis cells can also generate mixed populations when under nutrient stress. During
exponential growth, the B. subtilis cell population can exist as either motile cells with
individual flagella, or sessile cells existing as long chains. The advantage of heterogeneous cell
populations gives cells the ability to exploit the current conditions as well as to disperse into
more favourable conditions (Kearns and Losick 2005).
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The bacterial cell division machinery is extremely complex, and much is unknown about
individual protein functions and, perhaps more importantly, how they function together as the
divisome. However, recent work has provided insight into a multi-protein 1MDa complex
comprised of 7 essential cell division proteins which may help aid further studies of this
intricate system (Trip and Scheffers, 2015). By researching how these proteins function
together to coordinate the complexities of cell division, a better understanding of the bacterial
cell cycle can be gained.

1.2. DNA Translocation Proteins Involved in Chromosome Segregation
As described in section 1.1, there is a substantial level of control required for the bacterial cell
to undergo successful cell division and chromosome segregation. The primary focus of the
work conducted herein was on those proteins involved in site-specific recombination during
the final stages of the cell cycle.
1.2.1 The DNA Translocase - FtsK
Filamentous temperature sensitive [mutant] K, or FtsK, is a DNA translocase that is able to
translocate dsDNA at the extraordinary rate of 5kb/s at room temperature in laboratory
conditions, and even higher speeds at 37°C. It does so by binding and hydrolysing ATP, thereby
converting its chemical energy to movement of a DNA substrate (Crozat and Grainge, 2010).
The exact mechanisms of this movement are currently unknown. At this high speed, FtsK can
translocate past nicks and gaps in DNA, as well as stripping the DNA of other proteins (Crozat
and Grainge, 2010).
FtsK was first identified in 1995 when Begg et al. discovered a mutation at ftsK44 in E. coli
which caused temperature sensitivity. The authors showed the first sequence alignments of
FtsK across several different species, revealing striking conservation (Begg et al., 1995). Most
significant, was the surprising amount of similarity that FtsK exhibited with the B. subtilis
protein SpoIIIE. Both these proteins contain RecA-type folds at their C-termini which form
hexamers around dsDNA and require energy from ATP for translocase activity (Massey et al.,
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2006). The highly conserved nature of FtsK, and its similarity to SpoIIIE, prompted further
investigation into its structure and function. Since its initial discovery more than 20 years ago,
FtsK has now been recognised as a key coordinator of the final stages of chromosome
segregation and cell division (Begg et al., 1995; Bigot et al., 2007).
1.2.1.1 Structure
The FtsK protein from E. coli is 1329 amino acids in length and can be divided into 3 major
domains; the N-terminus, a linker domain, and its most well conserved cytoplasmic domain,
or C-terminus (see Fig. 1.8). FtsK is localised to the division septum through interactions with
FtsZ and FtsA (Wang and Lutkenhaus, 1998). The N-terminus is anchored in the membrane
and interacts with the divisome whilst the C-terminus interacts with dsDNA to assist with
chromosome segregation and to promote Xer-mediated site-specific recombination (when
required). Furthermore, ftsK plays an important role during the SOS response where its
increased expression causes increased resistance to DNA damage (Wang and Lutkenhaus,
1998). This is due to the ability of FtsK to move chromosomes whose segregation has been
interrupted by DNA damage out of the division septum (Wang and Lutkenhaus, 1998).
Initial investigations into the N-terminal domain of FtsK revealed that it functioned primarily
during cell division (Draper et al., 1998). Indeed, the authors showed that a plasmid carrying
only the first 17% of FtsK was enough to reverse the inhibitory effect of deleting the
chromosomal copy of the protein. However, more recent studies have shown possible regions
of the C-terminal domain may also be involved during cell-division (Dubarry et al., 2010). The
N-terminus (FtsKN) is ~200 amino acids in length and consists of four transmembrane helices
by which it is anchored to the division septum and, along with several other Fts proteins,
becomes a part of the divisome. Whilst remaining anchored at this site, FtsKN plays a role in
recruitment of other cell division proteins/ components (Chen and Beckwith, 2001). In FtsKN
knockout studies, bacterial cells appear to grow as long filaments which eventually cause the
cell to die. This filamentation is a direct cause of the cell’s inability to undergo complete
septation and division in the absence of FtsKN (Draper et al., 1998).
Between the N- and C- termini of FtsK is a proline and glutamine rich linker (FtsKL) which
varies greatly in length between species and lacks evolutionary conservation, unlike the N- and
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C-termini (Bigot et al., 2004). In E. coli FtsK, the linker is 638 amino acids long, containing
numerous proline and glutamine-rich motifs; 6 repeats of PQQPV[A/P]PQ[P/Q]Q (Begg et al.,
1995) (Dubarry et al., 2010). The P. aeruginosa linker domain, however, is only 125 amino
acids long. The exact role of the linker in the protein’s overall function remains largely
unknown. It has been suggested that FtsKL may interact with FtsKN through the formation of a
pore for chromosomal DNA transport, though further studies have revealed that this may not
be the case (Dubarry and Barre, 2010). The authors were able to show that the efficiency of
chromosome dimer resolution had some dependency on the length of FtsKL, at least in E. coli.
It has also been shown that modifications to FtsKL result in long, filamentous cells (Bigot et
al., 2004). However, filamentation is a result of impairment to either cell division or
chromosome segregation, thereby making it difficult to discern the functional effect of
modifications to FtsKL.
It is the C-terminus of FtsK that gives the protein its ATP-dependent translocase activity and
is classed as a RecA-fold protein within the ASCE (additional strand conserved E) family of
ATPases (Iyer et al., 2004). However, the mechanism underlying the translocation of FtsK via
ATP hydrolysis remains puzzling. FtsKC can be further divided into 3 subdomains, α, β and γ.
The α and β domains hexamerise around dsDNA to form the translocase motor. This molecular
motor works to “pump” DNA through the division septum, bringing the replication terminus
region closer to midcell (Bigot et al., 2004). The β-domain contains the residues responsible
for ATP binding and hydrolysis, necessary for DNA translocation (Crozat and Grainge, 2010).
The FtsKγ subdomain is connected to the α and β domains by a glycine-rich linker.
The 85 amino acid γ-domain has a typical winged helix-turn-helix structure, often associated
with protein-DNA binding (Fig. 1.8C). NMR structures of E. coli FtsKγ and P. aeruginosa
FtsKγ were resolved in 2006 and showed typical winged-helix domains (WHDs) consisting of
three helices flanked by a distinctive “wing” which provides additional DNA contacts. In
FtsKγ, helix-3 binds to the major groove of substrate DNA with the “wing” contacting the
minor groove (Fig. 1.8D) (Sivanathan et al., 2006). The FtsKγ-domain is structurally very
similar to over 100 WHD proteins, one of those being ADAR1 responsible for the deamination
of adenosine in dsRNA; a strikingly different role than the FtsK γ-domain, highlighting the
highly conserved nature of WHD proteins (Sivanathan et al., 2006). Chemical shift mapping
of FtsKγ and ADAR1 supported the hypothesis that helices 2 and 3 of FtsKγ are responsible
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for binding to DNA (Fig 1.8D). It is therefore unsurprising that FtsKγ is responsible for
recognition of the FtsK orienting polar sequences, or KOPS (sequence: 5’ GGNAGGG 3’)
which orient the protein toward “dif” sites (section 1.3.2.1). The directional translocation of
FtsK is important in forming a synapse where site-specific recombination can take place
(Grainge et al., 2007).

Figure 1.8: A Schematic representation of the FtsK protein and its truncated, in vitro active version FtsK50C
(adapted from Crozat and Grainge, 2010)., B Crystal structure of hexameric P. aeruginosa FtsK, the α- and βdomains (front view) C NMR structure of monomeric winged-helix E. coli FtsKγ (PDB: 2VE8, adapted from
Lowe et al. 2008) D NMR structure of E. coli FtsKγ (purple) superimposed over Z-DNA bound ADAR1 protein
from humans (Sivanathan et al., 2006).

1.2.1.2 Function
FtsK plays an essential role in the cell by linking the later stages of chromosome segregation
to cell division. This is achieved by ensuring the newly replicated chromosome is in its
simplest, monomeric form, and the two monomers are located in opposite cell halves. If FtsK
and XerC/D are unable to resolve chromosome dimers the cell is unable to divide. Lack of
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FtsKC might also slow catenane resolution and chromosome unlinking by TopoIV (and
XerC/D), leading to delayed cell division.
Whilst it is known that FtsKC forms hexamers in order to translocate, the mechanism of
translocation is unknown, and when or where these hexamers form remains somewhat
enigmatic. There have been numerous hypotheses proposing a method of FtsK translocation,
most notably the “rotary inchworm” mechanism, though this has since been contested (section
1.2.2.1) (Crozat et al., 2010; Massey et al., 2006). Mutagenesis studies have revealed that
catalytically inactivating a single subunit of an FtsK trimer does not interrupt the protein’s
translocase activity as a hexamer, though its ability to displace DNA roadblocks is lost, or at
least compromised (section 1.2.2.2) (Crozat et al., 2010). Further studies linking biochemical
mechanics, structural biology and single-molecule experiments are needed to determine
exactly how FtsK hydrolyses ATP and how this is linked to translocation (Crozat et al., 2010).
Recent work by Bisicchia et al. discovered numerous membrane-bound monomers of FtsK in
the early stages of growth in E. coli cells, however, when the protein is recruited to midcell by
FtsZ during chromosome segregation and cell division, only hexameric FtsK is found. They
postulate that FtsKN hexamerises first at the division septum, allowing subsequent
hexamerisation of FtsKC (Bisicchia et al., 2013). This study is the first of its kind to determine
that FtsK hexamerises almost immediately after recruitment to midcell, before cell division
begins.
Perhaps the most extensively studied function of FtsK is its role during site-specific
recombination to resolve chromosome dimers that form as a consequence of homologous
recombination. Site-specific recombination requires the catalytic action of two tyrosine
recombinase proteins, XerC and XerD (see section 1.2.3), which, in turn, are activated by
FtsKC. The mechanisms of site-specific recombination in relation to chromosome dimer
resolution are discussed more extensively in section 1.3. It was originally thought that FtsK
only functioned during chromosome segregation when a chromosome dimer was encountered.
However, recent data has shown that FtsK shows no bias toward translocating on monomeric
chromosomes (Stouf et al., 2013) (Grainge et al., 2007). In fact, FtsK seems to segregate the
terminus region of chromosomes, regardless of whether they are dimeric or monomeric (Stouf
et al., 2013). It does so in a highly ordered manner, ending at dif; the same site where
chromosome dimer resolution takes place. In studies where the ability of FtsK to recognise
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KOPS is mutated, chromosome segregation and cell division still occurs though in a seemingly
disordered manner, especially in regions surrounding dif (Stouf et al., 2013).
The structure of P. aeruginosa FtsKC has been solved by X-ray crystallography, though FtsKN,
or the protein as a whole, has not (Lowe et al., 2008; Massey et al., 2006). The research
conducted by Lowe et al. revealed the nature of FtsK’s binding to dsDNA. It was originally
thought that because the γ-domain of FtsKC is involved with DNA contacts (specifically with
KOPS), it must reside within the central channel of the hexamer. However, Lowe et al. found
that γ extends out via a flexible glycine-rich linker, connected to the β-domain. The wingedhelix of γ interacts specifically with the major groove of DNA and three γ domains seem to be
sufficient for FtsK hexamerisation and loading (Lowe et al., 2008). Furthermore, the authors
found that γ loads FtsK on one side of the conserved KOPS sequence, so that subsequent DNA
translocation is polarised to move through the KOPS sequence and onwards towards the dif
site. This changed the understanding of FtsK-KOPS interactions and led to the idea that KOPS
is simply a loading site for FtsK, an idea that has come firmly into acceptance (Lowe et al.,
2008).
The FtsKγ domain has been implicated in numerous important reactions during chromosome
segregation (Fig. 1.8C). Not only does this tiny subdomain recognise KOPS sites to orient the
loading and translocation of the motor domain, it is also responsible for activation of sitespecific recombination through direct interactions with XerD. Recent data, published in 2016,
sought to describe the FtsKγ-XerD interaction. The construct used for crystallisation consisted
of the C-terminus of XerD fused to FtsKγ (XerDγ), utilising a glutamine-rich linker, similar to
that which γ binds the β-domain of FtsKC (Keller et al., 2016). The structure of the fusion
protein showing the FtsKγ - XerD interaction was resolved (further discussed in sections 5.2
and 7.4.1, and Figures 5.1 and 7.6). However, the crystal did not contain any substrate DNA
and is, therefore, thought to represent XerDγ in its inactive state (Keller et al., 2016).
FtsK is an essential protein across a broad range of bacteria. Its conservation is remarkable,
with FtsK-like proteins continually being discovered in roles quite different to that of
chromosome segregation and cell division. Highlighting the significance of this protein across
bacterial evolution confirms the importance of fully understanding its molecular mechanisms
and overall functions, as is the primary goal of this study. Focus will be centred on the CPage 21

terminus of FtsK, aiming to elucidate more information on the protein’s recombination
stimulating activity across a broad range of organisms, as well as providing insight into its
mechanisms of translocation.

1.2.2 Mechanisms of FtsK Translocation
A fundamental process of all living organism is the ability to transport dsDNA (Guo et al.,
2014). In the case of E. coli and B. subtilis, the proteins that facilitate DNA translocation also
facilitate a range of other functions including; site-specific recombination and coordinating the
final stages of chromosome segregation with cell division. DNA translocases hydrolyse ATP
to drive their movement along DNA.
FtsK and SpoIIIE are the two most extensively studied proteins of their class but despite the
extensive amount of research on these two DNA translocases, the mechanisms of translocation
remain unclear. FtsK translocase activity increases from ~7kbp/s at room temperature to 17.5
kbp/s at 37°C and at these speeds it can strip streptavidin beads from biotin (Lee et al., 2012)
(Chivers et al., 2010). It was originally hypothesised that all six subunits of the hexamer are
necessary to be active during translocation although more recent studies have shown otherwise
(Massey et al., 2006) (Crozat et al., 2010). Three γ-domains of FtsK bind to KOPS to direct
translocation activity toward the XerC/D recombination synapse. As only half the number of
γ-domains that exist in the hexamer are used for this interaction, it is possible that only half the
expected number of α- and β- domains are required for translocation, as seen in the F1 ATPase
(Zhou and Boyer, 1993). However, the six subunits of the FtsK hexamer exhibit individual
ATP binding sites; perhaps indicating the contribution of each monomer to translocation. The
presence of an arginine residue located at the interface between two subunits, the arginine
finger, that could theoretically contact the nucleotide in the neighbouring monomer’s active
site provides a possible communication mechanism between monomers of FtsK within a
hexamer (Iyer et al., 2004).
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1.2.2.1 The “rotary inchworm” model
In an attempt to characterise the mechanism of FtsK translocation, Massey et al. in 2006
resolved the FtsK crystal structure bound to ATP analogues which were expected to depict the
protein at different stages of ATP hydrolysis (Massey et al., 2006). The two resolved structures
were of head-to-tail P. aeruginosa FtsK dimers bound to ATPγS and a hexameric ring form
bound to ADP at each subunit (Fig. 1.8B). When a monomer from each structure were
superimposed on each other, a conformational change between the α- and β-domain of the two
nucleotide-bound structures was seen. This was proposed to represent a “jaw-like hinged
movement” that was linked to ATP hydrolysis. The rotary inchworm mechanism was based on
the conformational changes seen in the bacterial helicase PcrA. Each α-subunit of the FtsK
hexamer is proposed to contact the dsDNA backbone. Based upon superimposition of the
monomers from the two structures (ATP versus ADP-bound) hydrolysis of ATP produces a
12° hinge movement between the α- and β-subunits (Fig. 1.9) (Massey et al., 2006). This shifts
the α DNA contact by the equivalent of 1.6bp relative to β. The jaw-like hinge movement
between α and β occurs sequentially around the monomers of the hexameric ring, with each
monomer moving 2bp of DNA downwards through the central channel. Once the dsDNA has
finished a full-turn and the protein undergoes a complete “inchworm” step, the α-subunit as
again able to contact the dsDNA.
The “rotary inchworm” model implies that single subunits of the FtsK hexamer act
sequentially, requiring a high degree of intra-subunit cooperation (Crozat and Grainge, 2010).
This was quantified somewhat by mixing P. aeruginosa FtsKCΔγ mutants (FtsK C-terminus
lacking the γ-domain) with wild-type protein at varying concentrations to produce an
increasing number of “inactive” monomers per hexamer by random association (Massey et al.,
2006). The decrease in translocation rate was exponentially related to an increase in the
concentration of inactive hexamers- providing a conceivable proof of concept for the rotary
inchworm model. It is possible however, that if the next monomer in the sequence for
translocation is inactive, this would induce an increase in rotation of the hexamer around
dsDNA, potentially leading to extensive supercoiling- or, perhaps eliminate the ability of the
hexamer to translocate entirely.
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Figure 1.9: Rotary inchworm model for monomeric FtsK translocation adapted from Massey et al. 2006. A. α(blue) and β- subunit (purple) contact (red asterisk) dsDNA B. ATP hydrolysis leads to a 1.6bp movement of
DNA due to a 12° conformational change between the α and β-subunits. The α-DNA contact is strong enough to
induce translocation of dsDNA and dissociate the β-domain. C α-domain contact with dsDNA is lost due to
positioning of the dsDNA helix. The FtsK monomer has completed its 1.6bp movement of dsDNA and will not
interact with the dsDNA until a complete helical turn has been made. The neighbouring monomer is next in
register to begin the inchworm process again (not shown).

1.2.2.2 The “escort” model
Clarification of a model for FtsK translocation has proven difficult. The rotary inchworm
model was based on strong assumptions taken from crystallographic data, despite the absence
of an “active” hexameric FtsK structure (Massey et al., 2006). Since the publication of the P.
aeruginosa structure, there have been numerous attempts to discern a translocation model, to
no avail.
In vitro experiments conducted by Crozat et al. in 2010 showed that covalent trimers containing
a catalytic mutation in their central subunits were able to hexamerise, translocate dsDNA at
wild-type speed and activate chromosome unlinking. The only impairment noted was the lost
ability to displace protein roadblocks (Crozat et al., 2010). A mutation was defined as either
inhibition of the ability to bind (Walker A mutant) or hydrolyse (Walker B mutant) ATP.
Massey et al. proposed that for a rotary inchworm model to be correct, a single mutated subunit
of the FtsK hexamer would block translocation unless the protein is able to accommodate
substantial rotation with no loss in velocity (Crozat et al., 2010). Instead, it was found that
hexamers with a single mutated subunit were able to recognise KOPS and activate
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recombination at wild-type levels. Double mutants still retained 65% recombination during in
vitro assays without a loss in velocity of dsDNA translocation (Crozat et al., 2010).
Whilst wild-type recombination levels were observed, the same could not be said for
displacement of protein roadblocks; as shown in triplex-displacement assays (Crozat et al.,
2010). Indeed, two mutated monomers showed only 20% translocation activity when
encountering a triplex, compared to wild-type levels. From single-molecule experiments, it was
deduced that those hexamers containing mutations to the central subunits (Fig. 1.10A) resulted
in failure to displace the triplex oligonucleotide, but not a reduction in translocation velocity.
This is contrary to what was demonstrated in the rotary inchworm model where a complete
loss of function would be expected for each mutated subunit (Massey et al., 2006).

Figure 1.10: Escort model of FtsK translocation with two mutated subunits. A. Cartoon representation of two
trimers of FtsK with a mutated central subunit (M). This produced hexamers that retained wild type velocity
during translocation. Mutated subunits are opposite one another. B. FtsK motor domain, depicted linearly with
two mutated subunits (M) and subunits contacting DNA (*). Subunits making DNA contacts are either in an ATP
hydrolysis state or have already hydrolysed ATP to ADP. Those subunits not contacting the DNA are either ATP
bound or nucleotide-free.

In a model containing two mutated central subunits (Figure 1.10A), it is still possible for at
least two protein-DNA contacts to exist at all times (Figure 1.10B) thereby retaining
translocation velocity. Coordinated interactions between the FtsK motor domain and DNA
could potentially allow bypassing of a mutated subunit without needing ATP hydrolysis
(Crozat et al. 2010).
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1.2.2.3 Discrepancies in current translocation models
Despite key insights into ring helicase translocation starting to emerge, the biophysical
mechanisms that facilitate movement over substrate by these proteins vary greatly and are not
well understood (Enemark and Joshua-Tor, 2006) (Thomsen and Berger, 2009) (O'Shea and
Berger, 2014). It is currently accepted that FtsK independently assembles around dsDNA as
orientated by KOPS (Massey et al., 2006). Once loaded, the protein must precisely coordinate
ATP binding and hydrolysis between 6 monomers to power processive substrate translocation.
Structural studies into the E. coli RNA binding protein, Rho, have shown that upon ATP
hydrolysis, conformational changes in the hexamer are observed (Thomsen et al., 2016). The
resultant asymmetry within the hexamer promotes the formation of an “active” state with each
monomer playing a distinct role during translocation (Thomsen et al., 2016). Similarly, the
helicase DnaB (see section 1.1.1) undergoes significant conformational changes with each
domain rotating 60° with respect to its neighbour. Neither of the current models for FtsK
translocation consider the significant conformational change the protein must undergo in order
to translocate dsDNA. The “rotary inchworm” mechanism acknowledges a change between the
α- and β-subunits of FtsK but fails to consider the interaction between each subunit of the
monomer. The “escort” mechanism does consider monomer-monomer interactions, but the
hexamer can still translocate with mutated subunits, which may not be the case.
Experiments by Massey et al. in 2006 showed an exponential loss in ATPase activity when
increasing concentrations of Walker A-mutated P. aeruginosa FtsKCΔγ were added to a
population of non-mutated FtsKCΔγ. The Walker A mutant was previously shown to retain no
in vitro ATPase activity but did form hexamers around dsDNA (Massey et al., 2006). It was
proposed that the loss of ATPase activity in the mutant and wild-type mix suggested that
individual monomers of the FtsK hexamer do not function independently of each other due to
the helical nature of dsDNA and its positioning upon translocation which lead to the “rotary
inchworm” hypothesis. The resolved structure of FtsK, however, did not show any asymmetry
in nucleotide binding states, or differences in structures of each monomer which would perhaps
be expected from a protein utilising this rotary mechanism. Whilst perhaps structurally the
initial proposal of the model is sound, further experimentation has cast doubt on its feasibility.
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Crozat et al. repeated similar experiments where mutated and wild type trimers were mixed.
The 2006 Massey et al. paper used very short sequences of DNA (16bp) as substrate for the
ATPase assay. This 16bp of dsDNA used was likely insufficient for substantial dsDNA
translocation and the drop in ATPase activity using this length of dsDNA may also reflect the
inability of the mutated hexamer to recycle onto a new substrate (Crozat et al., 2010).
However, in ATPase assays where a 9kb plasmid is translocated upon, mutated trimers, which
form hexamers around DNA, can translocate at speeds ~80% of wild type. If the rotary
inchworm model were to hold true, a single mutation would lead to a complete loss of
translocase function of the hexamer.
Due to the sheer speed and velocity of FtsK, single catalytic steps during translocation are
extremely difficult to capture. Whilst the covalent trimer from the escort model is still able to
translocate efficiently, it would not be viable in vivo due to its inability to displace potential
roadblocks, thereby preventing it from translocating toward dif sites to initiate site-specific
recombination (Crozat et al., 2010). The escort model for FtsK translocation certainly
challenges the rotary inchworm model though both models have gaps in their data. In order to
further understand the catalytic activity of FtsK during translocation, a structure of the hexamer
bound to dsDNA would reveal important structural changes potentially elucidating a defined
translocation mechanism.
Linking in vitro recombination to in vivo translocation is a difficult leap. Unpublished data
from the Grainge laboratory of a truncated version of FtsK containing only the β- and γdomains, postulated to hexamerise in the presence of dsDNA, has shown low levels of
recombination activity in vivo which would perhaps eliminate the need for the α-domain during
translocation. According to the rotary inchworm model, a hinge-like conformational change
between the α and β-domains is absolutely required for effective translocation. As such, a
definitive FtsK translocation mechanism has yet to be determined.
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1.2.3 FtsK Homologues
1.2.3.1 SpoIIIE and SftA
The ability for some bacteria to sporulate, gives them an evolutionary advantage as they are
able to protect their DNA by postponing replication until a more suitable time (Grainge, 2008).
One such bacterium, B. subtilis, has been extensively studied, with particular focus on the
proteins involved in the unusual asymmetric chromosome segregation and cell division
pathway that constitutes the process of sporulation (Fig. 1.11). The protein, SpoIIIE, was the
first identified member of the FtsK/ HerA family of translocases and has extensive architectural
and functional similarities with FtsK (Sherratt et al., 2010).
Sporulation in B. subtilis occurs when cells are nutrient starved and begins with the formation
of a “prespore” structure which is morphologically distinct from the original mother cell (Fig.
1.11) (Bath et al., 2000). A portion (approximately 30%) of the newly replicated chromosome
is trapped within the much smaller prespore (Bath et al., 2000). The prespore is metabolically
dormant and able to survive in extreme environments acting as a protection mechanism for the
B. subtilis chromosome (Higgins and Dworkin, 2012). SpoIIIE was first recognised as an
essential protein during sporulation in 1994 when the authors showed that knockouts of
spoIIIE36 prevented complete chromosome migration into the newly formed prespore (Wu and
Errington, 1994). It was therefore proposed that SpoIIIE must act as a kind of pump or channel
to transfer the remaining 70% of the chromosome. Whilst chromosome segregation was
incomplete, the cell was still able to continue septation to a much later stage than was expected
(Wu and Errington, 1994). As well as its role in DNA translocation, SpoIIIE has also been
implicated during membrane closure and engulfment of the prespore structure (Sharp and
Pogliano, 1999). Though extensively studied, the exact mechanisms behind the role of SpoIIIE
in cytokinesis remain unclear.
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Figure 1.11: Sporulation in B. subtilis. SpoIIIE (orange rectangle) is required for septal fission during sporulation.
When the cell encounters stressful conditions, B. subtilis creates a metabolically dormant prespore to safely store
its DNA. SpoIIIE is responsible for pumping the DNA into the prespore and initiating the final stage of
chromosome segregation and division.

Similar to FtsK, SpoIIIE contains four transmembrane helices on its N-terminus, positioning it
at the division septum. The C-terminus of SpoIIIE is a translocase; pumping DNA from mother
cell into prespore and bears ~50% sequence similarity to the FtsK C-terminus (Bath et al.,
2000). During translocation this motor is able to strip DNA of cell-specific proteins thereby
only transferring chromosomal DNA (Marquis et al., 2008). The pumping of DNA from
mother cell to prespore is directional and is achieved through recognition of specific sequences
known as SpoIIIE recognition sequences (SRS) with the sequence GAGAAGGG. Similar to
KOPS, recognised by FtsK, the γ-domain of SpoIIIE recognises SRS sequences and directs the
protein to the site of cell division (Ptacin et al., 2008). Interestingly, in the work published by
Ptacin et al., they found the γ-domains of FtsK and SpoIIIE were interchangeable. That is, by
replacing SpoIIIEγ, with FtsKγ the protein was still able to recognise KOPS (but not SRS) and
translocate accordingly. The exact mechanism of SpoIIIE translocation is unknown, however,
recent data suggests a role of the SpoIIIE γ-domain and how its binds to SRS could lead to
rotations within the hexamer causing changes in the accessibility of the ATP-binding site, i.e.
a significant conformational change (Cattoni et al., 2013).
In B. subtilis, there exists another FtsK-like protein called SftA. Little is known about the
function of SftA and there are only two publications describing some of its in vitro and in vivo
activity (Kaimer et al., 2011) (Biller and Burkholder, 2009). The C-terminus of SftA shares
50% identity with the FtsK C-terminus at the amino acid level, however, there does not seem
to be a membrane-localised N-terminal domain of SftA (Kaimer et al., 2011). A loss of SpoIIIE
activity during chromosome segregation can be compensated for by SftA. In sftA mutants,
cellular elongation was observed, with 32% of these elongated cells harbouring a single, long
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chromosome, indicative of a loss of chromosome segregation mechanisms. A double spoIIIE/
sftA knockout is not lethal to the cell but does increase the occurrence of elongated
chromosomes (Kaimer et al., 2011). SftA appears to be recruited to the division site at an early
stage during cell division through interactions at FtsZ. These data suggest a synergistic role of
SpoIIIE and SftA in the later stages of chromosome segregation and cell division.
1.2.3.2 Tra proteins
FtsK is conserved across most prokaryotes and indeed, homologues are found in some plasmid
systems. The process of conjugative plasmid transfer is a method for horizontal gene spread
and likely led to the advancement of bacterial evolution (e.g. antibiotic resistance) (Lederberg
and Tatum, 1946). Whilst several tra genes exist, their functional properties are highly varied.
One Tra protein is discussed below with FtsK/SpoIIIE-like properties, linking it closer to the
FtsK family of DNA translocases and further from “coupling proteins” usually associated with
bacterial conjugation.
TraB is an FtsK-like translocase primarily responsible for conjugative plasmid transfer in
Streptomyces. Unlike the standard type IV secretion system usually found in conjugation
systems, TraB from Streptomyces has more recently been shown to behave in a different way
(Vogelmann et al., 2011). Type IV secretion systems are mostly recognised in the transfer of
pathogenic components from prokaryotic donors to eukaryotic host cells in several pathogenic
bacterial strains (Schroder and Lanka, 2003). TraB recognises specific 8bp sequences (similar
to KOPS) via its winged-helix domain (similar FtsK’s γ-domain), then assembles into a
hexameric ring to allow transfer of plasmids as dsDNA between cells in Streptomyces. The
mechanism by which TraB translocates along these plasmids and dsDNA is largely unknown
and is still under much contention. Interestingly, deletion of the γ-domain does not change the
DNA-dependent ATPase activity of the protein implying that γ does not play a role during sitespecific recognition (Amado et al., 2019). Whilst type IV secretion systems involve the cellcell transfer of ssDNA, TraB appears to act in transferring dsDNA (Vogelmann et al., 2011).
TraB closely resembles FtsK and SpoIIIE in its domain organisation, structure and DNAbinding mode, however, it functions during conjugal plasmid transfer, not in coordinating
chromosome segregation (Amado et al., 2019).
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1.2.3.3 TrwB
TrwB is a DNA-dependent hexameric ATPase, with structural similarity to FtsK, and is
essential in plasmid R388 conjugation. The structure of TrwB was resolved in 2001 revealing
a hexamer with a single ATPase binding site per monomer and a 20Å central channel, large
enough for DNA to pass through (Fig. 1.12) (Gomis-Ruth et al., 2001). TrwB has the same
molecular organisation as FtsK with a transmembrane N-terminal domain and an ATP-binding
domain within its C-terminus. TrwB and TrwB-like proteins lack a γ-domain and therefore
translocate plamid DNA without specific sequence recognition. Instead, TrwB recognises highorder DNA structures which act as potential loading sites for the motor (Amado et al., 2019).
The ATPase activity of TrwB is essential during conjugation and facilitates pumping of DNA
through its central channel, like FtsK (Moncalian et al., 1999).

Figure 1.12: Comparison of hexameric crystal structures of TrwB (PDB: 1GKI) and FtsK (PDB: 2IUU) bound
to ADP. Both structures have 6-fold symmetry and contain a central annulus allowing DNA to pass through.

1.2.3.4 TcpA and TcpB
In the gram-positive bacterium, Clostridium perfringens, there are two proteins involved in
conjugative plasmid transfer with similarity to FtsK and SpoIIIE (Bannam et al., 2006). These
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proteins, TcpA and TcpB, were discovered when looking into the antibiotic resistance ability
of C. perfringens (Bannam et al., 2006). Both TcpA and TcpB contain conserved FtsK/SpoIIIE
domains in their C-terminus though these domains are less conserved in TcpB (Parsons et al.,
2007). These proteins were thought to belong to the “coupling protein” family of DNA
translocases though further bioinformatics analysis revealed that TcpA was more closely
related to FtsK than was expected (Fig. 1.13) (Parsons et al., 2007). In deletion mutants of both
tcpAB, and tcpA alone, conjugative plasmid transfer is eliminated. Complementation studies
with a tcpA vector against both knockout strains showed tcpA was enough to restore DNA
transfer rates close to wild-type levels, confirming that TcpA is essential in conjugative plasmid
transfer (Parsons et al., 2007). Furthermore, Parsons et al. were able to show that ATPase
activity and membrane localisation of TcpA is essential for conjugative transfer of a specific
plasmid in C. perfringens.

Figure 1.13: Phylogenetic tree based on alignments of the FtsK-HerA family of ATPases. Proteins in bold are
those discussed in this study.

The identification and characterisation of numerous FtsK homologues across bacteria, archaea and in
conjugative plasmid transfer systems highlights the extraordinarily well conserved nature of this
protein.
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1.3 Site-Specific Recombination
1.3.1 Principles of Site-Specific Recombination
Site-specific recombination is a process of genetic recombination between two DNA strands
with defined sequence homology. Recombinase proteins are responsible for undertaking sitespecific recombination and exist as either tyrosine or serine recombinases. For the purposes of
this study, the focus will be on tyrosine recombinases only. Tyrosine recombinases are so called
due to the conserved catalytic tyrosine which acts to cleave DNA in preparation for strandexchange. More specifically, tyrosine recombinases cut each DNA strand creating a 3’phosphotyrosine protein-DNA linkage and a free 5’ hydroxyl (Bebel et al., 2016).
Recombinases recognise and bind to homologous DNA sites and bring them together into a
synapse. At this synapse, the first pair of strand exchange reactions take place, leading to the
formation of a four-way junction called a Holliday junction. This Holliday junction is then
resolved following a second pair of strand-exchange reactions and re-joining of the DNA
resulting in recombination. Depending on the arrangement of parental recombination sites, sitespecific recombination can result in 3 outcomes: integration, deletion and inversion (Fig. 1.14)
(Grindley et al., 2006).
Site-specific recombination is used for multiple purposes by an organism including joining or
separating DNA segments, phage integration and excision, DNA transposition and in the
resolution of chromosome dimers at the later stages of segregation and cell division.
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Figure 1.14: The 3 outcomes of site-specific recombination. Integration results from recombination between sites
on separate pieces of DNA; at least one being circular. Deletion occurs when sites on the same piece of DNA are
oriented in a head-to-tail fashion (black arrows). Inversion results from recombination between sites on the same
piece of DNA oriented in a head-to-head manner (black arrows).

1.3.2 The Tyrosine Recombinases; XerC and XerD
The Xer proteins are vital for site-specific recombination and participate in the resolution of
chromosome dimers in the presence of FtsK. In the absence of FtsK, some strand-exchange
reactions are observed, though the Holliday junction formed is unstable and will consequently
revert to its original state by a second pair of exchanges of the same strands (see Fig. 1.16)
(Aussel et al., 2002).
XerC and XerD are tyrosine recombinases, of the λ-integrase family of recombinases. Each
recombination reaction requires two pairs of cutting and re-ligation reactions to occur, and each
Page 34

pair is tightly controlled and spatially and temporally separate. Members of the tyrosine
recombinase family harbour the same catalytic motif; R-K-H-R-[H/W]-Y (Sherratt and
Wigley, 1998). Both XerC and XerD are approximately 300 amino acids in length and retain
37% sequence identity at the amino acid level (Blakely et al., 1993). The sequences are most
similar at domains I and II which are highly conserved across all integrase recombinases. The
catalytic motifs are invariant amino acids which, when mutated, cause a loss in recombination
activity (Blakely et al., 1993). A deletion of the xer genes results in increased DNA content
and cell filamentation, consistent with chromosome dimer formation. Similarly, an xer deletion
causes activation of the SOS response due to the cell’s inability to resolve harmful chromosome
dimers (Britton and Grossman, 1999).
XerC was first recognised as functioning during plasmid multimer resolution in the presence
of ArgR and PepA (encoded by xerA and xerB, respectively although this terminology is no
longer used) at cer sites in E. coli (Summers, 1989). It was also found to bind other
recombination sites in the E. coli chromosome, for example, dif (Blakely et al., 1991). A role
for XerC in chromosome segregation and dimer resolution was first noted when xerC
knockouts formed filamentous cells in which it appeared the chromosome was not being
efficiently partitioned during cell division. Due to the understanding of chromosome dimer
resolution at the time, it was thought that only XerC was required for this reaction to take place
(Blakely et al., 1991). However, XerD was also identified as an essential part of this process
(Blakely et al., 1993). Blakely et al. went on to show that recombination at a specific site known
as “dif”, in the presence of XerD, does not require additional proteins or sequences. We now
know, however, that this is not the case. Indeed, FtsK, or more specifically the FtsK γ-domain
is required for activation of XerD to trigger the first pair of strand-exchange reactions during
chromosome dimer resolution (Aussel et al., 2002).
1.3.2.1 The dif site
The “deletion induced filamentation” site or dif, is a 28bp nucleic acid sequence with partial
two-fold symmetry; two recombinase binding sites are separated by a central region (usually
6bp; Fig 1.15). Each binding site is recognised by one of the Xer proteins, and this is the site
for resolution of chromosome dimers, and for recombination involved in de-catenation (Aussel
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et al., 2002). dif is located within the chromosomal terminus region, ter, and has been
characterised extensively in the E. coli system.

Figure 1.15: The E. coli dif site featuring two inverted repeats, providing dyad symmetry, and a central region
surrounded by the left and right dif arms.

The activity of the dif site is restricted to a localised region called the “dif-activity zone” (DAZ)
(Stouf et al., 2013). DAZ is reliant upon FtsK translocation and is dependent upon the
surrounding KOPS sites all being polarised towards dif. Whilst dif was first characterised in
bacterial chromosomes, dif-like regions have been discovered in phage genomes which utilise
the host’s XerC/D recombination system for integration of genetic material into the host cell
(Kuempel et al., 1991) (Huber and Waldor, 2002).
1.3.2.2 XerC/D-mediated site-specific recombination
Chromosome dimers form at least 15% of the time during chromosome segregation and cell
division (Steiner and Kuempel, 1998b). Dimers form when an odd number of crossing-over
events occur during homologous recombination in cells harbouring a circular chromosome
(Fig. 1.3) (Kuempel et al., 1991). Homologous recombination events are thought to occur as a
mechanism of DNA repair during replication, usually mediated by the protein, RecA (Crozat
and Grainge, 2010). If dimers remain unresolved, the chromosome continues to elongate and
cannot segregate, causing largely filamentous cells, eventually leading to cell death (Draper et
al., 1998).
Site-specific recombination refers to a reaction in which DNA molecules are cleaved at specific
recombination sites and are re-joined at new sites without the need for DNA synthesis
(Subramanya et al., 1997). Recombination sites typically contain two motifs with dyad
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symmetry (i.e. inverted repeats) where recombinase binding occurs, and the subsequent
recombination reaction takes place (Blakely and Sherratt, 1994). The E. coli dif site provides
one such example (Fig. 1.15). Interestingly, XerC/D recombination can take place at other sites
aside from dif (e.g. plasmid borne sites cer and psi) with XerC activating the first strand
exchange. When the recombinase proteins become active, two separate strand-exchange and
ligation reactions occur. The first strand-exchange produces a typical Holliday junction
structure which appears to be resolved by the second strand-exchange.
The XerC/D-dif recombination system is best characterised in proteobacteria, however, other
systems of Xer-mediated site-specific recombination exist (see sections 1.3.2.6 and 1.3.2.7).
XerC/D orthologues exist in most eubacteria with circular chromosomes. It was originally
thought that XerC alone was required for E. coli recombination to take place, however the
identification of a second recombinase in 1993, now known as XerD, changed this theory
(Blakely et al., 1993). To resolve dimeric chromosomes in a site-specific manner, the γ-domain
of FtsKC interacts with XerD to catalyse the first strand-exchange reaction, leading to the
formation of a Holliday junction intermediate, which is then resolved by XerC (Grainge et al.,
2011). In a simple overexpression test, it has been shown that FtsKC is able to stimulate
recombination without the presence of the N-terminus or linker. (Barre et al., 2000). More
recently, it has been shown that the γ-domain of FtsKC alone is enough to stimulate a
recombination reaction (Grainge et al., 2011). The products yielded in this case, however, are
topologically complex, which can lead to difficulties during chromosome segregation. It has
since been shown that FtsK translocation is absolutely required to yield topologically simple
products of synaptic complexes where XerC/D-dif recombination can take place (Bigot and
Marians, 2010; Grainge et al., 2011).
FtsK translocation comes to a halt once an XerC/D-dif complex is encountered (Grainge et al.,
2011). In the presence of FtsK, the catalytic state of XerC/D switches, favouring a
conformation in which XerD initiates the first strand-exchange reaction, as opposed to an FtsKindependent reaction where XerC initiates the first strand-exchange (Fig. 1.16) (Aussel et al.,
2002; Grainge et al., 2011). The bias toward the XerC-mediated reaction in the absence of FtsK
is likely due to the asymmetry of the dif site, something which is also seen in the XerS
recombination system in Streptococcus suis (section 1.3.1.5) (Colloms et al., 1996; Leroux et
al., 2011). The Holliday junction structures observed in both FtsK-dependent and FtsKPage 37

independent events also differ in conformation. In a recent study by Zawadzki et al., the
XerC/D-dif-FtsK recombination reaction was analysed in detail using single particle analyses.
From this study, the authors were able to observe, in real-time, the arrival of FtsK at the
synaptic complex and the ensuing conformational change resulting in dimer resolution by XerC
and XerD. Though this was already the accepted mechanism for recombination by this system,
real-time visualisation confirmed that XerD catalyses the first strand exchange in resolution of
chromosome dimers (Zawadzki et al., 2013).

Figure 1.16: Schematic representation of FtsK-dependent (left reaction) and FtsK-independent (right reaction)
site-specific recombination. XerD (orange spheres) catalyses the first strand exchange reaction in the presence of
FtsK (green hexamer). In FtsK’s absence, XerC (purple spheres) catalyses a strand exchange but an unstable
product is the result. XerD is unable to resolve this intermediate product and the structure quickly reverts back to
its original, dimerised state.

FtsK, XerC and XerD are also partly responsible for the resolution of catenated products that
occur as a consequence of chromosome replication. Grainge et al. in 2007 showed supercoiled
products with up to 14-knots were effectively converted into two free circles through a stepwise
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reaction (Grainge et al., 2007). In this reaction, the products are continually recombined, with
the topology becoming simplified at each step, until two free circles are yielded (Grainge et
al., 2007). Most of this chromosome unlinking is undertaken by TopoIV, though FtsK
translocation via interaction with KOPS may assist both TopoIV and XerC/D during this
reaction. Furthermore, in the absence of TopoIV, FtsK and XerC/D dif are able to compensate
its lack of activity and resolve catenated products when a soluble form of FtsK is expressed
(Grainge et al., 2007).
1.3.2.3 Activation of XerC/D site-specific recombination by the FtsK γ-domain
ATP hydrolysis and subsequent translocation by FtsK activates chromosome dimer resolution
by causing a change in the catalytic state of the XerC/D heterotetramer, positioning the catalytic
tyrosine close to the DNA phosphodiester (Yates et al., 2006). The intricacies of this catalytic
switch were first shown when truncations of FtsKC containing the γ-domain (bound to maltosebinding protein) and XerD was enough to stimulate recombination in vitro (Yates et al., 2006).
Conversely, FtsKC truncations that did not contain γ did not stimulate recombination in vitro
(Yates et al., 2006). Further experimentation found that recombination by FtsK’s γ-domain can
be completely uncoupled from the hexameric motor (Grainge et al., 2011). This was a
significant advancement in the understanding of the link between FtsK translocation and
chromosome dimer resolution by XerC/D as it ruled out involvement of the ATPase activity of
FtsK during this site-specific recombination event.

1.3.3 Homologues of XerC and XerD
1.3.3.1 Cre-loxP recombination
Many of the currently accepted models for bacterial site-specific recombination have arisen
from studies involving bacteriophage P1 and its system for resolving dimeric plasmids prior to
cell division (Reyes-Lamothe et al., 2012). The Cre-loxP system utilises the Cre (cyclic
recombinase) protein to recombine DNA at 34bp inverted repeat loxP sites containing an 8bp
central region flanked by two 13bp Cre-binding sites (ATAACTTCGTATA-NNNTANNNTATACGAAGTTAT). In this system, Cre ensures faithful segregation of monomeric plasmid
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products into daughter cells by the binding of two homodimers which come together in a Cre
synaptic complex. Following this, two sequential pairs of strand-exchange reactions occur, as
in Xer-recombination, to resolve the plasmid dimer into two monomers. Despite the symmetry
in loxP sites, there still appears to be asymmetry in strand cleavage preference which, in the
absence of FtsK, is difficult to explain (Ghosh et al., 2005). Long before higher order
recombination systems were identified, the pioneering research into the Cre-loxP system
provided evidence that the mechanisms for resolving chromosome dimers must relate to dimers
borne from plasmid systems (Sauer, 1987). Plasmid dimers are not lethal to the cell and a dimer
can be segregated into a single daughter cell at cell division. However, early studies found that
the presence of loxP sites in P1 plasmids prevented the accumulation of dimeric products
(Austin et al., 1981).
The Cre-loxP recombination system has since been utilised as a molecular tool for both
prokaryotic and eukaryotic applications. The discovery that Cre is functional in mice, led to
the idea that DNA modification can be manipulated to occur at specific sites within a targeted
cell in almost any system (Sauer and Henderson, 1988). Placing loxP sequences in carefully
selected regions allows genes to be activated, repressed or potentially exchanged for other
genes in a highly controlled manner via excision, inversion and translocation reactions (see
Fig. 1.17) (Sauer, 1987). The orientation of these loxP sites dictates the reaction type that Cre
will produce. Two loxP sequences, orientated in the same direction, cause Cre to undergo a
deletion reaction. If the loxP sequences are orientated opposite one another on the same DNA
strand, an inversion mutation is created. Lastly, by placing loxP sites on different chromosomal
loci, Cre recombination produces a translocation event. By employing this system, the function
of unknown genes can be identified- an essential part of understanding biological systems.
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Figure 1.17: The three primary uses of Cre-loxP recombination systems in vivo. A. Excision – loxP sites are
oriented in the same direction. Cre is able to excise DNA through circularisation of the segment. B. Inversion –
loxP sites are oriented in opposing directions by which Cre catalyses inversion of the piece of DNA C. loxP sites
can be placed on different pieces of DNA initiating a translocation event.

The use of Cre-loxP in vivo is slowly being overshadowed by the discovery of CRISPR-Cas9
(Cluster Regularly Interspaced Short Palindromic Repeats - CRISPR-associated systems) as a
genome editing tool. The CRISPR-Cas9 system is based on a natural method used by bacteria
to protect against viruses (Deveau et al., 2010). When bacteria detect viral DNA, an RNA is
produced containing a sequence complementary to the viral DNA sequence (“guide” RNA)
(Jinek et al., 2012). The guide RNA forms a protein complex with a nuclease known as Cas9.
When the guide RNA pairs with its target within the invading viral DNA, Cas9 can cut the
target DNA thereby disabling the virus. In commercially available systems, guide RNAs are
designed to target a gene of interest (Ran et al., 2013). Cas9 will then cut the DNA, prompting
the cell’s natural repair pathways to repair the cut. However, these repair mechanisms are error
prone, leading to mutations within the gene. Alternatively, repair can be directed towards
homologous recombination by introduction of a specific sequence of DNA (Ran et al., 2013).
It is possible that both Cre-loxP and CRISPR-Cas9 can be used in combination to produce
transgenic animals with excellent temporal and tissue-specific control of genetic modification
(Liang et al., 2016).
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Whilst the Cre-loxP system of site-specific recombination provided the first evidence of
dimeric DNA resolution, there is no FtsK homologue within this plasmid system. Interestingly,
in vitro studies utilising Cre-loxP as a replacement for the XerC/D-dif system have shown
dependence on FtsK for the resolution of chromosome dimers and suppression of DNA
catenation (Grainge et al., 2007). It has since been shown that FtsK is indeed required for
chromosome dimer resolution at dif but not site-specific recombination (Capiaux et al., 2002).
Replacement of dif sites with loxP also showed the ability of loxP to recombine but not resolve
chromosome dimers in the absence of the C-terminus of FtsK. These results indicated that the
role of FtsK during chromosome dimer resolution is not restricted to activation of
recombination but that it may be necessary for positioning of dif sites, creating a productive
synapse (Capiaux et al., 2002).
1.3.3.2 Flp-FRT recombination
Flp-FRT recombination is the Saccharomyces cerevisiae equivalent to Cre-loxP from
bacteriophage P1. Flp (flippase), derived from the S. cerevisiae plasmid recognises a pair of
34bp flippase recombinase target (FRT) sequences that flank a gene of interest (Broach et al.,
1982). When Flp is expressed, the gene flanked by FRT sites is subsequently bound by Flp
and excised by site-specific recombination.
The Flp-FRT system is utilised extensively in molecular biology due to the ease of creating
unmarked intra-chromosomal mutations involving the use of suicide plasmids containing
temperature sensitive replicons. Alternatively, mutated genes inserted using Flp-FRT
recombination are often paired with an antibiotic resistance marker to specifically select for a
newly mutated gene.
1.3.3.3 λ-integrase site-specific recombination
The bacteriophage λ-integrase integrates and deletes its viral chromosome in and out of the E.
coli chromosome through site-specific recombination reactions (Landy, 2015). The
mechanisms of λ-integrase site-specific recombination are well understood and the crystal
structures for many DNA-protein interactions of the λ-integrase pathway have been determined
(Biswas et al., 2005). Integration of λ DNA into the E. coli chromosome occurs between attP
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and attB sites located on the phage and bacterial chromosomes, respectively (Landy, 2015).
For site-specific recombination to induce a deletion of λ DNA, this must occur at attL and attR
sites which flank the phage DNA with the E. coli chromosome (Landy, 2015).
The two domains of λ-integrase simultaneously bind DNA in a process which facilitates
formation of a synaptic complex where DNA strand cleavage and exchange occurs (Biswas et
al., 2005). The C-terminal domain of λ-integrase contains a set of almost completely conserved
residues in its catalytic pocket as seen in other tyrosine recombinases like Cre, Flp and XerC/D.
These residues are R212, L235, H308, R311 and H333 which activate the DNA phosphate and
the catalytic tyrosine; Y342 (Landy, 2015).
1.3.3.4 The XerS/difSL recombination system
Much like the E. coli dif site, difSL is located in the terminus region of the chromosome of some
Firmicutes; including Lactococci and Streptococci. The tyrosine recombinase in this system,
XerS, recognises difSL and appears to bind to the left side of this region first, quickly recruiting
a second XerS monomer to the right side (Leroux et al., 2011). As in E. coli cells, XerS
knockouts in Streptococcus suis led to slower growth rates and filamentation; likely due to
improper segregation of the chromosome (Leroux et al., 2011). Replacement of the E. coli dif
site with difSL in an XerS overexpression environment in vitro was sufficient to resolve
chromosome dimers at wild-type rates (Nolivos et al., 2010). FtsKC mutations inactivated
XerS-difSL recombination in E. coli, similar to what is seen with the XerC/D-dif system.
Furthermore, when FtsKC is replaced with its L. lactis homologue in vitro, high levels of
recombination are still observed (Nolivos et al., 2010). Differences between the two Xer
systems are seen in the γ-domain of FtsK. FtsKγ from both E. coli and L. lactis was insufficient
to initiate recombination at XerS-difSL due to the lack of conservation of the Xer-binding
residues in XerS (Nolivos et al., 2010).

Whilst FtsK is still required for XerS-difSL

recombination to take place, the mechanism of this interaction appear to differ from that in the
E. coli system. Despite this difference, there are important similarities between these two
systems, specifically the asymmetric nature of XerS binding to difSL as well as the need for
directional FtsK translocation for activation of recombination (Nolivos et al., 2010). It is likely
that systems employing two recombinases do so to maintain a higher level of control over the
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recombination reaction, though more research into this area is needed to determine whether
this is the case.
1.3.3.5 XerH/difH recombination
The bacteria Helicobacter pylori contain only a single tyrosine recombinase (XerH) forming a
homotetramer on 2 synapsed dif sites (Debowski et al., 2012). Although the mechanism of
action of XerH is similar to that of XerC/D, they differ greatly in their overall homology with
XerH retaining only 26% identity to XerC/D at the amino acid level (Castillo et al., 2017).
Prior to resolution of the XerH/difH co-crystal in 2016, it was believed that during site-specific
recombination events, dif-containing DNA maintained a square-planar configuration which
spatially eased strand exchange reactions (Carnoy and Roten, 2009). However, the H. pylori
Xer-dif complex appears to have a more open synaptic complex and central channel with difDNA forming an almost straight conformation (Bebel et al., 2016). The small sequence
asymmetry within difH dictates the order of DNA strand exchange reactions. Bebel et al. were
able to crystallise two XerH-difH structures which are hypothesised to be the construct in its
pre-cleavage and post-cleavage states.
The 2.1Å resolution crystal structure of the XerH-difH synaptic complex, in its pre-cleavage
state, showed four XerH subunits bound to two difH substrates. There is a single XerH monomer
bound to each arm of the synapsed DNA (Fig. 1.18A). Mutation of the inner base pairs of the
arms (where XerH makes base-specific contacts) results in greatly reduced in vitro cleavage
activity. The flanking base pairs of the DNA arms did not have any effect on in vitro
recombination when mutated, although, asymmetric interactions between opposite flanking
arms of difH appear to dictate protein conformations of the synaptic complex (Bebel et al.,
2016). There seems to be a preference for XerH binding to the left arm of difH, due to an extra
thymine in the outer region of this arm which allows for the formation of a hydrogen bond with
a lysine (K290) in XerH.
A second, 2.4Å crystal structure containing difH DNA showed a marked difference in
arrangement of the synaptic complex (Fig 1.18B). The almost-straight DNA in the pre-cleavage
synapse is now bent and the central channel between the four XerH monomers is reduced in
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size (Bebel et al., 2016). The XerH subunit bound to the left arm of difH is in an “active”
conformation where the subunit is primed in a position to initiate strand cleavage. XerH
subunits bound to the right arm of difH are considered inactive at this point in time. Upon
catalysis of strand exchange by left arm-bound XerH, the resultant Holliday junction is
resolved by right arm-bound XerH. The seemingly unusual DNA bending that occurs during
recombination is hypothesised to be catalysed by an external factor that is only present in a
particular temporal context; which is potentially the DNA translocase, FtsK (Castillo et al.,
2017).

Figure 1.18: XerH-difH crystal structures A Pre-cleavage structure. difH-containing DNA is in an almost straight
conformation with the surrounding XerH tetramer and large central channel (PDB: 5JK0). B Post-cleavage
structure (PDB: 5JJV). The difH-containing DNA is now bent, bringing the XerH tetramer into a tighter
conformation (Bebel et al., 2016).

It is apparent that between the pre-cleavage and post-cleavage states, a bend in the dsDNA
leads to a conformational change in the tetramer (Fig. 1.18). Or perhaps, a conformational
change in the tetramer leads to a bend in the DNA. This is said to be descriptive of XerH
transitioning from an inactive to an active state. The structural protein arrangements and
interfaces observed in both the pre-cleavage and post-cleavage XerH-difH crystal structures can
also be well accommodated by XerC/ XerD from E. coli. A comparison of smFRET (singlemolecule Fluorescence Resonance Energy Transfer) studies of the XerC/D-dif synaptic
complexes implies a conformational change after activation by FtsK (Diagne et al., 2014)
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(Zawadzki et al., 2013). As this level of crystallographic data does not yet exist for the E. coli
recombination system, it is tempting to suggest that the changes in DNA conformation during
synapsis are not unique to H. pylori but indeed occur in the E. coli system as well.
1.3.3.6 RipX/CodV in B. subtilis
Site-specific recombination by XerC/XerD in E. coli is similar to the RipX/CodV system in B.
subtilis. In fact, ripX retains 35% and 44% sequence similarity to XerC and XerD, respectively
(Sciochetti et al., 1999). For this reason, RipX is often considered the B. subtilis homologue of
XerD, whilst CodV is usually considered the XerC homologue. As in xerC/D mutants, ripX
deletion mutations lead to the formation of largely elongated cells, indicative of an error during
chromosome segregation (Sciochetti et al., 1999). CodV was identified as the RipX sister
recombinase and both proteins undertake strand exchange reactions at the B. subtilis dif site
located near the replication termination site (ter). In vitro experiments utilising the E. coli dif
site on synthetic DNA substrates, RipX and CodV were able to bind to E. coli dif with RipX
showing a greater affinity. RipX was seemingly able to form complexes with both XerC and
XerD. In vitro strand exchange experiments saw combinations of the recombinases from B.
subtilis and E. coli only showing a recombination effect when combined with their recombinase
partner.
Concurrent with recent data in H. pylori which revealed a level of DNA bending during
catalytic activation post-cleavage, RipX bound to B. subtilis dif alone migrated slower in gel
shift assays than CodV bound to the same substrate. It is possible that RipX induces a degree
of DNA bending upon binding to dif similar to that seen in H. pylori crystal structures
(Sciochetti et al., 2001). In similar gel-shift experiments, RipX was found to bind with a far
greater preference to the right half of the dif site. A small amount of binding to the left half of
the site was also observed. However, CodV only seemed to bind the left half of the site
(Sciochetti et al., 2001). One notable difference between the E. coli and B. subtilis
recombination systems is the requirement for FtsK. Thus far, the two identified B. subtilis
homologues, SpoIIIE and SftA, are not essential for RipX-dependent recombination at dif but
have been proposed to position dif sites correctly for chromosome dimer resolution (Kaimer et
al., 2011). It is possible that another substrate may induce RipX-dif binding and activation but
none, as yet, have been identified.
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1.3.3.7 CTXϕ exploitation of the XerC/D recombination system
Unlike the Cre-loxP system of recombination, the filamentous bacteriophage in V. cholerae,
CTXϕ, utilises the XerC/D recombination machinery during the lysogenic cycle for genomic
integration. CTXϕ belongs to a class of “Integrative Mobile Elements Exploiting Xer” or
IMEXs (Das et al., 2013). Within V. cholerae three classes of IMEXs have been identified;
CTXϕ, VGJϕ and TLC (toxin-linked cryptic element).
The CTXϕ genome is single-stranded upon infection but can fold, forming a double-stranded
dif-like site which is subsequently bound by XerC/D. The ability of CTXϕ to integrate into the
bacterial genome results from a single pair of strand exchange reactions between its attP site
and the compatible E. coli dif site thereby integrating the single-stranded DNA into the doublestranded DNA genome (Boyd, 2010). Unlike E. coli site-specific recombination, this initial
pair of strand exchanges is catalysed by XerC. This is due to the lack of homology between the
overlap regions of attP and dif on the XerD side of the chromosome. Furthermore, a second
strand exchange reaction would form a lethal genotype of ssDNA with hairpin ends (Bouvier
et al., 2005). Instead, the resultant “pseudo-Holliday junction” is hypothesised to be resolved
during replication, leading to integration of CTXϕ into the genome. As noted in E. coli
chromosome dimer resolution events, the Holliday junction substrate formed by XerC in the
absence of FtsK is unstable and usually reverts to substrate (Aussel et al., 2002). It has since
been found in V. cholerae that a cofactor, named EndoIII, exists to prevent this reversion to
substrate (Bischerour et al., 2012). This is further complicated by the fact that EndoIII is not
essential for CTXϕ integration, thereby questioning the idea that integration occurs upon
replication of the pseudo-Holliday junction.
1.3.3.8 Archaeal Xer-mediated site-specific recombination
The fundamental mechanisms underlying site-specific recombination remain the same between
bacteria and archaea. The corresponding tyrosine recombinases bind to consensus sequences
where a strand exchange reaction takes place. This initial reaction leads to the formation of an
intermediate product (Holliday junction) which is subsequently resolved to produce two
daughter chromosomes. Significantly archaea lack an FtsK protein to activate the initial strand
exchange reaction (Jo et al., 2017). Bacterial species with only a singular Xer protein (e.g.
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XerS in Lactococci) still require the activity of FtsK. An archaeal counterpart has not yet been
identified and therefore the mechanism of activation of XerA remains largely unknown.
All bacteria characterised to date use a single origin of replication, allowing for bidirectional
replication along a circular chromosome. The same was believed true for archaeal systems,
until the discovery of multiple origins of replication in Sulfolobus acidocaldarius (Lundgren et
al., 2004). This discovery led to the identification of multiple origins found in a range of species
of archaea. The chromosome of Sulfolobus spp. possess multiple origins, however, there is
only a singular dif site whose sequence retains some similarity to bacterial dif sites (Duggin et
al., 2011). The resolution of chromosome dimers occurs through recombination at dif by XerA.
The final stages of chromosome segregation are carried out by the SegAB system; analogous
to ParAB in bacteria (Lundgren et al., 2004).
A 2017 study of Thermoplasma acidophilum found two XerA binding sites, subsequently
named dif1 and dif2. As in most Xer systems, XerA only becomes catalytically active when
bound to dif. Of the two binding sites identified, XerA had a greater affinity for dif2, which is
located closer to ter (Jo et al., 2017). Upon studying dif sites from numerous species, it was
found that the dif1 site had one less nucleotide in its spacer region as well as a cytosine residue
as opposed to a thymine on its right arm. In vitro, XerA is able to recombine a plasmid
containing a dif1 site, when a dif2 site is also present. Upon mutagenesis of the dif2 site, it was
found that the nucleotides flanking the binding site are just as important as the binding sequence
itself. Jo et al. also showed that XerA binds with a higher affinity to the “left arm” regions of
both dif1 and dif2. Theoretically, for site-specific recombination to occur, XerA will bind the
left dif arm first, yielding “Complex I” followed by binding of another XerA monomer to the
right dif arm, yielding “Complex II”. Following this, 2 Complex II units align in an antiparallel
manner to form a higher order structure, “Complex III”. However, due to a lack of archaeal
FtsK, it is still unclear exactly how XerA can facilitate the recombination reaction past
formation of Complex III.
Whilst the archaeal site-specific recombination system has fundamental similarities to the
bacterial system, the most significant difference is the lack of an archaeal FtsK homologue to
catalyse the recombination event. The polarity provided by KOPS sites in bacterial
chromosomes allow FtsK to direct site-specific recombination by bringing together 2 dif sites
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in a synaptic complex. It is hypothesised that for archaea to undergo a similar synaptic event,
chromosomal changes would need to occur. These changes may be characterised by an
unknown ancillary protein or other accessory factors (Jo et al., 2017).

1.3.4 Coupling FtsK Translocation with Site-Specific Recombination
The complexities underlying the function of FtsK are indicative of its multifaceted role in the
cell. This multi-domain protein is anchored at the division septum by its N-terminus which is
linked to its translocase motor, responsible for pumping dsDNA at high speeds necessary to
strip potential roadblocks and to orient ter regions to either side of the division septum (Bigot
et al., 2007) (Crozat et al., 2010). During the later stages of cell division, FtsK acts in
chromosome dimer resolution to ensure faithful segregation of the chromosome into two sister
cells. The translocase activity of FtsK is not absolutely required for XerC/D mediated sitespecific recombination. The small γ subdomain alone is enough to stimulate recombination but
the products formed are topologically complex (Grainge et al., 2011). This outlines a potential
role of the motor domain in producing topologically simple products.
1.3.4.1 The FtsKγ-XerD interaction
As discussed in section 1.3.2.2, for XerC/D mediated site-specific recombination to resolve
chromosome dimers, XerD must carry out the first pair of strand exchanges, activated by the
γ-domain of FtsK. Whilst it is known this interaction is essential, the structure and underlying
amino acid residues responsible for activation of XerD catalysis by FtsKγ have remained
elusive.
To date, the crystal structure of an XerC/D complex has not been resolved, in particular, one
where the complex is bound to a DNA substrate. There is a structure of the Helicobacter
homologue on DNA, but this is a single recombinase system (see section 1.3.3.5) (Bebel et al.,
2016). In 1997, a crystal structure of full length XerD was resolved to 2.5Å (Subramanya et
al., 1997). The structure showed two distinct domains, relating the recombinase to two
integrase structures. What was noted, however, was that the active site of XerD was structurally
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very different from these integrases. From this research, the authors presented a possible
XerC/D-dif binding model (Fig. 1.19).

Figure 1.19: A potential model describing XerC and XerD bound at dif. Specific protein-protein interactions are
indicated in green and cyan. dif-containing DNA is depicted in black (Subramanya et al., 1997). Model is based
on the resolution of the XerD crystal structure (PDB: 1A0P).

This model proposed by Subramanya et al. in 1997, was based on crystallographic data of fulllength E. coli XerD. Due to the structural differences seen between XerD and λ-integrase, it is
now hypothesised that the structure put forward by these authors is of XerD in its inactive state
(Subramanya et al., 1997). Keller et al. in 2016 were able to crystallise the C-terminus of XerD
in complex with FtsKγ. It was proposed that this structure would reveal the most biologically
relevant form of XerD. However, as this complex was crystallised in the absence of DNA, it is
likely that the data gained still represents inactive XerD, as the active site residues were in a
similar conformation as seen in the earlier XerD structure and were not clustered as would be
expected in a cleavage competent structure. Upon remodelling of the new crystal structure, and
superimposition of XerD with the Cre-recombinase (section 1.3.2.3), a biologically active
conformation has been proposed. However, it is expected that in order to completely
characterise XerD in its active form, the FtsKγ-XerD fusion protein crystal structure will need
to be resolved in the presence of DNA.
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1.4. Aims
1.4.1 Characterisation of site-specific recombination system across different species
The XerC/D site-specific recombination system is essential during bacterial chromosome
segregation and cell division when a dimeric chromosome is present. The E. coli recombination
system has been effectively characterised in vitro, however, the same has not been shown in
other bacterial species (Grainge et al., 2011). By utilising the information provided by Grainge
et al., similar functional assays were designed to examine in vitro plasmid-based reactions
using recombinase proteins from P. aeruginosa. P. aeruginosa was chosen as its FtsK protein
has been extensively studied. Indeed, the crystal structure of FtsK is from P. aeruginosa. It is
known that only the γ-domain of FtsK is absolutely required for recombination to occur, so the
creation of XerCγ or XerDγ fusion proteins in P. aeruginosa would assist in characterisation
of these in vitro recombination reactions. However, considering the products in an XerC/Dγ or
XerCγ/D recombination assay are topologically complex when using the E. coli proteins, this
reaction will also need to be characterised in the presence of FtsK, to see if the same topological
simplification by the translocating motor holds true.
It was hypothesised that through cloning and purification of the relevant P. aeruginosa
proteins, as well as creation of a plasmid containing two P. aeruginosa dif sites in direct repear,
this recombination system would be characterised in vitro.
1.4.2 FtsK inhibitory compounds
In collaboration with the University of Newcastle’s chemistry department, 13 inhibitory
compounds were designed to target FtsK activity. Most experiments involving FtsK utilise
mutations, or complete deletions of the ftsK gene to observe the effects. I propose the use of
inhibitory compounds, targeting the ATP binding domain to knockdown FtsK activity, will be
a useful in vitro tool for functional studies, and could be extended in vivo as well.
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Due to the highly conserved nature of FtsK and its multifaceted role in the cell, it is possible
that it may represent a good target for antibiotics. Not only will these inhibitory compound/s
be able to inhibit in vitro activity of FtsK, they may provide a good scaffold for the design of
pharmacophore compounds for use in vivo.

1.4.3 The interaction of the FtsK γ-domain and XerD
Through recent crystallographic experiments, the direct interaction of XerD with FtsKγ has
been characterised in an FtsKγ – XerD fusion protein (Keller et al., 2016). This project aimed
to confirm that the amino-acid interactions observed in the crystal structure were functionally
relevant. Due to the essential nature of the FtsKγ – XerD interaction, I propose that mutation
of the amino acid interactions at the protein interface will cause a marked reduction in
recombination activity in vitro and in vivo. Furthermore, I propose that by mutating these amino
acids in XerD, the protein will not be able to complement an xerD knockout mutant. Applying
these mutants to in vitro and in vivo recombination assays, as well as growth competition
experiments, determined the interacting amino acids in activation of recombination through the
interaction between FtsKγ and XerD.

1.4.4 Crystallography
To elucidate the molecular mechanism of DNA translocation by FtsK, it would be
advantageous to gain structural data on FtsK’s interaction with various analogues of ATP
bound to the active site. It is hypothesised that visualising the α- and β-domains of P.
aeruginosa FtsK (Pak4Δγ) bound to ATP in its non-hydrolysed form should provide insight
into any structural changes in the protein brought about by ATP binding and hydrolysis.
Pak4Δγ bound to 5’-adenylyl-beta gamma-imidodiphosphate (ADPNP), a non-hydrolysable
homologue of ADP was hypothesised to show the protein in its active state. The combination
of ADP and Aluminium Fluoride (AlF3) makes an accurate analogue of the transition state of
the γ-phosphate of ATP during the hydrolysis reaction and could reveal the active site motions
that accompany the hydrolysis reaction. I ambitiously aimed to produce 3 separate crystal
structures of Pak4Δγ bound to ATP, ADPNP and ADP: AlF3 hypothesising that this would
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provide accurate information as to the changes in binding states the protein undergoes as it
translocates.
As well as ATP hydrolysis, it was important to investigate the structural relationship between
FtsK and dsDNA. To this end, co-crystallisation of a truncated version of P. aeruginosa FtsK
(Pak4) with a 16bp KOPS-containing dsDNA substrate was attempted. As KOPS provides the
directionality for FtsK translocation toward dif, it was hypothesised that a KOPS site within
the dsDNA substrate would accurately show FtsK in its permissive and functionally active
orientation.
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Chapter 2: Materials and Methods
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2.1 Solutions
All solutions used throughout this study are outlined in Table 2.1.
Name
10 x Recombination Assay Buffer

Constituents
200mM Tris-HCl; 50mM MgCl2; 25% PEG8000

10 x SDS Running Buffer

0.25M Tris-HCl; 0.2M glycine; 1% SDS

10 x TBE

1M Tris-HCl; 1M boric acid; 0.02M EDTA

10% Resolving Gel

10% acrylamide; 25% Resolving Buffer; 0.5% APS; 0.15% TEMED

4 x Resolving Buffer

1.5M Tris-HCl; 0.4% SDS

4 x Stacking Buffer

0.5M Tris-HCl; 0.4% SDS

50 x TAE

2M Tris-HCl; 50mM glacial acetic acid; 0.1M EDTA

6 x Loading Buffer

0.25% bromophenol blue; 30% glycerol

6% Stacking Gel

13.5% acrylamide; 25% Stacking Buffer; 0.1% APS; 0.3% TEMED

ATPase Assay Buffer

40mM Tris-HCl; 10mM MgCl2

Coomassie Blue Stain

3mM Coomassie brilliant blue; 10% (v/v) glacial acetic acid; 20% (v/v) methanol

De-stain Solution

10% (v/v) glacial acetic acid; 20% (v/v) methanol

Dialysis Buffer

25mM Tris-HCl; 20mM potassium glutamate; magnesium acetate; 1mM DTT

Elution Buffer

20mM Tris-HCl; 0.5M NaCl; 0.2M - 0.4M imidazole; 10% glycerol; 0.01% Triton X

Gel Filtration Buffer

25mM Tris-HCl; 150mM NaCl; 1mM EDTA; 1mM DTT

Heparin Buffer A

25mM Tris-HCl; 50mM NaCl; 1mM EDTA; 1mM DTT

Heparin Buffer B

25mM Tris-HCl; 1M NaCl; 1mM EDTA; 1mM DTT

Luria Bertoni (LB) broth

10g/L tryptone; 10g/L yeast extract; 5g/L NaCl
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Malachite Green Reagent

0.045% malachite green; 5% ammonium molybdate in 4M H2SO4

Nutrient Agar

23g/L Vegitone Nutrient Agar (Sigma Aldrich)

Phenyl Buffer A

0.5M ammonium sulfate (NH4)2SO4; 0.5M NaCl; 25mM Tris-HCl; 1mM EDTA; 1mM DTT

Phenyl Buffer B

25mM Tris-HCl; 1mM EDTA; 1mM DTT

Resuspension Buffer

50mM Tris-HCl; 500mM NaCl; 10% glycerol

RFI Buffer

30mM CH3CO2K; 10mM CaCl2:2H2O; 50mM MnCl2: 4H2O; 100mM RbCl; 15% glycerol

RFII Buffer

10mM MOPS; 75mM CaCl2; 50mM RbCl; 15% glycerol

SPR Buffer

10mM HEPES; 150mM NaCl; 3mM EDTA; 0.5% TWEEN

Urea Re-folding Buffer

1-8M Urea; 50mM Tris-HCl; 0.5M NaCl; 1mM EDTA

Wash I Buffer

20mM Tris-HCl; 0.5M NaCl

Wash II Buffer

20mM Tris-HCl; 0.5M NaCl; 0.025M imidazole

Table 2.1: Various solutions used throughout this study and their constituents.
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2.2 Growth Media
2.2.1 Agar
All E. coli strains were cultured on nutrient agar plates supplemented with the appropriate
antibiotic/s (see Table 2.2) and incubated at 37°C overnight.
Antibiotic
Ampicillin
Chrolamphenicol
Gentamycin
Kanamycin
Spectinomycin

Concentration
100μg/ml
30μg/ml
10μg/ml
50μg/ml
50μg/ml

Table 2.2: Antibiotic concentrations used in both liquid and solid media for selective bacterial growth.

2.2.2 Liquid Media
All E. coli strains for plasmid preparation and protein overexpression were cultured in LuriaBertani (LB) medium (see Table 2.1) supplemented with appropriate antibiotic (see Table 2.2).
Cultures for plasmid preparation were grown at 37°C for 16 hours with shaking. Protein
overproduction cultures were grown to a known OD600nm prior to induction in which times
varied depending on the strain and/or protein used (see section 2.5.1).

2.3 Bacterial Strains and Plasmids
All bacterial strains and plasmids used in this project are outlined in Tables 2.3 and 2.4,
respectively.
2.3.1 Strain Storage
E. coli and P. aeruginosa strains were cultured overnight with the appropriate conditions
(antibiotic selection, temperature and shaking speed) in LB. 750µl of this culture was mixed
with 750µl of sterile 80% (v/v) glycerol and subsequently stored at -80°C indefinitely.
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Strain

Genotype

Source/ reference

F-enda1 hsdR17 supE44 thi-1 λ-recA1 gyrA96 relA1Δ(lacZYA-argF)U169φ80 dlacZ Δμ15

Gibco BRL

E. coli
DH5α

thr-1, araC14, leuB6(Am), Δ(gpt-proA)62, lacY1, tsx-33, qsr'-0, glnV44(AS), galK2(Oc),
AB11157

LAM-, Rac-0, hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR), kdgK51, xylA5, mtl-

Dewitt, 1962 #220

1, argE3(Oc), thi-1
B834

F- ompT gal hsdSB (rB-mB-) dcm lon

Novagen

BL21

fhuA2 [lon] ompT gal [dcm] ΔhsdS

Studier & Moffatt 1986

B834 XerD-

F- ompT gal hsdSB (rB-mB-) dcm lon ΔxerD

Grainge laboratory

AB1157 recF ftsk

Recchia et al., 1999

DS9039

AB1157 recF, xerC::GmR, xerD::Km

Aussel et al., 2002

DS9041 XerD-

AB1157 recF, ftsk, xerD::Km

this study

DS9041 pFX142

AB1157 recF, ftsk, pFX142 (see plasmid table)

this study

DS9041

DS9041 XerD- pFX142
MG1655

AB1157 recF, ftsk, xerD::Km pFX142 (see plasmid table)
F-, lambda-, rph-1

this study
Blattner et al., 1997
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thr-1, araC14, leuB6(Am), Δ(gpt-proA)62, lacY1, tsx-33, qsr'-0, glnV44(AS), galK2(Oc), λWX31

, Rac-0, hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR), kdgK51, xylA5, mtl-1,
lacZ::tetO (240X)::aacC1, argE3(Oc), thi-1

Wang and Sherratt, 2010

thr-1, araC14, leuB6(Am), Δ(gpt-proA)62, lacY1, tsx-33, qsr'-0, glnV44(AS), galK2(Oc), λWX31 XerD-

, Rac-0, hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR), kdgK51, xylA5, mtl-1,

this study

lacZ::tetO (240X)::aacC1, argE3(Oc), thi-1 xerD::km
P. aeruginosa
PA01

Clinical Isolate

Stover et al., 2000

Whole genome

Barbe et al. 2004

A. baylyi
ADP1

Table 2.3: Bacterial strains used throughout this study.
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Strain

Genotype

Source/ reference

F-enda1 hsdR17 supE44 thi-1 λ-recA1 gyrA96 relA1Δ(lacZYA-argF)U169φ80 dlacZ Δμ15

Gibco BRL

E. coli
DH5α

thr-1, araC14, leuB6(Am), Δ(gpt-proA)62, lacY1, tsx-33, qsr'-0, glnV44(AS), galK2(Oc),
AB11157

LAM-, Rac-0, hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR), kdgK51, xylA5, mtl-

Dewitt, 1962 #220

1, argE3(Oc), thi-1
B834

F- ompT gal hsdSB (rB-mB-) dcm lon

Novagen

BL21

fhuA2 [lon] ompT gal [dcm] ΔhsdS

Studier & Moffatt 1986

B834 XerD-

F- ompT gal hsdSB (rB-mB-) dcm lon ΔxerD

Grainge laboratory

AB1157 recF ftsk

Recchia et al., 1999

DS9039

AB1157 recF, xerC::GmR, xerD::Km

Aussel et al., 2002

DS9041 XerD-

AB1157 recF, ftsk, xerD::Km

this study

DS9041 pFX142

AB1157 recF, ftsk, pFX142 (see plasmid table)

this study

DS9041

DS9041 XerD- pFX142
MG1655

AB1157 recF, ftsk, xerD::Km pFX142 (see plasmid table)
F-, lambda-, rph-1

this study
Blattner et al., 1997
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thr-1, araC14, leuB6(Am), Δ(gpt-proA)62, lacY1, tsx-33, qsr'-0, glnV44(AS), galK2(Oc), λWX31

, Rac-0, hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR), kdgK51, xylA5, mtl-1,
lacZ::tetO (240X)::aacC1, argE3(Oc), thi-1

Wang and Sherratt, 2010

thr-1, araC14, leuB6(Am), Δ(gpt-proA)62, lacY1, tsx-33, qsr'-0, glnV44(AS), galK2(Oc), λWX31 XerD-

, Rac-0, hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), rpsL31(strR), kdgK51, xylA5, mtl-1,

this study

lacZ::tetO (240X)::aacC1, argE3(Oc), thi-1 xerD::km
P. aeruginosa
PA01

Clinical Isolate

Stover et al., 2000

Whole genome

Barbe et al. 2004

A. baylyi
ADP1

Table 2.3: Bacterial strains used throughout this study.
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Plasmid

Function/ Comments

Source

Cloning Vectors
pBAD24

Commonly used overexpression vector

Guzman et al. 1995

pBluescript

Commercially available cloning vector

Recombination Assays
pSI56

2 x E. coli dif sites used for in vitro recombination assays

Ip et al.2003

PapSI56

2 x P. aeruginosa dif sites used for in vitro recombination assays

This study

pFX142

2 x E. coli dif sites used for in vivo recombination assays

Aussel et al. 2002

Protein Overproduction
pBAD24XerC

E. coli XerC

Grainge laboratory stock

pBAD24XerD

E. coli XerD

Grainge laboratory stock

pTM12

E. coli FtsK50C; α-, β- and γ-domains with 50 amino acids from N - terminus

pBAD24XerCγ

E. coli XerC fused to FtsK γ-domain

Grainge et al. 2011

pBAD24XerDγ

E. coli XerD fused to FtsK γ-domain

Grainge et al. 2011

pBAD24PaeC

P. aeruginosa XerC

Grainge laboratory stock

pBAD24PaeD

P. aeruginosa XerD

Grainge laboratory stock

pHis17pak4

P. aeruginosa FtsK containing α-, β- and γ-domains with 68 linker-domain
residues

Massey et al. 2006

pHis17pak4G

P. aeruginosa FtsK containing α-, β- domains only

Massey et al. 2006

pBAD24PaeCγ

P. aeruginosa XerC fused to FtsK γ-domain

This study
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pBAD24PaeDγ

P. aeruginosa XerD fused to FtsK γ-domain

This study

Mutagenesis
pBAD24XerDγE119A

E. coli XerDγ mutation E119A

Keller et al. 2016

pBAD24XerDγE183A

E. coli XerDγ mutation E183A

Keller et al. 2016

pBAD24XerDγE184A

E. coli XerDγ mutation E184A

Keller et al. 2016

pBAD24XerDγY187A

E. coli XerDγ mutation Y187A

Keller et al. 2016

pBAD24XerDγW188A

E. coli XerDγ mutation W188A

Keller et al. 2016

pBAD24XerDγQ343A

E. coli XerDγ mutation Q343A

Keller et al. 2016

pBAD24XerDγR347A

E. coli XerDγ mutation R347A

Keller et al. 2016

pBAD24XerDγN351A

E. coli XerDγ mutation N351A

Keller et al. 2016

pBAD24XerDγEE183/184AA

E. coli XerDγ double mutation E183A/E184A

Keller et al. 2016

pBAD24XerDγR347A/N351A

E. coli XerDγ double mutation R347A/N351A

Keller et al. 2016

pBAD24XerDE119A

E. coli XerD mutation E119A

Keller et al. 2016

pBAD24XerDE183A

E. coli XerD mutation E183A

Keller et al. 2016

pBAD24XerDE184A

E. coli XerD mutation E184A

Keller et al. 2016

pBAD24XerDY187A

E. coli XerD mutation Y187A

Keller et al. 2016

pBAD24XerDW188A

E. coli XerD mutation W188A

Keller et al. 2016

pBAD24XerDEE183/184AA

E. coli XerD double mutation E183A/E184A

Keller et al. 2016

Table 2.4: Plasmids used throughout this study
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2.3.2 P1 Transductions
In order to transfer alleles between strains, P1 transductions were performed. These consisted
of two phases; preparing the liquid P1 lysate and transduction (Thomason et al., 2007).
2.3.2.1 P1 lysate preparation
To prepare the lysate, 5ml LB containing the E. coli donor strain was cultured overnight and
subsequently diluted 1:100 into 10ml LB containing 0.2% glucose, 5mM CaCl2 and the
appropriate antibiotic. Cells were incubated for 30-45 minutes at 37°C, with shaking. 100µl P1
(phage containing) stock was then added and shaking continued until culture was effectively
lysed. A further 100µl of CHCl3 was added followed by a further 10 minutes of shaking. Lysate
was then subject to centrifugation for 10 minutes at 9000 x g at 4°C with the supernatant being
stored for downstream applications.
2.3.2.2 P1 transduction
For the transduction step, 5ml LB was inoculated with the E. coli recipient strain and cultured
overnight at 37°C. The following day 0.1% inoculum was added to 10ml LB and cultured to
OD600nm of 0.6. 1.5ml of this culture was then subject to centrifugation for 2 minutes at
maximum speed. Supernatant was then discarded, and cells resuspended in 0.75ml P1 salts
solution (see Table 2.1). 100µl of cells were then added to varying amounts of lysate (1µl, 10µl
and 100µl) as well as a control sample containing no lysate. Cells were incubated at RT for 30
minutes after which 1ml LB and 200µl sodium citrate were added. Cells were then placed at
37°C for a further hour and subsequently centrifuged for 2 minutes at maximum speed. 100µl
LB was used to resuspend the cell pellet and then spread onto agar containing the appropriate
antibiotic selection. Colony PCR was used to determine whether transduction had occurred
(see section 2.4.1.3).
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2.4 DNA work
2.4.1 Polymerase Chain Reaction (PCR)
Polymerase chain reaction, or PCR, involves the amplification of genes of interest via thermocycling procedures.
2.4.1.1 Oligonucleotides
Oligonucleotide primers designed for cloning purposes included the incorporation of restriction
enzymes recognition sequences to allow for ligation of the gene of interest into the multiple
cloning sites (MCS) of the appropriate plasmid. Oligonucleotides designed for mutagenesis or
sequencing did not require the use of restriction enzymes. Primers used in crystallography and
Surface Plasmon Resonance (SPR) experiments were not used in cloning procedures and only
required DNA annealing reactions as opposed to PCR. All primers were obtained from
Integrated DNA Technologies (IDT, Australia). A full list of primers used in this project can
be found in Table 2.5.
2.4.1.2 PCR components and procedure
Two polymerases from New England Biolabs (NEB) were utilised throughout this project;
Phusion and OneTaq. Reaction components and procedures for each enzyme are outlined
below. Reactions ranged from 10µl to 50µl and were scaled up using the following proportions:
5 x Phusion HF or GC buffer (NEB)

2μl

10mM dNTPs

0.2μl

10µM Forward Primer

0.5μl

10µM Reverse Primer

0.5μl

Chromosomal/ Plasmid template

100ng/ 10ng

DMSO

0.3μl

MQW

to 9μl

Phusion DNA polymerase

0.1μl

Total Volume

10μl
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The use of Phusion HF, or GC buffer, was dependent on the GC content of the primers used.
All Phusion reactions were conducted using the following thermal cycling procedure.
Step

Temperature Time

Denaturation 98°C

30 sec

98°C

15sec

50-72°C

30 sec

72°C

30 sec/ kb

72°C

10 min

34 x
Extension

Utilisation of “OneTaq GC Reaction Buffer” and “High GC Enhancer” in place of “OneTaq
Standard Buffer” only occurred when amplification proved difficult. Otherwise, the reaction
procedure was as follows:
5 x OneTaq Standard Buffer

2μl

10mM dNTPs

0.2μl

10μM Forward Primer

0.2μl

10μM Reverse Primer

0.2μl

OneTaq DNA Polymerase

0.05μl

Template DNA

<100ng

MQW

to 10μl

Total

10μl

The OneTaq thermal cycling procedure is outlined below:
Step

Temperature

Time

Denaturation

94°C

30 sec

94°C

30 sec

45°C - 65°C

30 sec

68°C

1 min/ kb

68°C

5 min

34 x
Extension
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In cases where the calculated annealing temperature did not produce the expected product, a
gradient of temperatures was used. Usually, a gradient range of 10°C was used with the
calculated annealing temperature as the middle of the range.
2.4.1.3 Colony PCR
In this study, colony PCR was primarily used for the determination of successful P1
transductions. OneTaq polymerase was utilised in colony PCR due to its high success rate.
From P1 transduction plates, single colonies were resuspended in 50µl sterile MQW and
denatured at 95°C for 5 minutes. 1µl of this resuspension served as template for OneTaq PCR
procedures as outlined in section 2.4.1.2. Negative (plasmid backbone only) and positive
controls (plasmid backbone + insert) were necessary to determine a size change between a
transduced and non-transduced strain. PCR product sizes were verified by DNA agarose gel
electrophoresis (see section 2.4.3).
2.4.1.4 DNA annealing
To create the 15bp and 16bp KOPS-containing dsDNA for crystallography, oligonucleotides
were annealed to one another using a standard DNA annealing reaction. Equimolar amounts of
each oligonucleotide were combined into a PCR tube and incubated at 98°C for 5 minutes. The
DNA was then further incubated for 98°C for a 1 minute, then 97°C for 1 minute with -1°C
increments, each held for 1 minute, for a complete 86 cycles and finally held at 12°C. The
resulting product concentration was calculated to be 50mM. Concentrations required for
crystallography were approximately 1mM.
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Primer

Sequence 5'-3'

Restriction site

E. coli
XerD FW

GAGGAATTCACCATGAAACAGGATCTGGCACGC

XerD REV

GAGTCTAGATCACGCCCGCGGG

XerC FW

GAGGAATTCACCATGACCGATTTACACACCGATG

XerC REV

GAGTCTAGATTATTTCCCCCGTTTGGC

FtsKγ His FW

GAGGAATTCACCATGCATCACCACCATCATCACGGCGAAGAACTGGATCCGTTG

FtsKγ REV

GCCAAGCTTTTAGTCAAACGGCGGTGGG

XerD no stop REV

GAGTCTAGAACCGGAACCGCCTTCTGAACCACCGCCCTCGGAACCGCCGCCCGCCCGCGG

XbaI

XerC no stop REV

GAGTCTAGAACCGGAACCGCCTTCTGAACCACCGCCCTCGGAACCGCCGCCTTTCCCCCGTTTGGC

XbaI

XerDγ E183A FW

GTGCCGTTAGGTGCAGAGGCGGTTTAC

XerDγ E183A REV

GTAAACCGCCTCTGCACCTAACGGCAC

EcoRI
XbaI
EcoRI
XbaI
EcoRI
HindIII

P. aeruginosa
Pak4 FW

CACTCAATTGCACATGCATCACCACCATCATCACCCGGACCGCCGCGAACAGTCC

Pak4 REV

CGCAAAGCTTTTATCAATCACGAACCGGCGCCG

FtsKγ FW

GAGGAATTCACCATGCATCACCACCATCATCACGGCTCCGGCGAAGGCAGCGAGGACGAC

FtsKγ REV

CGCAAAGCTTCTATCAATCACGAACCGGCGCCGG

XerC FW

GAGGAATTCACCATGCGCGCCGAC

XerC REV

GCCAAGCTTTTATCATGGGTCGTTGCC

XerD FW

GAGGAATTCACCATGCGCGCCGAC

EcoRI

XerD REV

GCCAAGCTTTTATCAGCCTCGCGGG

HindIII

MfeI
HindIII
EcoRI
HindIII
EcoRI
HindIII
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SPR
16 – KOPS – 1 FW

GCGAAGCTTACTGCATGGGCAGGGA

-

16 – KOPS – 1 REV

TCCCTGCCCATGCAGTAAGCTTCGCCCTACCCTACGTCCTCCTGC

-

16 – SCRAMBLED – 1 FW

GCGAAGCTTACTGATCGTAAGCTA

-

16 – SCRAMBLED – 1 REV

TAGCTTACGATGCAGTAAGCTTCGCCCTACCCCTACGTCCTCCTGC

-

25 – KOPS – 1 FW

GATCGGATAGCGAAGCTTACTGCATGGGCAGGGA

-

25 – KOPS – 1 REV

TACCCTGCCCATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

-

25 – KOPS – 25 FW

GATCGGATAGCGAAGCTTACTGCATGGGCAGGGAGCTGAGAGCCTTGAGGCAATAGTT

-

25 – KOPS – 25 REV

AACTATTGCCTCAAGGCTCTCAGCTCCCTGCCCATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

-

25 – SCRAMBLED – 1 FW

GATCGGATAGCGAAGCTTACTGCATCGTAAGCTA

-

25 – SCRAMBLED – 1 REV

TAGCTTACGATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

-

25 – SCRAMBLED – 25 FW

GATCGGATAGCGAAGCTTACTGCATCGTAAGCTAGCTGAGAGCCTTGAGGCAATAGTT

-

25 – SCRAMBLED – 25 REV

AACTATTGCCTCAAGGCTCTCAGCTAGCTTAGCATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

-

1-KOPS-15bp FW

CGAAGCTTAGTCCATGGGCAGGGA

-

1-KOPS-15bp REV

TCCCTGCCCATGCAGTAAGCTTCG

-

1-KOPS-16bp FW

GCAAAGCTTACTGCATGGGCAGGG

-

1-KOPS-16bp REV

TCCCTGCCCATGCAGTAAGCTTCG

-

Crystallography
substrates

Miscellaneous
PaPSI56 FW

CGCAGGATCCATTTAACATAATATACATTATGCGAATCCATCTCAACCATCATCGAT

BamHI
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PaPSI56 REV

GAGACTAGTGATTCGCATAATGTATATTATGTTAAATCCAGTGTTACAACCAATTAAC

SpeI

Table 2.5: Oligonucleotide primers used throughout study.
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2.4.1.5 Mutagenesis
To produce E. coli XerD and XerDγ mutants, two protocols were followed. For all mutants,
except XerDE183A, oligonucleotide primers were designed to contain the desired mutated
codon in the centre (see Table 2.5). Two PCRs were then completed using Phusion polymerase
(see section 2.4.1.2); one with a standard forward primer and the mutagenic reverse, and the
second with a mutagenic forward primer and standard reverse. Both products were purified by
gel extraction (section 2.4.3) and combined in a single PCR reaction using the two standard,
outside, forward and reverse primers to give the full-length product bearing the desired
mutation. Subsequent PCR products were cloned between the EcoRI and HindIII sites of
pBAD24 using overnight ligation at 4°C before being transformed into DH5α (sections 2.4.4,
2.4.5 and 2.4.6).
Due to difficulties cloning XerDγ E183A, the Q5 site-directed mutagenesis kit from NEB was
employed. Following advice from the manufacturer, 3 steps were followed. These included an
exponential amplification via PCR, a “Kinase, Ligase and DpnI” (KLD) reaction and
subsequent transformation. The following components were required:
Q5 Hot Start High-Fidelity 2X Master Mix

12.5µl

10µM Forward Primer

1.25µl

10µM Reverse Primer

1.25µl

pBAD24 - XerD (template; 1-25ng/µl)

1µl

MQW

9µl

Total

25µl
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Upon reaction assembly, these thermal cycling conditions were used:
Step

Temperature

Time

Initial Denaturation

98°C

30 sec

98°C

10 sec

50°C - 72°C

10 - 30 sec

25 x

20 - 30 sec/
Final Extension

72°C

kb

72°C

2 min

The KLD mix provided by the manufacturer allows phosphorylation, ligation and template
removal to all occur in one reaction step. The following constituents were combined and
incubated at room temperature for 5 minutes:
PCR product

1µl

2 x KLD reaction buffer

5µl

10 x KLD reaction mix

1µl

MQW

3µl

Total

10µl

Transformations were subsequently completed according to manufacturer’s instruction and are
described briefly herein. 5µl of the KLD mix was added to the tube of competent cells provided.
Cells were incubated on ice for 30 minutes, subject to heat shock at 42°C for 30 seconds then
placed back on ice for a further 5 minutes. 950µl SOC medium was added and cells were
incubated at 37°C with shaking. 150µl of cells, as well as 150µl of a 1:10 dilution of cells were
plated onto agar containing ampicillin and incubated at 37°C overnight.
A selection of transformant colonies from both mutagenesis methods were cultured in liquid
media overnight and were subject to plasmid purification (see section 2.4.5) and restriction
digest for clone screening.
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2.4.1.6 Touchdown PCR
For PCR reactions that required a high annealing temperature, touchdown PCR was performed.
PCR reactions were set up exactly as in section 2.4.1.2 with Phusion as the polymerase of
choice. Reactions were thermocycled at the highest annealing temperature for 2 rounds. The
annealing temperature was then dropped by 1 degree for a further 2 rounds. This was continued
sequentially until a total drop of 5 - 6°C in annealing temperature was achieved. Subsequently
a further 25 rounds of thermocycling was performed before the final extension.
2.4.2 Restriction Digestion
Restriction digestion was undertaken for molecular cloning purposes. 1µl of each restriction
enzyme (10 units/ µl), 2µl of CutSmart® buffer (NEB) and at least 50ng of DNA was added to
a 1.5ml tube. The remaining volume was made up to 20µl with MQW. Samples were then
incubated at 37°C for 60 – 90 minutes and heat inactivated at 65°C for 10 minutes. Loading
buffer (Table 2.1) was added to samples, which were then electrophoresed to separate samples
by size. Fragments were then isolated by gel extraction for further cloning purposes.
2.4.3 DNA Agarose Gel Electrophoresis
Following PCR, and restriction digest, agarose gel electrophoresis was performed using the
BioRad Mini Sub Cell GT system (BioRad Laboratories). The percentage (w/v) of DNA grade
agarose used was dependent on the size of the DNA fragment but varied between 0.7 – 1.5%.
The appropriate amount of agarose was dissolved into 1 x TAE buffer (see Table 2.1) and
ethidium bromide added to a final concentration of 0.5µg/ml. Once the gel had set and was
placed in the tank, TAE buffer was added to cover the gel. Samples were then loaded into lanes
in amounts varying between 5µl and 25µl with a 6 x loading dye (as supplied by NEB). Both
1kb and 100bp DNA ladders were used throughout this study to determine approximate band
size in base pairs (NEB supplied, see Appendix for ladder sizes). Samples were electrophoresed
for a period of 45mins – 60 mins at 100V. Following this, DNA bands were visualised using a
BioRad Gel Doc XR+ system. Alternatively, for cloning purposes, DNA bands were visualised
with long-wave UV using a BioRad transilluminator. After excision, DNA was subject to
purification using the Wizard® SV Gel and PCR clean-up kit (supplied by Promega), or the
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Isolate II PCR and Gel Kit (Bioline), following manufacturer’s instructions. Concentrations of
purified samples were calculated by UV absorption at 260nm using the Thermo Scientific®
NanoDrop© spectrophotometer.
DNA agarose gel electrophoresis was also used for in vitro and in vivo recombination assays
with slight changes to this procedure. These changes are highlighted in section 2.7.
2.4.4 Cloning
For creation of plasmid vectors for protein overproduction, the gene of interest, as amplified
by PCR (section 2.4.1) was cloned into pBAD24 under the control of the arabinose promoter
(Fig. 2.1). The plasmid also contains the ampicillin resistance gene allowing for easy selection
of potential clones.

Figure 2.1: pBAD24; vector used for cloning purposes. Arabinose promoter (red triangle) is located just before
the multiple cloning site (MCS) allowing for controlled overexpression of genes of interest. Screening primers
(black triangles) were utilised for sequencing purposes. Highlighted in green is the araC gene, a transcriptional
repressor that keeps genes turned off until arabinose is present; the orange arrow depicts the ampicillin resistance
cassette. Restriction enzyme sites are italicised throughout.
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2.4.4.1 Ligation
Ligation procedures were used to join to fragments of DNA which had been cut by restriction
enzymes, by exploiting the action of T4 DNA ligase. The ligation protocol is as below (ligase
and buffer supplied by NEB):
10 x T4 DNA Ligase Buffer

2μl

Vector DNA (4kb)

50ng

Insert DNA (1kb)

37.5ng

T4 DNA Ligase

1μl

MQW

to 20μl

Total

20μl

Control ligations were performed with no insert included; the volume being made up with
MQW. Typically, ligation reaction volumes were split in half with 10µl remaining at RT for
10-30 minutes and the other 10µl placed at 4°C overnight. The ligated product was then
transformed into competent E. coli cells (see section 2.4.6).
2.4.4.2 Screening
In order to screen for potential clones, numerous techniques were employed. These included,
colony PCR (section 2.4.1.3) by utilising pBAD24 screening primers (see Fig. 2.1); plasmid
mini-prep (section 2.4.5) and subsequent restriction digest (section 2.4.2) which was then
visualised via DNA agarose gel electrophoresis. Plasmid clones with inserts of the correct size
were then sent for DNA sequencing (section 2.4.6.3).
2.4.5 Plasmid Preparation
The plasmids used throughout this study were either isolated from in-house laboratory glycerol
stocks or newly prepared in cloning and ligation experiments. Laboratory glycerol stocks
contained 200μl liquid overnight culture resuspended in 800μl glycerol and frozen at -80°C
indefinitely. Plasmids were either freshly transformed into competent cells (see section 2.4.6)
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or streaked from glycerol stocks, directly onto nutrient agar plates, containing the appropriate
antibiotic. Plates were grown overnight at 37°C. Colonies were then picked off the nutrient
agar plates using sterile pipette tips and placed in 5ml LB containing the appropriate antibiotic.
These cultures were grown overnight, with shaking, at 37°C. Plasmids were isolated from these
overnight cultures using the Bioline Isolate II plasmid mini kit, or Qiagen plasmid midi kit, by
following manufacturer’s instructions. Occasionally, during the plasmid elution step, variations
in the amount of elution buffer were used (30μl - 100μl) instead of the suggested 50μl. DNA
concentrations, following the elution step, were measured using absorption of UV light at
260nm using a the Thermo Scientific® NanoDrop© spectrophotometer.
2.4.6 Transformations
2.4.6.1 Competent cell preparation
E. coli competent cells were prepared as follows:
1. Streak competent cell strain onto agar plate containing appropriate antibiotic selection
and grow overnight
2. From a single colony, prepare overnight culture in 5ml LB
3. Inoculate 100ml LB with 0.1% inoculum and grow to an OD600nm of 0.4 – 0.6
4. Place cells on ice for 15 mins – 2 hrs
5. Centrifuge cells at 1000 x g for 15 mins
6. Resuspend pellet in 33ml RFI buffer (Table 2.1)
7. Repeat steps 4 and 5
8. Resuspend cells in 12.5ml RFII buffer (Table 2.1)
9. Place on ice for at least 15 mins
10. Aliquot 200μl cells into 1.5ml Eppendorf tubes
This protocol was applied to numerous E. coli bacterial strains throughout this study. For a
complete list, refer to Table 2.3.
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2.4.6.2 Transformation procedure
1µl - 5µl of ligation reactions were added to 100µl of competent cells. Similarly, transformation
of supercoiled plasmids for subsequent mini-preps or protein overexpression, were conducted
with 10 – 100ng plasmid added into 100µl of competent cells. Samples were then incubated on
ice for 30 mins, followed by a 42°C heat shock for 75 secs and 600µl of LB was added
immediately (Lederberg and Tatum, 1946). Cells were then incubated, with shaking, for at least
1hr at 37°C. Following this, cells were subject to centrifugation at 6000 x g for 1 min and pellet
resuspended in 150µl LB. This 150µl was then spread onto nutrient agar plates containing the
appropriate antibiotic/s and incubated overnight at 37°C.
2.4.6.3 DNA sequencing
DNA clones required sequencing analysis before further experimentation could continue. 600
– 1500ng of double-stranded plasmid DNA was combined with 9.6pmol of either a forward or
reverse sequencing primer. A total volume of 12µl was prepared and sent to the Australian
Genome Research Facility (AGRF, Sydney, Australia) were the sequencing reactions were
completed. Data were analysed using ApE (A Plasmid Editor) software (M. Wayne Davis ©
2003-2004).

2.5 Protein Work
2.5.1 Overproduction
Numerous overexpression vectors were created utilising the cloning methods outlined in
section 2.4. Under the control of arabinose, or IPTG-dependent promoters, proteins could be
overproduced for purification procedures and application during a variety of experiments,
including recombination assays.
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2.5.1.1 Induction conditions
A single colony from a transformation plate (section 2.4.6.2) was used to inoculate 5ml of LB
containing the appropriate antibiotic which was then cultured overnight, with shaking, at 37°C.
Overnight cultures for subsequent overproduction of Pak4 and PakΔγ were supplemented with
2% glucose. 100ml – 6L of LB was inoculated with 0.1% overnight culture and grown to an
OD600nm of between 0.5 – 1.2 depending on the protein of interest. Induction of expression was
completed by the addition of 0.2% arabinose for all proteins except Pak4 and PakΔγ which
were induced with the addition of 1mM IPTG. Cultures were further incubated for 1.5 – 5 hours
at temperatures that varied between 25°C and 37°C. For a full list of overproduction conditions,
see Table 2.6. Cells were then subject to centrifugation at 4500 x g for 15 - 30 mins and the
pellet resuspended in 10ml – 30ml protein storage buffer (see Table 2.1).

Protein and

Overexpression

Induction

Induction

Induction Time

Parent Species

Strain

OD600nm

Temperature (°C)

(hours)

FtsK50C

B834XerD-

0.8 - 1.0

37

1.5

XerCγ

B834XerD-

0.8

37

3

XerDγ

B834XerD-

0.4 – 0.6

37

3

XerC

DH5αXerD-

0.4 – 0.6

25

5

XerD

B834XerD-

0.4 – 0.6

37

3

XerD mutants

B834XerD-

0.8

37

3

XerDγ mutants

Varied

0.8 – 1.0

37

1.5

Pak4

B834XerD-

0.8 - 1.0

37

1.5

PakΔγ

B834XerD-

0.8 - 1.0

37

1.5

XerCγ

B834

0.5 – 0.6

25

5

XerDγ

B834

0.5 – 0.6

37

3

B834XerD-

0.6 – 0.8

25

5

BL21

0.6 – 0.8

37

3

E. coli

P. aeruginosa

XerC-His
XerD

Table 2.6: Overproduction conditions of proteins purified for this study.
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2.5.1.2 Solubility check
During the growth stage of induction, a 1ml sample was taken when the desired OD600nm was
reached and was known as the “uninduced” sample (or t0). Another 1ml sample was taken postinduction and called “induced” sample (tf). 10µl of the induced sample was kept separate, to
use as “whole cell” sample for gel electrophoresis, whilst the remainder was subject to
sonication for cell lysis. The sonicated fraction was then centrifuged at maximum speed for 1
minute. The supernatant was kept as the “soluble” fraction (sol) with the pellet being
resuspended in 100µl protein storage buffer and kept as the “insoluble” fraction (insol). The
four samples (t0, tf, insol, sol) were analysed by SDS-PAGE (see section 2.5.3).
2.5.2 Protein Purification
Using the conditions as confirmed from solubility checks (section 2.5.1.2), large scale protein
purification was then conducted.
2.5.2.1 Cell lysis
To separate insoluble and soluble protein fractions, the 10ml – 30ml sample in protein storage
buffer obtained from protein overproduction procedures, was subject to lysis using a
homogeniser (EmulsiFlex-B15) as supplied by Avestin, Inc. The sample was passed through a
maximum of three times at 15000 - 20000psi. For particularly viscous samples (E. coli XerD,
P. aeruginosa XerD), it was also necessary to sonicate the sample to break up chromosomal
DNA. This was conducted using the Soniprep 150 (Gibson et al.) at 50% amplitude at 10kHz
for 3 x 30 second periods. Cells were placed on ice between sonication to prevent overheating
and protein degradation. The lysate was then centrifuged at maximum speed for 30 minutes to
recover soluble protein fractions from insoluble fractions and to pellet cell debris. For larger
culture volumes (>2L), filtration was often necessary. Thus, the supernatant recovered postcentrifugation was then passed through a 0.45µm filter before being placed over the appropriate
column.
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2.5.2.2 Nickel affinity purification
The clarified lysate obtained after cell lysis (section 2.5.2.4) was subject to purification over a
2ml of Bioline His-Catch™ Ni2+ pre-charged metal chelating cellulose held in a 20ml BioRad
Econo-Pac® chromatography column. Conducted entirely at 4°C, the supernatant was poured
over the nickel resin and allowed to pass through via gravity flow with flowthrough being
collected. The sample was then subject to a wash step, utilising 50-80ml of Wash I buffer to
strip loosely bound protein (Table 2.1). For selected proteins, those with a His-tag, a second
wash step was included using 20-50ml Wash II buffer (Table 2.1). Following the wash steps,
the protein was eluted using 15ml elution buffer (Table 2.1) with 1ml elutions collected.
Samples of the lysate, flowthrough, wash 1, wash 2 and all 15 elutions were analysed by SDSPAGE. The following proteins from this study were subject to nickel affinity purification; E.
coli FtsK, XerD, XerC, XerDγ, XerCγ; P. aeruginosa Pak4, XerD, PakΔγ, XerCγ.
2.5.2.3 Cobalt affinity purification
Similar to nickel, cobalt resin binds His-tagged proteins though with much higher specificity
(Porath et al., 1975). This procedure was utilised for purification of the E. coli XerDγ and XerD
mutants (E119A, E183A, E184A, Y187A, W188A, Q343A, N347A, R351A, E183A/E184A
and R347A/N351A) as well as XerDγ alone for consistency. Cobalt purification was carried
out exactly as nickel affinity purification (see Table 2.1 for Nickel column purification buffers)
although often a 1ml bed volume was used due to the smaller amount of culture for the
purification of the mutants.
2.5.2.4 Heparin
After nickel affinity chromatography (section 2.5.2.2), selected elutions containing the protein
of interest (as determined by SDS-PAGE) were pooled and diluted 2 x in Buffer A (see Table
2.1) before loading over 2 x 1ml HiTrap™ heparin HP columns (GE Healthcare). Purification
was completed using the AKTA FPLC system, eluting over 10mM – 1M NaCl by increasing
the gradient from 0% - 100% Buffer B (see Table 2.1). Fractions showing an obvious peak at
absorbance 280nm (A280) were then subject to SDS-PAGE. Pak4 and PakΔγ typically came off
at approximately 300mM NaCl.
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2.5.2.5 Gel filtration
Selected fractions from Heparin purification (section 2.5.2.4) were then pooled for further
purification over gel filtration (GE Healthcare HiLoad™ 16/60 Superdex™ 75 preparativegrade column) using the AKTA FPLC system. The column was first calibrated with 120ml Gel
Filtration Buffer (Table 2.1) before loading with protein sample. Between 25 and 30 fractions
were collected after approximately 40ml of flowthrough. A strong peak was observed usually
between fractions 8 and 16. Protein destined for crystallography was subject to dialysis (see
section 2.5.2.10).
2.5.2.6 Phenyl
For proteins that required further purification, relevant elutions from Nickel affinity
chromatography (section 2.5.2.2) were pooled before loading over a 1ml HiTrap™ Phenyl HP
column (GE Healthcare) using the AKTA FPLC system. The column was first equilibrated
with 10ml Buffer B (Table 2.1) followed by a second 10ml equilibration with Buffer A (Table
2.1). The protein sample was applied, with flowthrough being collected. A 20ml wash step was
performed with Buffer A and protein was eluted using a linear decrease of Ammonium Sulfate
(as present in Buffer A) by increasing the gradient from 0% - 100% Buffer B (low salt buffer).
The protein was then subject to dialysis (section 2.5.2.8) before use in subsequent assays.
2.5.2.7 Purification under Denaturing Conditions
For purification of E. coli XerC, when nickel or cobalt affinity failed, denaturing conditions
were used instead. The insoluble portion of protein was obtained by pelleting cell culture, after
overproduction, via centrifugation at 20 000 x g for 10 minutes at 4°C. The pellet was
resuspended in 10ml 8M urea re-folding buffer (Table 2.1) and centrifuged once more at 20
000 x g for 10 minutes at 4°C. The supernatant was then collected and dialysed into 4M urea
re-folding buffer (Table 2.1) for 2 - 4 hours at room temperature. Following this, the protein
sample was further dialysed overnight, at 4°C, into protein storage buffer.
Alternatively, the protein (E. coli XerC for this study) can be denatured and refolded over a
nickel column. After overproduction, cells are lysed and centrifuged (as above) with the pellet
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resuspended in an 8M urea. After a second centrifugation, the supernatant is then poured over
a 1ml gravity flow nickel column at room temperature, collecting the flowthrough. Next, 10ml
of 4M urea, 2M urea, and 1M urea are passed over the nickel column, collecting the
flowthrough at each step. The column is then washed with 20ml 10mM imidazole buffer (Wash
Buffer II – Table 2.1) at 4°C, collecting flowthrough. The protein is then eluted from the
column using 10 – 15ml of 300mM imidazole buffer (Elution Buffer – Table 2.1).
2.5.2.8 Dialysis
The protein samples from phenyl purification (section 2.5.2.6) were pooled and placed into
dialysis tubing (Sigma Aldrich) which had been pre-soaked in protein storage buffer (Table
2.1). Protein was dialysed for 3 hours at room temperature in 250ml buffer. The buffer was
then replaced and protein was further dialysed overnight at 4°C. For long term storage, proteins
were supplemented with 50% glycerol and placed at -80°C.
Protein destined for crystallography was dialysed out of a high salt-containing buffer into a
buffer containing 25mM Tris-HCl (pH 7.5), 20mM Potassium Glutamate, 2mM Magnesium
Acetate and 1mM DTT. Dialysis was performed using ThermoFisher SnakeSkin™ overnight
at 4°C, typically with 1ml protein to 2L dialysis buffer.
2.5.2.9 Protein concentration
Depending on the volume of sample, protein was centrifuged through Merck Millipore
centrifugal filter units; molecular weight cut off – 30kDa. To concentrate, proteins were
centrifuged at 4°C with spins varying between 1-5 minutes and 1000 – 4000 x g (as per
manufacturer’s instructions). Final protein concentrations were determined using the Direct
Detect® Infrared Spectrophotometer (Merck Millipore©).
2.5.3 SDS-PAGE
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyse
protein samples. The Mini-PROTEAN® Tetra Handcast System (BioRad) formed the gel
cassette and casting apparatus and was assembled as per manufacturer’s instructions. SDSPage 83

PAGE gels were cast using 10-12% (w/v) resolving gels and a 6% (w/v) stacking gel (see Table
2.1). Between 5µl and 20µl of sample was loaded into gel lanes with 4 x SDS loading dye (see
Table 2.1). Samples were run alongside the ThermoFisher® Pageruler™ Pre-Stained Protein
Ladder to determine size in kDa (see Appendix for ladders). Gels were electrophoresed at 220V
for 25 – 35 min depending on sample size (smaller samples were run for the shorter period).
2.5.3.1 Gel staining and imaging
Once electrophoresed, gels were carefully removed from the cassette and submerged in
Coomassie Blue and gently shaken for 30mins. Following this, the gel was washed in distilled
water and subject to de-staining (see Table 2.1; “de-stain solution”) for 2 hrs or until protein
band visualisation was noted. De-stain was removed, and gels were temporarily stored in water.
At the later stages of experimentation, SDS-PAGE gels were stained using Coomassie brilliant
blue de-stained in “De-Stain Solution” (Table 2.1) or InstantBlue (Expedeon) which required
15 minutes to stain before changing to distilled water for de-staining and temporary gel storage.
For imaging, the gels were scanned and then edited in Adobe® Photoshop®.

2.6 ATPase activity assay
This simple colorimetric assay was used to determine the ATPase activity of E. coli and P.
aeruginosa FtsK (and variants). The following constituents were added to a 1.5ml tube:
Negative Control Positive Control FtsK variant
DNA

2µl

2µl

2µl

Protein

0µl

0µl

2 - 20µl

ATPase assay buffer

25µl

25µl

25µl

MQW

21µl

19µl

19µl

100mM KH2PO4

0µl

2µl

0µl

ATP (50mM stock)

2µl

2µl

2µl

Total

50µl

50µl

50µl
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All components were added, except ATP, and incubated at RT for 5 minutes. DNA used was
DNA sodium salt from salmon testes (Sigma Aldrich) at a final concentration of 4mg/ml. 2mM
final concentration of ATP was added and the reaction moved to 37°C for 10 minutes. 800µl
of malachite green reagent (0.045% malachite green; 5% ammonium molybdite in 4M H2SO4
in a 3:1 ratio) was dispensed to the reaction and left at RT for 1minute. The reaction was
stopped with the addition of 100µl 34% (w/v) sodium citrate and at least 1 minute incubation.
OD660nm was calculated using the negative control for the blank. This reaction was completed
with varying concentrations of FtsK from E. coli and P. aeruginosa. The assay was similarly
conducted in the absence of DNA (substituting water for DNA in these reactions).

2.7 Recombination Assays
2.7.1 Plasmid Preparation
In order to minimise the amount of recombined plasmid for substrate preparation, and at the
start of in vivo recombination assays, a sample of pSI56 was electrophoresed in 1% DNA
agarose. The supercoiled, monomeric, unrecombined band was extracted and purified before
being transformed into an ftskC- strain (DS9041). Fresh minipreps were prepared from
overnight cultures and restriction digest check with EcoRI to determine whether background
recombination had been eliminated.
2.7.2 In Vitro Recombination Assay
Following protein purification, in vitro recombination assays were performed as per procedures
outlined in Grainge et al, 2011. 200ng of the plasmid, pSI56 (Fig. 2.2) was utilised as substrate
in these reactions. For reactions involving P. aeruginosa proteins, a version of pSI56 (termed,
PapSI56) was used where the P. aeruginosa dif sites were cloned in place of the E. coli dif
sites. Recombination proteins (FtsK, XerC, XerD, or derivatives) and plasmid DNA (pSI56 or
PapSI5) were combined in 10 x recombination assay buffer (see Table 2.1) with 2mM ATP
added before reactions were placed at 37°C. Depending on the experiment, reactions were
either stopped at 2 minutes or 10 minutes by addition of 100µl phenol/ chloroform. Reactions
were vortexed to denature proteins and centrifuged at 14, 500 x g for 5 minutes. The aqueous
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layer containing DNA was removed and isopropanol precipitated by addition of an equal
volume of 100% isopropanol. DNA was washed with 70% ethanol, re-centrifuged and ethanol
removed. DNA was then dried utilising a vacuum dryer. The cell pellet was then resuspended
in 10µl digest reaction containing 1µl EcoRI (or SpeI/ XhoI for P. aeruginosa), 1µl CutSmart®
buffer and water to 10µl. In some cases, cells were resuspended in 20µl TE buffer with half the
reaction being subject to digest and the other half remained uncut. All reactions were run on
0.7% agarose in 1 X TBE (see Table 2.1) at 55V for 16 hours. Gels were then stained in a
solution of 0.1% SYBR™ green in TBE for 30 minutes with shaking. Destain was undertaken
in TBE for 30 minutes with shaking. DNA was visualised using the Typhoon Trio (GE Life
Sciences), using excitation 488nm and emission filter of 488nm. Gel images were subject to
analysis via Mutli Gauge software (Fujifilm) where percentage recombination was calculated.

Figure 2.2: pSI56 plasmid containing 2 x dif sites (black arrowheads) separated by EcoRI. Contains:
chloramphenicol resistance (cat gene, blue arrow) and ampicillin resistance (orange arrow).

The in vitro recombination reaction was conducted utilising a series of protein combinations
from both E. coli and P. aeruginosa. More detail on these combinations can be found in Chapter
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3 but primarily, FtsK or Pak4 with XerC and XerD were tested in an in vitro recombination
setting. When the FtsKγ-fusion proteins were required (XerCγ and XerDγ), they were used in
combination with their tyrosine recombinase counterpart, that is, XerCγ was combined with
XerD and XerDγ was combined with XerC. ATP was not required for reactions involving the
fusion protein. Protein concentrations used can be found in Table 2.7.
Protein

Concentration (nM)

E. coli
FtsK50C
XerC
XerD
XerCγ
XerDγ
P. aeruginosa
Pak4
XerC
XerD
XerDγ

40
160
80
60-70
60-70

2(µM)
140-150
70-80
60-70

Table 2.7: Protein concentrations used for in vitro recombination assays.

2.7.3 In vivo Recombination Assay
To confirm the activity of recently purified protein, in vivo recombination assays were
performed. These assays were based on conditions outlined by Sivanathan et al. (2006), and
Grainge et al (2011) with changes made to suit the nature of the experiment.
Expression vectors (pBAD24-based; table 2.4) containing the genes of interest were
transformed into DS9041 (FtsKC-) (Sivanathan et al., 2006) or DS9041D- (FtsKC- and XerD-)
(this study), which contained the plasmid pFX142 with a dif - KmR – dif cassette; a kanamycin
resistance gene flanked by two dif sites in direct repeat (Aussel et al., 2002). Overnight cultures
were prepared from transformation plates containing 1% glucose and the appropriate antibiotic
selection. 20ml LB was inoculated with 20µl overnight culture and grown to an OD600nm of 0.5
– 0.8. A 4ml sample was taken at this stage (t0). The remaining culture was induced with 0.2%
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arabinose and grown for a further 3 hours, taking 4ml samples at 1 hour (t1), 2 hours (t2) and 3
hours (t3). Plasmid DNA was isolated at each time point using the Bioline Isolate II plasmid
mini kit and concentrations noted. 100ng of each plasmid mini-prep was run on a 0.7% DNA
agarose gel at 55V for 16 hours. Gels were stained with 1 x SYBR® green (supplied as 10 000
x in DMSO, Lonza) and imaged on the Typhoon Trio (GE Lifesciences) using excitation
488nm and emission 526nm. Band analysis and recombination percentage was calculated using
Multi Gauge (Fujifilm) software and graphed in Microsoft Excel.

2.8 FtsK Inhibition Experiments
In collaboration with the chemistry department from the University of Newcastle, 11
compounds were designed to inhibit the activity of FtsK. The inhibitory compounds were
diluted at concentrations of 50 – 100 mM in DMSO.
2.8.1 ATPase Assay
As in section 2.6, ATPase assays were conducted on P. aeruginosa FtsK (Pak4). Initial testing
involved the addition of 100µM of each of the 11 inhibitory compounds. The following
reaction constituents were utilised:
Negative Control

Positive Control

FtsK

DNA

2µl

2µl

2µl

Protein

0µl

0µl

15µl

ATPase assay buffer

25µl

25µl

25µl

100mM KH2PO4

0µl

2µl

0µl

ATP (50mM stock)

2µl

2µl

2µl

Inhibitory Compound

100µM

100µM

100µM

MQW

to 50µl

to 50µl

to 50µl

Total

50µl

50µl

50µl

The same procedure as outlined in section 2.6 was followed.
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Further ATPase testing was conducted exactly as above, and as in section 2.6, but involved
varying concentrations of 3 different compounds (100µM, 10µM and 1µM).
2.8.2 Whole Cell Inhibition Assay
Initial in vivo testing involved the use of 4 E. coli laboratory strains; B834, DH5α, DS9041 and
BL21 (see Table 2.1). The strains were grown on agar containing the appropriate antibiotic
selection. Overnight cultures were grown and diluted to and OD600nm of 0.01 before adding
100µl to each well in a 96-well plate. Compound concentrations varied between 1µM and
100µM. Control wells contained 1µl DMSO (no compound). Cells were cultured overnight at
37°C in the FLUOstar Optima plate reader (BMG Labtech) which took OD600nm readings every
10 minutes. Growth curves were produced in Microsoft Excel.
Similar to the aforementioned experiment, 6 different bacterial strains were subject to further
experimentation with one inhibitory compound. These strains were Acinetobacter baylyi
ADP1, E. coli B834, BL21, DH5α, DS9041 and P. aeruginosa PA01. Strains were treated with
20µM, 10µM and 1µM of compound and exposed to the same growth conditions as above.
2.8.3 In Vitro Recombination Assay
100µM, 10µM and 1µM of inhibitory compound was added to a recombination reaction set up
as described in section 2.7.1. Positive controls contained no compound whilst negative controls
contained no protein. Typical reaction constituents are outlined below:
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10 x Reaction Buffer

2µl

pSI56

200ng

E. coli XerC

4µl

E. coli XerD

1µl

E. coli FtsK

2µl

ATP

10mM

Compound

1µM - 100µM

MQW

to 20µl

Total

20µl

The recombination procedure was followed exactly as in section 2.6.2.1.
2.8.4 Compound Screening Against Eukaryotic Cell Lines
Screening of compound 4 against eukaryotic (10 human and 1 murine) cell lines was conducted
by collaborators at The Calvary Mater Hospital, Edith St, Waratah NSW 2298. 100µM of
compound was tested against the 11 cell lines. GI50, the concentration at which 50% of maximal
inhibition of cell growth occurs, was calculated and data returned for analysis.

2.9 Growth Competition Assays

Two strains, WX31: WX31 xerD, isogenic aside from an xerD deletion, were prepared for
this assay. The WX31 xerD strain was transformed with the pBADXerD mutant
overexpression vectors; for mutations XerDE119A, XerDE183A, XerDE184A, XerDE187A,
and XerDE188A as well as pBADXerC to act as a negative control. Transformed strains, and
wild type WX31 were grown in separate cultures containing 5ml LB for 16 hours. The
following day, 5ml LB was inoculated with 0.1% of overnight cultures and grown to OD600nm
0.2. 20µl WX31 and 20µl WX31 xerD containing plasmid were then added to the same 5ml
fresh LB. Strains were cultured in competition for approximately 20 generations (~16 hours,
or overnight). Following this, co-cultures were serial diluted to 10-14 and plated onto
gentamycin and ampicillin to select for the XerD plasmid, and on gentamycin alone. The ability
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of WX31 xerD, containing the XerD and XerC plasmids, to complement wild type WX31
was calculated as the difference in colony forming units from these serial dilutions.

2.10 Crystallography
2.10.1 Crystal Trials
Over 4000 conditions for both Pak4 and Pak4Δγ were trialled. A complete list of conditions
can be found in the Appendix. 1mM ADP or ADPNP was added to Pak4Δγ (~7mg/ ml) prior
to setting up crystallisation conidtions. Similarly, the 15bp and 16bp KOPS-containing dsDNA
(see section 2.4.1.4) was added directly to Pak4 (~6mg/ml) in a 1:5 DNA:protein molar ratio
before being dispensed into the appropriate wells. Crystallisation was also trialled using
microseeding and additive screening before ideal crystal structures were formed as described
below.

2.10.1.1 Sitting drop vapour diffusion
Crystallisation was perfomed using sitting drop vapour diffusion technology in 96-well 2-drop
UV MRC crystallisation plates (Molecular Dimensions; see Fig 2.3). Commercial screen
solutions were pipetted using a Mettler Toledo Liquidator® and did not require manual mixing
or use of XStep Software. To produce a gradient of salt and pH concentrations for the
precipitant, 60µl of precipitant was added to the appropriate well as determined by “XStep
Experiment Design Software for Automated Crystallization” (Douglas Instruments©) which
automatically calculated the amount of each solution needed per well from defined stock
solutions. The plate was then shaken for 5 minutes to ensure proper mixing of well solutions.
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A
B

Figure 2.3: Depiction of a single well in a 96-well 2-drop UV MRC crystallisation plate (Molecular
Dimensions©). A Top view of single well B Side view of single well. Grey arrows indicate where protein and
precipitant are dispensed.

Following this, either 300nl or 600nl of a chosen protein sample was dispensed in each well
using an OryxNano Protein Crystallisation Robot and WaspRun software (both provided by
Douglas Instruments©). 300nl precipitant was added to each protein drop (1:1 or 2:1 protein:
precipitant ratio) and the plate was loaded into a Rigaku© Minstrel and Gallery system which
was maintained at 16°C. Images were taken daily for 7 days, then once weekly, indefinitely.
These images were inspected individually to detect crystal growth. Plates were also
intermittently monitored manually using a Mazurek Optical Services© Nikon SMZ800
microscope.
2.10.1.2 Hanging Drop Vapour Diffusion
Hanging drop vapour diffusion was implemented only for 24-well XRL crystallisation plates
(Molecular Dimensions©). 400µl of precipitant was aliquoted to each well utilising OryxNano
Protein Crystallisation Robot and WaspRun software (as with sitting drop). Following this, 1µl
of both protein and precipitant were combined and manually pipetted on a coverslip. The
coverslips were then placed on top of each well and sealed with vacuum grease. Plates were
incubated at 19°C indefinitely.
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A

B

Figure 2.4: Depiction of a single well in a 24-well plate. A Top view of single well and coverslip B Side view
of single well and coverslip.

2.10.1.3 Microseeding
In order to obtain microcrystals, subwells with reasonably well-formed crystals were selected
(Fig. 2.5). 50µl of reservoir solution was added to the subwell containing crystals and vortexed
for 1 minute. Finally, 200µl of reservoir solution was added and 12µl aliquots made. Seed
stocks were periodically replaced, depending on outcome of previous screens.
96-well 2-drop UV MRC crystallisation plates were prepared with subwell 1 containing 100nl
of seed stock, 200nl of precipitant and 600nl of protein. Subwell 2 contained no seed stock to
act as a control. Numerous screens were prepared under these conditions and further details
can be found in the Appendix.

Figure 2.5: Example of crystal formation in wells selected for microseeding. Microcrystals are added to an extra
volume of well solution before being vortexed and aliquoted for ensuing experiments.
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2.10.1.4 Additive screening
Initial crystal hits were further optimised with a Hampton Research commercial additive
screening kit (HR2-428). All 96-wells were made up to 1.58M AmSO4, 0.05M NaCl and 0.1M
HEPES (ph 7.8). Subwell 2 contained 100nl of additive, 200nl precipitant and 600nl of protein.
Subwell 1 contained no additive to act as a positive control.

2.11 Surface Plasmon Resonance (SPR)
To determine Pak4 binding to KOPS-containing DNA, Surface Plasmon Resonance (SPR) was
employed. An in-house system composing a Resusable DNA Capture Technique (ReDCaT)
used a biotinylated ssDNA linker bound to a standard streptavidin coated chip (GE Healthcare)
(Stevenson et al., 2013). The chip has four flow cells immobilised to a carboxymethylated
dextran matrix (Stevenson et al., 2013). Two cells were utilised as reference cells; one
containing no protein to act as a negative control and another where a known binding
interaction was tested and acted as a positive control.
Oligonucleotide primers were designed to complement the ssDNA bound to the chip, and were
hybridised prior to SPR detection. The reverse primer contained the 20bp ReDCaT tag on the
3’-end (CCTACCCTACGTCCTCCTGC), whilst the forward was a standard oligonucleotide.
Primers either contained the KOPS motif, or a “scrambled” version to test binding specificity.
All DNA oligonucleotides were purchased from Sigma-Aldrich as standard desalted
oligonucleotides at 100µM in water. DNA was annealed as in section 2.4.1.4 with 55µl of
forward primer to 45µl of reverse. 22µl of the annealed DNA was then diluted in 978µl SPR
buffer (see Table 2.1) to a concentration of 1µM. Pak4 concentration varied, with a usual
starting point of 1µM. Protein samples were prepared with or without the addition of 4mM
MgAc and 1mM ADP. A full list of oligomers used for SPR can be found in Table 2.3.
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Chapter 3: Characterisation of the
Xer-mediated Pseudomonas
aeruginosa Recombination Reaction
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3.1 Introduction
The XerC/D site-specific recombination system catalyses dimer resolution at the chromosomal
site dif under the control of the DNA translocase, FtsK (Steiner and Kuempel, 1998b) (Steiner
and Kuempel, 1998a). The two tyrosine-family recombinases bind to dif, and complete two
pairs of sequential strand exchange reactions. Catalysis is reliant on the activity of FtsK,
utilising ATP, to ensure XerD catalyses the first pair of strand exchanges. Subsequently, XerC
is responsible for the second pair of strand exchanges, reversing the effects of the initial crossover event which led to the production of a chromosome dimer (Recchia et al., 1999).
This reaction was first characterised in vitro by Aussel et al. in 2002 in E. coli. By purifying
each protein component (FtsK, XerC and XerD) and, adding them to a chromosome dimermimicking plasmid substrate along with ATP, two topologically simple, free circle
recombination products were generated. Grainge et al. in 2011, using a similar recombination
assay with XerC/D-FtsKγ fusion proteins and trapping Holliday junction intermediates,
showed that XerD is indeed responsible for carrying out the first strand exchange and that
FtsK’s γ-domain is responsible for initiating this reaction. Whilst the E. coli recombination
reaction has been fully characterised in vitro, it has not yet been characterised by a similar
reaction in another organism. It is hypothesised that as the XerC/D recombination system is
conserved, that these reactions should be replicable in a different bacterium.
P. aeruginosa FtsKC has been used in X-ray crystallography studies due to its ease of
overproduction and purification (Massey et al., 2006). However, insight into the site-specific
recombinases (XerC and XerD) of this bacterium is limited. The aim of this chapter was to first
replicate the recombination reaction in E. coli as initially shown by Grainge et al. in 2011 and
to then repeat this assay utilising the P. aeruginosa proteins: FtsK, XerC and XerD. Whilst
complete recombination with all 3 components was unsuccessful, I was able to characterise the
reaction using a combination of E. coli and P. aeruginosa proteins and their respective plasmid
substrates (pSI56 and PapSI56). These plasmids were designed to mimic a chromosome dimer
in vitro and contain 2 x dif sites, from either E. coli or P. aeruginosa, in direct repeat, separated
by restriction enzymes (more detail can be found in sections 2.7.2 and 3.3.1) (Ip et al., 2003).
Furthermore, I generated both XerD and XerC constructs fused to the FtsK γ-domain which
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were sufficient to activate XerCD-mediated recombination. P. aeruginosa XerDγ recombined
the plasmid substrate, PapSI56, in the presence of P. aeruginosa XerC.
Here I show that the E. coli recombination system is replicable as described in 2011 and the
substitution of P. aeruginosa XerD into this reaction yields a recombination response. Whilst
P. aeruginosa FtsKC was unsuccessful in recombining plasmid in vitro, its γ-domain, fused to
XerD, could at least yield a recombination response. Complete characterisation of each P.
aeruginosa protein was observed as well as the creation of a P. aeruginosa XerD-FtsKγ fusion
protein.

3.2 In Vitro Recombination in Escherichia coli
To successfully characterise recombination in vitro with purified P. aeruginosa proteins, it was
first essential that the E. coli assay outlined by Grainge et al. in 2011 could be repeated as a
positive control (Grainge et al., 2011). Once the conditions for the E. coli reaction were
established, they could be used as a template for the P. aeruginosa reaction.
3.2.1 Elements of the In Vitro Recombination Assay: E. coli Recombinase Proteins
A truncated version of FtsK containing 50 amino acids from the linker domain, FtsK50C, was
utilised throughout these in vitro recombination studies due to its ease of purification and high
yields (Fig. 1.7) (Lowe et al., 2008). FtsK50C has an N-terminal 6 x His-tag and was purified
using a single-step purification process with nickel-affinity chromatography. Both XerC and
XerD were purified over cobalt-affinity chromatography, using their naturally high number of
histidine residues. To remove excess nickel and salt (imidazole) from purified protein samples,
proteins were dialysed at 4°C overnight into a 20mM Tris HCl, 200mM NaCl and 10% glycerol
buffer. XerC is notoriously difficult to purify, however the in vitro recombination assay does
not require highly pure, or highly concentrated proteins (Grainge et al., 2011).
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Figure 3.1: SDS-PAGE of E. coli proteins required for in vitro recombination. XerD (D) has a molecular weight
of 34.2kDa, XerC (C) has a molecular weight of 33.8kDa whilst FtsK 50c (50c) has a molecular weight of 72kDa.
Molecular marker used is Pageruler™ (Thermo Scientific™).

Purification of XerC, XerD and FtsK50c (Figure 3.1) was successful in producing large volumes
of suitably concentrated proteins for in vitro recombination assays.
3.2.1.1 Testing E. coli FtsK ATPase activity
As FtsK uses ATP to translocate along dsDNA, measurement of its ability to hydrolyse ATP
is a useful tool for determining its activity in vitro (Yu et al., 1998). The extent of ATP
hydrolysis can be quantified through the application of an ATPase assay (section 2.6). The
assay measures the release of inorganic phosphate (Pi) based on the complex it forms with
malachite green and ammonium molybdate in the presence of sulphuric acid (Fig. 3.2). The
formation of this complex produces a colour change which can be measured
spectrophotometrically. As the assay conditions are harsh, it is used to monitor phosphate
production once a reaction has been stopped and is therefore not suitable for real-time kinetics
assays.
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Figure 3.2: Schematic depiction of ATP hydrolysis by FtsK (silver spheres) as it translocates along DNA. The
phosphorylation reaction leads to release of inorganic phosphate (P i) which forms a complex with malachite green,
leading to a colour change response. The more Pi, the darker the colour change. Silver arrow depicts direction of
translocation as well as ATP phosphorylation.

The ATPase assay was used as a rapid, as opposed to quantifiable, test for FtsK50C activity.
Upon increasing protein concentrations, the level of ATPase activity has also increased (Fig.
3.3). FtsK50c was thus considered suitably active for the ensuing recombination assays.

1.4
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0.4
0.2
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0.83
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Concentration FtsK50C (µM)

Figure 3.3: ATPase activity assay of FtsK50c. Histograms show increasing concentrations of FtsK50c lead to an
increase in OD660nm. Above assay is representative example of ATPase activity seen in all FtsK 50c samples used
in recombination assays. Positive control is KH2PO4. Samples were blanked against a negative control containing
no protein.
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It has been previously shown that the isolated γ-domain of FtsK is sufficient to activate
recombination by XerCD without needing ATP or the motor domain of FtsK (Grainge et al.,
2011). Subsequently, both tyrosine recombinases were cloned in fusion with the γ-domain of
FtsK, linked by a 14-amino acid glycine-rich domain. Two fusion proteins, XerCγ and XerDγ
were purified using nickel affinity chromatography (Fig. 3.4), again relying on the natural
affinity of the proteins for nickel.

Figure 3.4: SDS-PAGE results of XerDγ and XerCγ fusion protein purification. Each protein was eluted using a
buffer containing 250mM imidazole. XerDγ is measured at ~40kDa whilst XerCγ is slightly larger at ~44kDa.
Molecular weight marker in lane 1 is Pageruler™ (Thermo Scientific™).

The protein gels in Figure 3.3 depict a single-step purification of the XerCγ/Dγ fusion proteins.
It was hypothesised that these proteins would stimulate recombination with their recombinase
partner, as previously shown (Grainge et al., 2011). That is, XerDγ + XerC and XerCγ + XerD
would be sufficient to resolve pSI56 into two recombinant products.
3.2.2 The In Vitro Recombination Assay is Replicable Under Similar Laboratory Conditions
With suitably active FtsK50c, purified XerC and XerD, and their fusion protein partners, XerCγ
and XerDγ, first attempts at in vitro recombination reactions were commenced. For initial
recombination reactions, it was necessary to prepare numerous dilutions to test the most
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effective concentration of protein per assay. As described in section 2.7.2, in vitro
recombination assays were conducted in a recombination buffer containing 20mM Tris HCl,
5mM MgCl2, 1.25% PEG8000 and 1.25% PEG300. A chromosome dimer mimicking plasmid,
pSI56, was purified to ensure a concentration of 4nM (~320ng) DNA per reaction. DNA,
proteins and buffer were combined on ice prior to the addition of 2mM ATP to initiate the
FtsK-dependent interaction. The reactions were moved to 37°C and stopped after 10 minutes
with phenol chloroform. DNA was isopropanol precipitated with half the reaction being
electrophoresed immediately, and the other half undergoing restriction digest with EcoRI prior
to electrophoresis (Figure 3.4). Final protein concentrations per reaction were 40-50nm
FtsK50C, 80nM XerD and ~160nM XerC.
Recombination reactions with XerDγ + XerC and XerCγ + XerD were carried out in a similar
way to those utilising FtsK50C. The primary difference was the omission of ATP for these
reactions. The ATP-binding site for FtsK is located within the β-domain. As the fusion proteins
only contain the γ-domain, adding ATP to the reaction would be futile. Therefore, the reactions
were placed directly at 37°C, with subsequent phenol-chloroform extraction and isopropanol
precipitation being conducted as previously.

Figure 3.5: In vitro recombination using Xer recombinases from E. coli. A schematic of the predicted
recombination reaction. FtsK with the addition of XerC, XerD and ATP should recombine plasmid. Black
triangles represent E.coli dif sites surrounded by EcoRI restriction sites (black lines). B Results of recombination.
Negative (-ve) control contained no protein. Reactions were FtsK50C + XerC + XerD unless otherwise stated.
Triangle represents increasing concentrations of FtsK. Top panel shows plasmid digested with EcoRI with
recombinant products (R), bottom panel depicts the level of free circle (FC) product in these reactions. Kb is
DNA size marker (Hyperladder I, Bioline).
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Pleasingly, I was easily able to replicate the methodology described by Grainge et al. in 2011
despite minor differences in protein overproduction and purification methods, as well as slight
variations in protein concentration. All FtsK50C, XerCγ, XerDγ, XerC and XerD combinations
tested were competent in stimulating recombination between dif sites of pSI56. The XerCγ and
XerDγ reactions resulted in low levels of recombination as shown when digested by EcoRI.
On the undigested gel, recombination products are catenated and therefore not resolved from
supercoiled substrate (Fig. 3.5). This result replicates the result seen by Grainge et al. in 2011,
who explained the necessity of the translocation activity of FtsK to produce topologically
simple recombinant products. In the absence of FtsK, the recombinant products yielded are
topologically complex, and the catenated products migrate very close to the supercoiled
substrate (Grainge et al., 2011).

3.3 In vitro Recombination in Pseudomonas aeruginosa
3.3.1 Creation of a Chromosome-Dimer Mimicking Plasmid with P. aeruginosa dif Sites
With the recombination reaction using E. coli proteins now fully established in vitro, similar
reaction conditions were used to examine recombination using the P. aeruginosa proteins.
Firstly, it was unknown whether the E. coli dif–containing plasmid, pSI56, would be suitable
for recognition and recombination by the P. aeruginosa proteins. Therefore, a plasmid
containing the P. aeruginosa dif site was created (Fig. 3.6 and 3.7).

Figure 3.6: Comparison of P. aeruginosa and E. coli dif sites. Blue region represents XerC binding domain, pink
residues represent XerD binding domain and grey residues are the conserved central region. Only 2 base pairs are
different between the two species, in the XerC binding site (red residues).
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The E. coli dif sites were excised from pSI56 by restriction digest with the excised fragment
then forming the template for PCR of the P. aeruginosa dif insert using primers containing the
P. aeruginosa dif sequence. The newly formed DNA was digested and ligated into the original
pSI56 backbone and the resulting plasmid was confirmed by DNA sequencing. It was
necessary to identify restriction digest sites that would be diagnostic between substrate and
recombined plasmid forms during in vitro recombination reactions. The sites EcoRI and XhoI
were chosen (Fig. 3.7).

Figure 3.7: A Plasmid map of PapSI56 constructed for this study. Plasmid is kanamycin and ampicillin resistant
and contains 2 x dif sites (black triangles). B Restriction digest of PapSI56. Plasmid is ~4.3kb in length. Molecular
weight marker used is NEB 1kb ladder.

3.3.1.1 P. aeruginosa recombination plasmid is active in vitro
To test the activity of the new plasmid substrate, the in vitro recombination assay was first
attempted using E. coli proteins as in section 3.2.2. As there are similarities between E. coli dif
and the P. aeruginosa dif sites, it was hypothesised that the E. coli proteins would be able to
stimulate recombination of this new plasmid substrate. Recombination was carried out as in
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section 3.2.2 (and Fig. 3.5), but was follwed by digestion with both EcoRI and XhoI restriction
enzymes (Fig. 3.8).

Figure 3.8: In vitro recombination attempt with PapSI56 and E. coli proteins. Schematic represents approximate
size of PapSI56 and its expected products. dif sites are black triangles and lines represent restriction sites. DNA
agarose gel shows substrate (S, PapsI56) is recombined into products (R). Molecular weight marker is NEB 1kb
ladder. DNA agarose gel electrophoresed at 40V for 16hours.

Reaction conditions remained as similar as possible to those with the E. coli substrate (section
3.2.2), with solutions, timing and protein concentrations remaining the same. The PapSI56
concentration (~290ng/ reaction) was slightly lower than that of pSI56 due to differences in
yield from plasmid preparation. Despite levels of nuclease activity, a combination of FtsK50C,
XerC and XerD gave rise to two distinct bands at ~3.3kb and 1kb, representing recombinant
products of PapSI56 (Fig. 3.8). Unfortunately recombination was not observed in the XerDγ +
C or XerCγ + D reactions (Fig. 3.8, lanes 3 and 4). At this stage, it is unknown why this was
the case. However, it is possible that the use of a different dif site results in lower recombination
efficiency overall. As such, the XerCγ + XerD and XerDγ + XerC reactions may recombine
the substrate but at levels undetectable on a DNA agarose gel.
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3.3.2 Purification of P. aeruginosa Recombinant Proteins
With a newly prepared substrate shown to be active in vitro, purification of the P. aeruginosa
recombinase proteins was undertaken. A truncated version of FtsK containing the C-terminal
motor- and γ-domains with 68 linker-domain residues, called Pak4, has been used in previous
work, including structural studies (Fig. 3.9A) (Massey et al., 2006). The Grainge laboratory
library contained expression vectors for overproduction of Pak4, P. aeruginosa XerD and XerC
(see Table 2.4). P. aeruginosa XerD, from here on named PaeD, was readily overproduced and
purified under similar conditions to its E. coli homologue, however P. aeruginosa XerC (PaeC)
purification initally proved more difficult due to its propensity to precipitate. Despite this initial
difficulty, PaeC was purified using a cobalt affinity column with 250mM imidazole buffer for
elution. Approximately 60% of the protein was insoluble but the remaining 40% was eluted off
the column (Fig. 3.9).

Figure 3.9: A Schematic representation of full-length P. aeruginosa FtsK and its truncated version, Pak4, used
throughout this study B SDS-PAGE of P. aeruginosa proteins required for in vitro recombination. PaeD (D) has
a molecular weight of 33.6kDa, PaeC (C) has a molecular weight of 33.9kDa and Pak4 has a molecular weight of
63.6kDa. Molecular marker used is Pageruler™ (Thermo Scientific™). This image is a composite of lanes from
different gels, of the same experiment.
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3.3.2.1 Creation of P. aeruginosa XerCγ and XerDγ fusion proteins
XerCγ and XerDγ fusion proteins from P. aeruginosa, from here named PaeCγ and PaeDγ,
were required to conduct in vitro recombination experiments in this organism. The P.
aeruginosa xerCγ and xerDγ genes were amplified by PCR before being ligated to the multiple
cloning site of plasmid vector, pBAD24 (Fig. 2.1). Ligations were added to BL21 competent
cells for transformation and plated onto nutrient agar plates incubated overnight at 37°C. DNA
was isolated from multiple colonies of each transformation that was then subject to restriction
digest with enzymes EcoRI and XbaI to check for the presence of each gene.Clones were found
in multiple samples with the results being confirmed by DNA sequencing.
Purification of PaeCγ and PaeDγ proved difficult in comparision with their E. coli homologues,
especially for PaeCγ. Overexpression testing was conducted for both proteins which showed
primarily soluble PaeCγ when overexpression was induced at an OD600nm of 0.5-0.6 and further
cultured for 5 hours at 25°C (data not shown). In contrast, PaeDγ was mostly soluble when
overexpression was allowed to proceed for 3 hours at 37°C (data not shown). Following
overproduction, proteins were subject to purification using cobalt affinity chromatography.
PaeDγ readily bound to the cobalt column and was sucessfully eluted using a 300mM imidazole
buffer (Fig. 3.10B). Purification of PaeCγ was unsuccessful when attempted using cobalt
affinity chromatography. A second attempt was made with nickel affinity chromatography but
similar results were seen.
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Figure 3.10 Cloning and purification of P. aeruginosa fusion proteins XerCγ and XerDγ for in vitro
recombination assays. A agarose gel of restriction digest (EcoRI/ XbaI) depicting pBad24 backbone at ~4.5kb
and PaeCγ and PaeDγ inserts at 1.15kb and 1.13kb, respectively. These clones were confirmed by sequencing. B
SDS-PAGE of fractions eluted from cobalt resin showing PaeDγ with a molecular weight of 40.6kDa. Molecular
marker used in Lane 1 is Pageruler™ (Thermo Scientific™).

3.3.3 The P. aeruginosa Proteins Recombine Plasmid Substrates In Vitro
Initial experiments proved PapSI56 could be resolved using the E. coli proteins FtsK50c, XerD
and XerC. These results suggest that the converse experiment, using plasmid pSI56 which
contains two E. coli dif sites might be recombined by P. aeruginosa proteins; Pak4, XerD and
XerC. Therefore, ensuing recombination experiments were conducted on both chromosome
dimer-mimicking plasmids; pSI56 and PapSI56. It was necessary to determine that Pak4 was
a functionally active hexamer and readily translocates DNA. This was completed by using
ATPase assays. The results of these assays are found in Chapter 6 (Fig. 6.2). The same Pak4
protein was used in crystallography studies and in vitro recombination experiments.
First, a combination of E. coli and P. aeruginosa proteins were trialled to accurately determine
working concentrations of P. aeruginosa protein constituents. Considering FtsK50c had already
proven active on PapSI56, the first combinations trialled were FtsK50c (50C) + E. coli XerC
(C) + P. aeruginosa XerD (PaeD) and 50C + P. aeruginosa XerC (PaeC) + E. coli XerD (D).
Further, the fusion proteins PaeDγ and PaeCγ were tested. Final protein concentrations were
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74nM PaeD, 147nM PaeC, 62nM PaeDγ and ~2µM Pak4 with E. coli protein concentrations
the same as in section 3.2.2.

Figure 3.11: In vitro recombination assay utilising a combination of E. coli and P. aeruginosa proteins and
PapSI56 as substrate. Negative control (-ve) in lane one has no protein added, 50C, C and D are E. coli FtsK50c,
XerC and XerD, respectively. PaeDγ, PaeC and PaeD are P. aeruginosa XerDγ fusion protein, XerC and XerD,
respectively. DNA is digested with EcoRI/ XhoI. Linearised plasmid (L) is visible in all lanes containing protein.
Substrate (S) is marked along with recombinant product (R) Appearance of possible Holliday junctions (HJ) can
be seen in the lanes containing PaeDγ. Reactions using FtsK50c, Pak4 and P. aeruginosa recombinases were
unsuccessful.

Recombination of PapSI56 was successful with E. coli FtsK50c, XerC and XerD as shown in
figures 3.8 and 3.11. Using this as a positive control, P. aeruginosa proteins were substituted
into the reaction one by one to test their in vitro recombination activity. Substitution of XerD
with PaeD also yielded recombination (Fig 3.11, Lane 3), whereas subsitution of XerC with
PaeC did not (Fig. 3.11, Lanes 6 and 7). Furthermore, the two P. aeruginosa tyrosine
recombinases did not recombine PapSI56 in the presence of FtsK50c. Combinations of Pak4
with E. coli and P. aeruginosa proteins did not yield a recombination response. Interestingly,
however, the recombination reaction with just PaeDγ and PaeC provided a respectable level of
recombination product. These reactions also showed the presence of Holliday junctions,
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perhaps representing recombination reactions suspended at the Holliday junction stage
(Grainge et al., 2011). Without further analysis, it is difficult to know whether the Holliday
junctions form from XerD- or XerC- strand exchange. Although PaeC does not seem active in
the presence of E. coli FtsK50c, it is able to stimulate recombination with the fusion protein,
PaeDγ and thus is an active protein.
The reactions above show that PaeDγ, PaeD and PaeC are all active in the presence of PapSI56
under certain in vitro recombination reaction conditions. However, it was essential to test these
reactions in the presence of the P. aeruginosa FtsK, Pak4. The structure of Pak4 has been
previously resolved and in this study, overproduction and ATPase activity testing of the
translocase has proven successful (Massey et al., 2006). Figure 3.12 depicts the results of in
vitro recombination attempts with Pak4. Pak4 was used at a final concentration of 2µM which
was deemed the minimal requirement for ATPase activity .
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Figure 3.12: In vitro recombination reaction with P. aeruginosa XerC, XerD, FtsK and XerDγ (PaeC, PaeD, Pak4
and PaeDγ) and E. coli XerC, XerD and FtsK50C (C, D and 50C). DNA gel electrophoresis depicting results of
recombination reactions. Reactions were either digested with EcoRI (pSI56) or EcoRI and XhoI (PapSI56).
Substrate (S) and recombinant products (R) are marked.

A combination of E. coli and P. aeruginosa proteins and plasmids yielded some unexpected
results. The positive control used was FtsK50C, XerC and XerD as this has proven a successful
reaction throughout all assays. Similarly, FtsK50C, XerC and PaeD worked previously (Fig.
3.11) and served as a secondary positive control. Pak4 was then trialled in the reaction
containing E. coli XerC and PaeD. Unfortunately, this reaction did not yield a recombination
response in either pSI56 or PapSI56. The fusion protein, PaeDγ in combination with PaeC was
able to recombine PapSI56, but not pSI56. This may be due to specificity of the proteins to the
P. aeruginosa dif site, specifically in the XerC binding region.
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3.4 Discussion
The first role of the C-terminus of FtsK is to pump newly replicated DNA out of the division
septum. The actions of the C-terminal domain during site-specific recombination in E. coli and
P. aeruginosa were the primary focus for this section of work.
Characterisation of the E. coli recombination reaction in vitro highlighted the nature of the
interactions existing between FtsK and the two tyrosine recombinases, XerC and XerD
(Grainge et al., 2011). It was found that the two fusion proteins- XerCγ and XerDγ, were
sufficient to stimulate recombination in vitro with the partnering recombinase, demonstrating
the non-essential nature of the motor domain of FtsK for Xer-mediated catalysis. However, the
products formed by this reaction were topologically complex when compared to a reaction
utilising FtsK50C. This proof-of-principal approach was the first direct evidence describing
FtsKγ and XerD as the initiators of chromosome dimer resolution during the final stages of
chromosome segregation and cell division. In a more recent study, single-molecule analysis of
assembly of XerC/D-dif synapses revealed that FtsK is essential for the formation of active
synapses (Diagne et al., 2014). Furthermore, the presence of the γ-domain increases the rate of
synapse assembly, as well as activating the synapse, thereby allowing recombination to proceed
(Diagne et al., 2014).
FtsK, XerC and XerD are highly conserved between species and, for this reason, it was
hypothesised that the in vitro recombination assay described by Grainge et al. would be
replicable using proteins from P. aeruginosa and perhaps, other organisms. Initially, it was
important to ensure the assay could be repeated using E. coli proteins and DNA. Using reaction
conditions similar to those outlined by Grainge et al., in vitro recombination using E. coli
proteins was successful. In keeping with results from this landmark research, pSI56 was
recombined into two products using FtsK50c, XerC and XerD as well as with XerCγ and XerD,
and XerDγ and XerC. All three reactions yielded similar amounts of product, but only the
reactions containing FtsK50C yielded topologically simple, free circle products.
A truncated form of P. aeruginosa FtsK (Pak4) was previously used to determine the
crystallographic structure of the α- and β-domains in the absence of DNA (Massey et al., 2006).
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Whist this provided excellent insight into the protein’s overall structure, its functions in an
“active state” were still left unknown. Part of this research aims to gain further structural insight
into the active formation of P. aeruginosa FtsK (see Chapter 6). This section of work sought
to discern whether Pak4 can stimulate Xer-mediated recombination on a chromosome dimermimicking plasmid (PapSI56) in vitro, in the same manner as its E. coli homologue. The
plasmid used in E. coli recombination reactions contained a dual repeat of the E. coli dif site,
surrounded by EcoRI restriction sites. Creating a plasmid, with dual repeats of P. aeruginosa
dif, should allow P. aeruginosa XerC and XerD to bind with a greater affinity and promote
their natural interactions with DNA and each other. Whilst it was hypothesised some binding
to the E. coli plasmid by the P. aeruginosa proteins and subsequent recombination would occur,
the rates of recombination were hypothesised to greater when the P. aeruginosa plasmid was
used. Pak4 and P. aeruginosa XerC and XerD were purified and the ATPase activity of Pak4
was assayed (see Fig. 6.1A as the same Pak4 was used in both sections).
Initial experimentation using Pak4 proved unsuccessful. Neither E. coli nor P. aeruginosa
plasmids were able to be recombine using Pak4. As a result, it was deemed necessary to create
fusion proteins of P. aeruginosa XerDγ and XerCγ. The fusions were cloned and sequenced,
however, only PaeDγ was purified within the timeframe of this study. Nevertheless,
experimentation with PaeDγ proved fruitful and the first example of P. aeruginosa in vitro
recombination was seen when a combination of PaeDγ and PaeC were used (Fig. 3.12). Neither
FtsK derivatives (FtsK50c or Pak4) were able to recombine pSI56 and PapSI56 in the presence
of P. aeruginosa XerC. It is possible that subtle differences in the protein architecture between
E. coli and P. aeruginosa XerC would prevent the production of an active XerC/D dif synapse
when the two bacterial recombinases are placed in a mixed reaction. The C-terminal helix of
XerC needs to fit precisely into the cleft of XerD with enough room for the γ-domain of FtsK
to interact and induce recombination. Furthermore, the two base pair changes seen in the XerC
binding domain of dif (Fig. 3.6) between the two species may prevent recombination with P.
aeruginosa XerC on pSI56. This is likely the reason that the P. aeruginosa XerDγ-XerC
reaction recombined PapSI56 but not pSI56.
Although still biologically relevant in vitro, the properties of the P. aeruginosa FtsK derivative,
Pak4, differ somewhat to that of FtsK50c. Both derivatives have proven function in vitro in this
study, as well as in previous work (Aussel et al., 2002) (Massey et al., 2004) (Saleh et al.,
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2004) (Pease et al., 2005) (Massey et al., 2006). Wild type P. aeruginosa FtsK has only a 125
amino-acid linker between its N- and C-terminus; compared to 600 residues of the E. coli FtsK.
For reasons unknown, the truncated version of E. coli FtsK (FtsK50c) is more soluble and less
toxic when overproduced compared to its wildtype. The creators of the Pak4 protein were
focused on creating a substrate amenable to crystallography; not necessarily for its in vitro
recombination activity. The in vitro recombination reaction requires a functionally active
hexamer. Pak4 had proven ATPase activity (see chapter 6) and protein concentration used in
recombination experiments was similar to FtsK50C. Thought not attempted in this work, it may
be possible that by truncating P. aeruginosa in a manner, as similar as possible to that of
FtsK50c, an enhancement in its recombination activity may be seen. It may also be possible to
interchange the γ-domains of Pak4, and FtsK50C in a similar manner to experiments involving
interchange of the FtsK and SpoIIIe γ-domain (Ptacin et al., 2008). If the γ-domain is active on
plasmid in vitro, it is likely the motor domain would also be active.
This body of work describes the first example of in vitro recombination using entirely P.
aeruginosa protein and DNA constituents. Although unsuccessful in showing recombination
as activated by Pak4, I show that the P. aeruginosa FtsK γ-domain can stimulate recombination
in the presence of both XerC and XerD on a substrate containing P. aeruginosa dif sites.

3.5 Perspective
In vitro recombination in E. coli has been replicated numerous times and is a “go-to”
experiment when discussing site-specific recombination. In this case, attempts were made to
replicate this assay using components from an entirely new bacterium (P. aeruginosa). This
was proven to be reasonably successful using almost identical reaction conditions as those used
for E. coli. It was also noteworthy that cross-species recombination was observed when FtsK50c
was assayed with the E. coli XerC and P. aeruginosa XerD. This further highlights the highly
conserved nature of these proteins across species as previously discussed in Chapter 1.
The next stage of experimentation for site-specific recombination, may include reaching
further, to other species. During this work, clones of Acinetobacter baumannii and
Acinetobacter baylyi FtsK, XerC and XerD were created (data not shown) with the hope there
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would be time to attempt recombination assays with this bacterium also. By proving the
essentiality of FtsK in these species, this elucidates FtsK as a potential antibiotic target. If the
assay is reproducible in numerous nosocomial bacterial pathogens, targeting FtsK may be the
answer to a new class of antibiotics.
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Chapter 4: FtsK Inhibition Studies
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4.1 Introduction
FtsK is a key protein of the cell division machinery in many bacteria. It is a member of the
FtsK-HerA superfamily of P-loop NTPases and due to an additional catalytic glutamate, is also
classed as part of the ASCE (Additional Strand Conserved E) family (Iyer et al., 2004). FtsK
has no identifiable human homologues (Bigot and Marians, 2010). Due to the multifunctional
nature of FtsK, and its involvement in the later, crucial stages of cell division, its potential as
an antibiotic target has possibly been overlooked (Draper et al., 1998). This is likely due to the
lack of information pertaining to the structure of FtsK in its active state. Due

to the

multifunctional nature of FtsK, pinpointing an exact target site for antibiotics has proven
challenging. One feature that potentiates FtsK as a drug target is its ability to be active during
several cell division cycles where it is able to halt constriction of the cell whilst still pumping
DNA (Dubarry et al., 2010). If the protein could be trapped in this state, then the cells may not
divide.
In order to test the prospect of FtsK as a potential drug target, eleven inhibitory compounds
were designed using molecular docking and dynamics simulation in collaboration with the
University of Newcastle’s chemistry department (more detail of the design process is described
in section 4.2). The compounds were designed to target the ATP binding pocket found in the
β subunit of the motor domain in P. aeruginosa FtsK (Aussel et al., 2002). The compounds
were then assayed against FtsK in both in vitro and in vivo experiments, as outlined below. One
of the eleven compounds showed promising inhibitory effects (compound 4 in Fig. 4.1).
Testing with this compound revealed a clear reduction in FtsK ATPase activity, a diminishment
of growth in numerous bacterial strains, and a marked reduction in in vitro plasmid
recombination.
The compounds were initially tested against a truncated version of P. aeruginosa FtsK (Pak4)
in ATPase assays (Massey et al., 2006). This version of FtsK contains the C-terminal motor
domain, including the γ-domain that is sometimes eliminated in functional studies (Sivanathan
et al., 2006). Compounds which showed inhibition during ATPase experiments were further
tested for bacterial growth inhibition with numerous strains of three bacteria; P. aeruginosa, E.
coli and A. baylyi. A. baylyi was of interest due to its recent presence as a highly antibiotic
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resistant, nosocomial strain despite very little being known about the bacterium (Chen et al.,
2008). From the growth curve data, it became evident that one compound was showing
significant inhibition at low concentrations. This particular compound was further tested for its
ability to affect the recombination activity of trunctated E. coli FtsK (FtsK50C) in a system that
has been well established in the Grainge laboratory with some promising results (Grainge et
al., 2011). Due to the high levels of inhibition observed with this compound, it was deemed
necessary to test it against eukaryotic cell lines to determine its cytotoxicity. Unfortunately, the
compound displayed high levels of cytotoxicity against eleven of the twelve eukaryotic cell
lines tested.
This compound showed promising inhibition of FtsK’s activity in numerous experiments.
Although this particular compound showed cytotoxic effects against eukaryotic cell lines, it
nonetheless provides an important scaffold for further inhibition studies of FtsK. By modifying
various regions of the compound, it is hoped that more specific, less cytotoxic inhibition will
be observed.

4.2 Inhibitory Compounds
Similar to work conducted by Ruiz-Avila et al. in 2013 (published while this study was taking
place) which targeted inhibition of the GTPase binding site of B. subtilis FtsZ with inhibitory
compounds, eleven compounds were designed to target the ATP binding site of FtsK (RuizAvila et al., 2013). The hypothesis was that by preventing ATP accessing its binding pocket,
the activity of FtsK would be inhibited across numerous functions. Critical binding residues
with FtsK were identified as Val421, Phe695, Arg418, His675, Val474 and Ser473. The
compounds were designed by Dr Andrew Stevens (University of Newcastle) using molecular
dynamics (MD) simulation and docking experiments. Figure 4.1 details the structure of each
compound. There is significant variation in length and functional groups with the aim of testing
a variety of potential inhibitors. Compound molecular weights are shown in Table 4.1.
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Figure 4.1: Compounds 1 – 11 designed for this study to compete with nucleotide for binding to P. aeruginosa
FtsK (Pak4). There is large variation in size, flexibility and side chains.
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Compound

Molecular Weight (g/mol)

1

434.44

2

317.73

3

380.44

4

504.54

5

355.36

6

348.76

7

476.57

8

308.29

9

346.34

10

335.38

11

429.91

Table 4.1: Molecular weight of the eleven FtsK inhibitory compounds designed for this study.

4.3 Results
4.3.1 Inhibition of in vitro ATPase Activity
The ATPase assay discussed in section 2.6 and 3.2.1.1 was used in this section to determine
the level of inhibition of FtsK by the eleven compounds shown in Figure 4.1. Compounds were
tested directly against a truncated version of P. aeruginosa FtsK (Pak4) in the presence of ATP
and a dsDNA substrate. As the inhibitory compounds were designed to target the ATP-binding
pocket of Pak4, it was hypothesised that this would be the most effective assay to measure
inhibition initially. Before assays could be undertaken, each compound was made to a 10mM
stock concentration in DMSO. Concentrations used throughout this study varied from 1µM to
100µM with DMSO commonly used as a vehicle control.
4.3.1.1 ATPase assay with all inhibitory compounds
For each of the 11 putative inhibitory compounds, 100µM of each compound was assayed
against 1µM Pak4 with 2mM ATP. After incubation for 10 minutes at 37°C, a malachite green
reagent (see Table 2.1) was added and the colour change detected spectrophotometrically at
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OD660nm (see section 2.6). One reaction contained DMSO as the vehicle control which did not
influence the ATPase activity of Pak4. The negative control was a reaction completed in the
absence of protein but presence of DMSO and was used to blank the remaining reactions. Each
reaction was measured in triplicate and means calculated with the results shown in Figure 4.3
below.
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1.2
1
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9

10
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Inhibitory Compound
Figure 4.2: Quantification of in vitro ATPase activity of Pak4. Detection of phosphate used a malachite green
reagent detected spectrophotometrically at OD660nm with respect to a reaction with no Pak4 protein. Asterisks (*)
represent level of significant difference between DMSO control and treated groups (p-value ≤0.5). x-axis denotes
vehicle control (DMSO) and treated groups; y-axis represents OD660 in nm. Error bars represent standard error of
the mean (SEM).

The resulting data show a varied response of ATPase activity in the presence of inhibitory
compounds. There are notably three compounds that show inhibition, two of those were
statistically significant. Compounds 4 and 8 with p-values of 0.039 and 0.05, respectively (twotailed t-test). Although not statistically significant (p = 0.16), the compound 9 did seem to have
some effect on the ATPase activity of Pak4 (Fig. 4.2).

Page 122

4.3.1.2 ATPase assays with three compounds at differing concentrations
To test this inhibitory action further, more ATPase experiments were conducted with lower
concentrations of compounds 4, 8 and 9 (see Fig. 4.3). Pak4, with 1µl DMSO in place of
compound, acted as the positive control. The mean phosphate production was calculated from
triplicate experiments. The results in Figure 4.3 show consistent inhibition of ATPase activity
by all three compounds, as the concentration of each compound decreases, the level of
inhibition decreases. In line with the initial ATPase experiments, compound 4 showed
significant inhibition at all three concentrations (p-values of 0.0003, 0.0006 and 0.04 at 100µM,
10µM and 1µM, respectively). Both compounds 8 and 9 showed significant inhibition at
100µM (p-values are 0.004 and 0.03, respectively), however only compound 8 continued this
trend at 10µM (p-value = 0.02). Indeed, 1µM of compound 9 looked to have the reverse effect,
although this was not considered significant (data not shown).
Although these in vitro data provide excellent information regarding the effect of the inhibitory
compounds on Pak4’s ATPase activity, it was not clear what the nature of this inhibition was,
whether it was specific (as designed) or some other effect of the compound. Therefore,
compounds 4, 8 and 9 were chosen for use in growth curve assays to see whether these in vitro
effects could also be replicated in vivo.
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Figure 4.3: ATPase assay results of inhibitory compounds against P. aeruginosa FtsK (Pak4) at different
concentrations (100µM, 10µM and 1µM). x-axis shows either wild type Pak4 with DMSO alone or with the
indicated concentration of each compound whilst the y-axis depicts OD600nm A Results of compound 4; B
compound 8 and C compound 9. Asterisks (*) represent levels of significance between control and treated groups.
Error bars shown as SEM.
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4.3.2 Whole Cell Inhibition Experiments
Following ATPase assays, whole cell inhibition experiments were undertaken to determine
whether compounds 4, 8 and 9 affected the growth of four existing E. coli strains. It is
hypothesised that as FtsK’s activity was inhibited in vitro, a similar effect should be seen in
vivo. That is, cell growth will be diminished by between 17-40%, consistent with the
occurrence of chromosome dimers (Michel et al., 2000; Perals et al., 2000). Growth curve
assays provide high throughput means of data collection (up to 384-well plates can be used)
and experiments can be conducted with numerous repeats, simultaneously. Furthermore,
growth curves can provide interesting information on whether strain survival is affected by the
presence of inhibitory compounds (Campbell, 2011).
4.3.2.1 Growth curve assays
As all three compounds showed significant inhibition of ATPase activity at a concentration of
100µM, this was the chosen concentration for growth curve assays. The four E. coli strains
(B834, BL21, DH5α, a recA mutant, and DS9041, an ftsK mutant; see Table 2.3 for further
details) were cultured in 5ml LB for 16 hours before sub-culturing into 96-well plates. Cultures
were diluted to an OD600nm of 0.01 with 100µM of each compound added to 100µl of culture.
Positive control cultures contained no compound; instead, 1ul of DMSO was added. LB served
as the negative control and growth in these wells was subtracted from the positive control and
treatment wells. Cells were then cultured overnight with absorbance readings taken every 10
minutes for 12 hours at 37°C.
Inhibition of ATPase activity did not seem to correlate with an inhibition of growth (Fig. 4.4).
Of the three compounds tested in vivo, only one showed observable inhibition when compared
to the positive control. As is typical for these E. coli strains, the lag phase lasted 2-3 hours
before entering log phase (growth phase) which typically lasts 3-6 hours until cells enter
stationary phase. The control, and strains containing compounds 8 and 9 followed this general
trend whereas compound 4 showed almost complete abolition of growth of the four E. coli
strains.
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Figure 4.4: Growth curve data (taken as mean from 3 separate experiments) of inhibitory compounds at 100µM.
x-axis shows time, in hours, and y-axis depicts the absorbance reading at OD600nm. A Positive control; 1μl of
DMSO added to cultures B Cells cultured in combination with; compound 4 C Compound 8 D Compound 9.
Strains are represented by 4 different colours; B834 as blue, BL21 as red, DH5α as green and DS9041 as purple.

Growth reduction in all four strains by compound 4 was somewhat unexpected (see Fig. 4.4B).
As a measure of compound specificity, the Δftsk strain, DS9041 was included in this assay
(purple growth curve, Fig. 4.4). The strain DS9041 is ftskC- and its reduced growth compared
to the other strains is consistent with the rate of chromsome dimer formation which occurs 1740% of the time for each cell cycle (Fig. 4.4A) (Michel et al., 2000; Perals et al., 2000). This
is also likely the cause of the delayed transition into exponential phase. If a compound retained
specificity only to FtsK, it would not inhibit the growth of DS9041 as the ftsk gene is not
expressed in this strain. From these data, compound 4 does not inhibit E. coli growth by a
specific effect on FtsK as it inhibits growth of DS9041 at the same rate as the other E. coli
strains.
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It was, therefore, deemed necessary to retest compound 4 against more bacterial strains and at
differing concentrations to determine a more clinically relevant IC50. As well as further testing
against E. coli strains, compound 4 was also assayed against existing P. aeruginosa (PA01)
and A. baylyi strains (ADP1; see Table 2.1 for details).
As with the above experiments, cells were cultured in 5ml LB for 16 hours before being subcultured into 96-well plates. 100µl of cells were diluted to OD600nm of 0.01 with the varying
concentrations of compound added. Considering there was a complete abolition of growth with
100µM compound 4, the compound was instead tested at concentrations of 20µM, 10µM and
1µM. Control wells contained 1µl of DMSO. The results are shown are means of triplicate
experiments (Fig. 4.5).
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Figure 4.5: Growth curve data of various strains with compound 4 at differing concentrations (means of 3
experiments). x-axis represents time in hours, y-axis represents absorbance readings at OD600nm. A Control growth
curve (FtsK with 1µl DMSO) B Cells cultured in combination with; 20µM compound 4 C 10µM compound 4 D
1µM compound 4. Strains are represented by 6 different colours; ADP1 as green, B834 as maroon, BL21 as
brown, DH5α as purple, DS9041 as blue and PA01 as orange.
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Compound 4 inhibited growth in 5 of the 6 bacterial strains at concentrations of 20µM and
10µM. At 20µM, growth was completely prevented. DH5α and DS9041 showed a slight
increase in growth when exposed to 10µM compound 4; though very low when compared to
the control. This small level of growth was observed between 0 and 4 hours, after which growth
plateaus before finally dropping after 8 hours. 1µM concentration of compound 4 appeared to
have no effect on any of the bacterial strains with the graph mimicking the control strains.
Of the 6 strains tested, PA01 was the only one in which no inhibition was observed. This was
surprising given initial compound design was targeted to P. aeruginosa FtsK as this was the
only available crystal structure of the protein (Massey et al., 2006). At this stage, it is unknown
why P. aeruginosa was not inhibited. A simple explanation is that P. aeruginosa retains greater
resistance than E. coli when considering these bacteria in a nosocomial setting. The ability of
P. aeruginosa to form biofilms, protecting it against antibiotic stress, makes it a dangerous and
unique pathogen (Anwar et al., 1992). The genome of P. aeruginosa is large and diverse in
comparison to that of E. coli encoding a large proportion of regulatory enzymes important in
metabolism, transportation and efflux of organic compounds. The versatility of the P.
aeruginosa genome allows it to be highly adaptable to environmental changes, such as,
antibiotic or oxidative stress (Pang et al., 2019). It may have been able to resist the effects of
compound 4 when its E. coli and A. baylyi counterparts were unable to. It would be beneficial
to retest this strain with higher concentrations of the compound. It may also be beneficial to
test inhibition of a range of Pseudomonas strains.
4.3.3 Recombination Assays
Using the now well-established in vitro recombination system in the Grainge laboratory,
compound 4 was tested against E. coli FtsK50C to determine whether there was an inhibition of
recombination activity. The assay procedure was carried out as in section 2.7.1. In short,
FtsK50C, XerC and XerD were combined with a plasmid containing two E. coli dif-sites (pSI56).
After ATP addition, the reaction was allowed to proceed for 10 minutes and stopped, the DNA
was extracted by phenol-chloroform separation and was subject to restriction digest. In keeping
with prior inhibition experiments, compound 4 was added in concentrations of 100µM, 10µM
and 1µM. The positive control contained FtsK50C, XerC and XerD with DMSO in place of
Page 128

compound. The negative control contained DMSO in place of compound and protein storage
buffer in place of protein.

Figure 4.6: In vitro recombination assay with compound inhibition. A depicts pSI56 substrate (S) containing two
E. coli dif-sites (blue triangles) and EcoRI restriction sites (black lines, labelled E) upon addition of XerC (C) +
XerD (D) + FtsK (K). ATP is hydrolysed (blue arrow) and recombination can occur to give the two recombinant
products (R); each containing one dif-site and one EcoRI site. B 0.7% agarose gel of recombination on pSI56 and
inhibition by compound 4. No protein (-ve), XerC + XerD + FtsK (C + D + K); Compound added in triplicate at
3 different concentrations (100µM, 10µM and 1µM). Arrows depict substrate (S) and recombinant products (R).
C Percentage recombination of the E. coli XerC + XerD + FtsK (C + D + K) reaction containing 100µM, 10µM
and 1µM compound 4. Percentage recombination was calculated using Multi Gauge software (Fujifilm) to analyse
recombinant (R) and substrate (S) bands from panel B. Reactions containing compound 4 are graphed as a mean
percentage of the 3. Significance was calculated using a two-tailed t-test with the asterisk representing
significance. Error bars shown as SEM.

The resulting bands from restriction digestion, as visualised by DNA gel electrophoresis,
pertain to the recombinant and unrecombined levels of plasmid DNA; as stimulated by FtsK in
the presence of ATP. Figure 4.6A depicts the resulting products after the addition of the
appropriate proteins and nucleotide. From the agarose gel in figure 4.6B, an inhibitory effect
by compound 4 is observable at 100µM, though recombination is not completely abolished,
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even at the highest concentration used. As expected, the negative control which contains no
protein showed no signs of recombination. The positive control shows high levels of
recombination (~70%; Fig. 4.6C). The inhibitory response with 100µM compound was
statistically significant when compared to the positive control (C + D + K; Fig. 4.6C).
Recombination appeared to be reduced in reactions containing 10µM and 1µM compound 4,
but this reduction was not statistically significant.
Although recombination wasn’t completely eliminated by the introduction of compound 4,
there was a significant reduction at a concentration of 100µM. This result is consistent with
ATPase activity tests in which there is a marked reduction of activity at 100µM, with a lower
level of inhibition when only 1µM compound 4 is added. These assays highlight compound 4
as a useful in vitro inhibitor of FtsK activity.
4.3.4 Cytotoxicity Testing
Due to its obvious deleterious effect on the growth of numerous bacterial strains, the inhibitor,
compound 4, was sent for further testing against eukaryotic cell lines to determine its cytotoxic
nature. As there is no human homologue of FtsK, it would be expected that the compound
would have no observable effect. However, as compound 4 inhibited growth of DS9041, an
FtsKC- strain, it was possible that it retained a general toxicity or was perhaps specifically toxic
to bacteria (see Fig. 4.5). As a measure of cytotoxicity, a GI50 (growth inhibition) value was
determined. A GI50 value measures the drug/ pharmacophore/ compound concentration which
inhibits 50% of cell proliferation, or growth (Boyd, 1992). Unlike IC50, which one would hope
would be a low value; a low GI50 value correlates with high levels of cytotoxicity. For GI50 to
be determined, the compound was sent to an external testing agency at The Mater Hospital in
Newcastle, Australia, where it was assayed against 11 human cancer cell lines and 1 murine
line.
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Cell Type (cell line)
Breast (MCF-7)
Breast (Normal; MCF10A)
Colon (HT29)
Glioblastoma (Murine; SMA)
Glioblastoma (SJ-G2)
Glioblastoma (U87)
Lung (H460)
Neuroblastoma (BE2-C)
Ovarian (A2780)
Pancreas (MIA)
Prostate (Du145)
Skin (A431)

GI50 (µM)
3.2 ±
1.0
2.5 ±
0.33
6.3 ±
0.57
1.6 ±
0.28
5.3 ±
1.1
1.6 ±
0.10
10.7 ±
0.88
>50
2.2 ±
0.033
1.2 ±
0.058
2.4 ±
0.21
1.7 ±
0.10

Table 4.2: GI50 data obtained for compound 4 against eukaryotic cell lines.

Compound 4 showed highly cytotoxic properties against 11 of the 12 eukaryotic cell lines. The
neuroblastoma cell line, BE2-C, was the only one to show a GI50 value of >50 implying that
the compound did not show cytotoxicity against this particular cell line. Although these data
are not ideal in terms of drug design, the compound itself can provide a framework by which
further alterations can be made to limit its cytotoxicity. Conversely, it remains a useful tool for
in vitro recombination reactions or similar studies where inhibition of FtsK activity would be
useful.

4.4 Discussion
Similar to studies conducted by Ruiz-Avila et al. in 2013, eleven non-nucleotide synthetic
inhibitors were designed by the University of Newcastle’s chemistry department to compete
with ATP for the active site of the β-subunit of FtsK (Ruiz-Avila et al., 2013). The ability of
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FtsK to hydrolylse ATP for translocation is essential for the resolution of chromosome dimers,
which are otherwise lethal to the cell (Yu et al., 1998). This was seen during in vitro
recombination experiments in which FtsK was unable to recombine a chromosome dimermimicking plasmid to wild type levels. Whole cell inhibition assays were promising, with five
of the six tested bacterial cell lines experiencing a complete reduction in growth. However, due
to the P. aeruginosa strain being unaffected, further work into increasing the compound’s
specificity will be needed. This was also made evident in the screening against human cell
lines. The results obtained with these inhibitory compounds provide the first approach at
recognising the ATP-binding site of FtsK as a potential antibiotic target. Of these compounds,
one was recognised to have an inhibitory effect against FtsK in vitro and showed antibacterial
effects in vivo.
Firstly, it was important to check the effects of all eleven compounds on the ATPase activity
of FtsK. It was hypothesised that if these compounds were able to compete for nucleotide
binding, then ATPase activity would be affected. The result of the ATPase assay of all
compounds revealed 3 possible inhibitors, compounds 4, 8 and 9 with compound 4 showing
the greatest level of inhibition (Fig. 4.2).. Whilst 100μM of inhibitor is considered high in terms
of drug design and development, the concentration of ATP used in these assays was at 2mM;
20 times higher than the concentration of inhibitor which is not what would be see in vivo.
There appeared to be a direct relationship between compound concentration and inhibition of
ATPase activity for the three compounds tested. Although there was a high level of standard
error in these assays, they provided promising preliminary data for FtsK inhibition. The
inhibition results

for compounds 4, 8 and 9 were encouraging and inspired further

investifation, both in vivo and in vitro.
Following the in vitro ATPase inhibition experiments, cultures of multiple strains of E. coli
were exposed to 100µM of compounds 4, 8 and 9. The wild-type strains (without compound)
showed expected growth curve progression over the 9 hour time period (Fig. 4.4A). Addition
of 100µM compounds 8 and 9 appeared to result in minimal effect on growth of the E. coli
strains when compared to wild type (Fig. 4.4B and C). This was surprising as it would be
expected that a defect in ATPase activity would show some sort of growth defect, as well
suggesting that initial in vitro data may be misleading. It is possible that compounds 8 and 9
were unable to penetrate the cell membrane and make their way into the cell, that they degraded
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upon entry into the cell (or sooner), or that the cell is able to reject the compounds. It is plausible
that using only one method, or only one species of FtsK that initial in vitro data was misleading.
Compared to growth of wild type strains, only compound 4 appeared to show any difference.
Indeed, at a concentration of 100µM, compound 4 completely abolished growth in the four E.
coli strains.
Given the observed effects on bacterial growth by compound 4 at a concentration of 100µM,
it was then tested at concentrations of 20µM, 10µM and 1µM. Furthermore, compound 4 was
assayed against a strain of P. aeruginosa (PA01) and A. baylyi (ADP1) as well as the the 4 E.
coli strains from the previous assay. The compound showed significant growth inhibition at
concentrations as low as 10µM in 5 of the 6 strains. Growth was unaffected in all strains at
1µM. Interestingly, the one strain that wasn’t affected was PA01. This was unexpected as initial
docking experiments were designed to target the binding pocket of P. aeruginosa FtsK.
Unfortunately, it is likely that this result points to the fact that compound 4 is not as specific as
we once postulated, or it is unable to penetrate the P. aeruginosa cell membrane and target the
ATPase binding site of FtsK. However, there was still a very significant decrease of cell growth
at low concentrations of compound 4 in other strains, so further in vitro tests were conducted
to test the usefulness of compound 4 in a laboratory setting.
One of the major roles of FtsK during chromosome segregation is ensuring the resolution of
chromosome dimers prior to cell division (Aussel et al., 2002). We are able to analyse this
recombination in vitro thanks to work conducted by Grainge et al., in 2011 and further
optimisation from this study (Chapter 3). As a further test of the inhibitory action of compound
4, an in vitro recombination assay was conducted, in triplicate, with various concentrations of
compound (Fig. 4.6). Consistent with ATPase assays, compound 4 showed the most significant
inhibition at 100µM, although the recombination reaction was not entirely abolished. Inhibition
was still observed at 10µM although these data imply that this reduction was not significant.
At 1µM, the recombination reaction was recovered and seemingly FtsK activity is unaffected.
It was promising to see a reduction in FtsK activity related to two of primary roles in the cell;
ATP hydrolysis during translocation and resolution of chromosome dimers (Aussel et al.,
2002). However, before considering this compound’s possible antibiotic properties, it was
necessary to determine its cytotoxic nature against eukaryotic cells lines. If the compound
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specifically targets FtsK, it should not have a cytotoxic affect on eukaryotic cells as there is no
human homologue (Crozat and Grainge, 2010). As this was the early stages of testing and
design, it was difficult to discern from preliminary data whether cytotoxicity would be an issue.
Unfortunately, it appears that compound 4 is highly toxic against 11 of the 12 eukaryotic cell
lines tested. The GI50 values observed in the cytotoxicity testing were as low as 1.6µM and
ranged to 10µM. This was reasonably consistent with in vitro testing that showed total abolition
of bacterial cell growth at concentrations of 10µM. For unknwon reasons the neuroblastoma
cell line, BE2-C, was seemingly unaffected. Given these cytotoxicty results, the inhibition of
bacterial growth during growth curve experiments (section 4.3.2.1) may not have been due to
the inhibition of FtsK activity in the cells, but, due to a general toxicity that kills the cells, as it
does the eukaryotic lines.
The inhibitor that showed the greatest and most consistent effect throughout all assays was the
quinoline compound 4. Figure 4.7 below depicts the proposed important contacts made by the
compound with the target site of FtsK. The nitro group is a hydrogen bond acceptor with the
guanidine group on the end of R418 as well as contacting the backbone nitrogen of V421. The
quinoline portion of the compound overlaps with the portion of the pocket which would
normally bind the adenine base of ATP with π-stacking likely. The carbonyl of the amide is a
hydrogen bond acceptor with the backbone nitrogen of V474. The section highlighted in red,
in Figure 4.8A, forms hydrogen bonds with S473, and is likely to give rise to the cytotoxic
properties of the compound.
Another possibility is that the compound is binding to other ATPases in the cell, not just FtsK.
The cell lines used in cytotoxicity testing (Table 4.2) were primarily human cancer cell lines.
A common group of ATPases in cancer are known as the “V-ATPases”. V-ATPases have
numerous roles in cancer cells including in signalling, cell survival in highly acidic
environments, development of drug resistance, metastasis etc (Stransky et al., 2016). The VATPases are composed of a membrane binding domain (V0), and an ATP hydrolysing domain
(V1), similar to the domains of FtsK (Stransky et al., 2016). Interestingly, the V1 domain is
composed of a hexameric ring which translocates in a rotary inchworm mechanism activated
by ATP hydrolysis. With these structural similarities in mind, it is possible that compound 4 is
targeting a broad range of ATPases, as opposed to specificity to FtsK. Further molecular
displacement and docking experiments are needed to confirm these important interactions and
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determine which regions are absolutely essential in terms of the compound’s inhibitory
properties.

Figure 4.7: A Compound 4. Critical binding interactions are shown as blue spheres; highlighted in red is the
proposed cytotoxic region which, in future studies, may be eliminated. B Monomeric E. coli FtsK bound to ATP
(PDB: 2IUT). Highlighted in cyan, and labelled accordingly, are the contacts made by Compound 4.

It is hypothesised that in the short term, the compound’s inhibitory effects can be utilised to
knockdown FtsK activity in vitro. Although preliminary research with this compound primarily
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identifies it as useful in vitro tool, it is hoped that it can be used as a model for possible future
pharmacophore studies to reduce the general toxicity and increase the specificity. As we
suspect FtsK, or the recombination system as a whole, may be a potential drug target, the
compound may provide a scaffold for the design of pharmacophores for use in in vivo FtsKtargeted experiments.

4.5 Perspective
This section of work aimed to highlight the potential of FtsK as an antibiotic target. The results
observed with these eleven model inhibitory compounds constitute the first systematic
approach to FtsK’s ATP-binding site as an antibacterial target. The information above revealed
an inhibitory compound capable of disrupting the activity of FtsK in two separate assays.
The most promising results from this work were discovered in the early stages of testing where
the ATPase activity of FtsK was almost completely abolished at low micromolar
concentrations. The ATPase site of FtsK appears to be an excellent target for inhibtory activity
as seen both in the ATPase assays, and growth curves where it is likely that the reduction in
growth is due to the ATPase activity of FtsK being blocked. Despite this promising start,
compound 4 was unfortunately very toxic to mammalian cell lines. The cytotoxic nature of the
compound will need assessing, though early molecular dynamics and docking studies have
revealed the potentially lethal part of the compound. As such, further studies into increasing
the specificity of compound 4 and decreasing its cytotoxicity would likely show FtsK to have
great potential as an antibiotic target.
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Chapter 5: Mutagenesis Studies of
the FtsKγ-XerD Interaction
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5.1 Introduction
The XerC/D site-specific recombination system is responsible for resolving chromosome
dimers that occur as the result of an odd number of crossing over events during the segregation
of circular bacterial chromosomes. If unresolved, chromosome dimers are lethal to the cell
(Steiner and Kuempel, 1998a). This recombination system is activated by FtsK, specifically its
γ-domain. FtsK translocates directionally toward dif-sites where Xer-mediated recombination
events take place. Once arriving at dif, FtsKγ activates XerD which mediates the first pair of
strand-exchange reactions. In the absence of FtsK, there is no recombination as XerD is
inactive. Instead, a small amount of XerC-mediated strand exchange takes place, forming a
Holliday junction which then reverts back to the dimeric form (Aussel et al., 2002). Until now,
the details of the interaction between XerD and FtsKγ were unclear.
The structure determined by Keller et al. in 2016 is a fusion of the C-terminal domain of XerD,
which includes the catalytic residues required for strand-exchange, and the γ-domain of FtsK
(hereafter referred to as XerDγ; see Fig. 5.1) (Keller et al., 2016). Due to the absence of DNA
in this structure, it is likely that the protein is in its inactive state. The structure showed that the
active site of XerD was exactly the same as in the previous structure of XerD alone - unchanged
by its fusion with FtsK’s -domain. Because of this, it was unclear whether the interaction
revealed was functionally relevant or a crystal packing artefact. Further work was required to
highlight the important functional properties of the FtsKγ-XerD interaction by utilising a
biologically active version of the protein in numerous molecular assays. XerDγ has previously
been shown, and again highlighted in this study, to be a fully functional dif-acting recombinase.
The fusion of XerD to the -domain removed the need for the FtsK motor during strand
exchange (Grainge et al., 2011). Within XerD 5 single mutations and 1 double-mutation of
XerD amino acids, and 3 single mutations and 1 double mutation of FtsK amino acids were
prepared at the interface of the FtsK−XerD interaction shown by the crystal structure (Keller
et al., 2016). Similarly, 5 single point mutations and 1 double mutation were prepared in XerD
alone (as opposed to the XerDγ fusion) for complementation experiments. It was hypothesised
that altering the key amino acid interactions on the interface between XerD and FtsKγ would
lead to impaired recombination on plasmid substrates both in vitro and in vivo. These mutations
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would also be unable to complement an XerD knockout in growth competition experiments
against wild-type XerD.
Much of the work from this section of study has been published (Keller et al., 2016), however,
this chapter will cover significant detail of the mutagenesis studies. Two neighbouring amino
acid changes indeed led to reduced levels of recombination and a reduction in the ability of
XerD variants to complement an xerD deletion. Furthermore, a double mutant that altered both
of these two amino acids led to a more severe effect than the single mutants alone.

5.2 Mutating Amino Acids of the FtsKγ-XerD Interface
The structure resolution of the XerD-FtsKγ fusion protein has provided useful insight into how
these two proteins interact (Fig. 5.1). The published XerDγ crystal structure lacks the Cterminus of XerD but retains its DNA cleavage and strand exchange activities (Keller et al.,
2016). Truncating XerD was thought to aid in packing of the fusion protein and in reducing the
flexibility of the protein; indeed, trials with the full-length XerDγ fusion failed to yield any
crystals. For the following biochemical assays, full-length XerD was in fused to FtsKγ as the
truncated form used in the crystal structure was inactive in recombination. Through standard
site-directed mutagenesis procedures, a series of amino acids were selected and mutated to
discern which interactions are most important for the protein to retain its ability to activate
XerD-mediated strand-exchange. It was hypothesised that a mutation at W188 would have no
effect on recombination activity of the XerDγ fusion as it did not make any important contacts
in the crystal structure (Keller et al., 2016). This mutation was therefore chosen as a negative
control.
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Figure 5.1: A Crystal structure of the C-terminal domain of XerD (purple) fused to the γ-domain of FtsK (orange;
PDB: 5DCF). Dashed line represents linker domain for which electron density was not observed. B Amino acid
interactions at the FtsKγ-XerD interface. These amino acids were selected for ensuing mutagenesis studies.
Crystal structure resolved by Keller et al. 2016.

5.2.1 Cloning of XerDγ mutants
As outlined in section 2.4.1.5, primers were designed, including base-pair changes to induce
the desired amino acid mutations. Three PCRs were then completed using Phusion polymerase
eventually yielding the full-length product bearing the desired mutation (see Fig. 5.2). Mutants
were confirmed by DNA sequencing. For the XerDγ mutant E183A, it was necessary to use a
commercial site-directed mutagenesis kit to obtain the correct mutant as standard PCR
mutagenesis methods were unsuccessful.
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Figure 5.2: Schematic representation of PCRs used for site-directed mutagenesis. Step 1 used an XerD forward
primer (black arrow) and an XerD mutant reverse primer (curved black arrow) to amplify the gene fragment
incorporating the mutated base pair (pink star). Step 2 requires an XerD mutant forward primer and XerD reverse
primer to again amplify the mutated gene fragment. Step 3 utilised outside end XerD primers to amplify the whole
XerD sequence containing the mutations.

Figure 5.3: Restriction digest of pBad24 containing the XerDγ mutant gene. Plasmids were digested using EcoRI
and HindIII restriction enzymes. The resultant bands at ~4.5kb and ~1.2kb are plasmid backbone and XerDγ
mutant gene, respectively. MW is DNA size marker; Hyperladder I (NEB).
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Site-directed mutagenesis for each of the 10 mutants proved successful. The plasmids depicted
in Figure 5.3, containing the gene of interest (~1.2Kb visualised in Fig. 5.3), were sequenced
and each sample was shown to contain the correct mutation with remaining sequence being
wild type. Therefore, clones were able to be overexpressed and protein overproduced and
purified. The newly made mutant XerDγ proteins could now be utilised in recombination
assays and co-culture experiments to test the effects these mutants have on the FtsKγ-XerD
interaction.
5.2.2 Purification of XerDγ Mutants
For ensuing recombination assays, it was necessary to purify each of the XerDγ mutants
individually. This was achieved by inducing the overproduction of each protein with 0.2%
arabinose in 100ml LB. Cells were cultured to OD600nm 0.5 and then induced with arabinose at
3 hours. The use of a smaller culture volume did not impact the protein overproduction and
indeed, the concentration of proteins yielded was more than sufficient for recombination
assays. Post overproduction, cells were lysed and subject to affinity chromatography over a
1ml cobalt resin. Cobalt affinity chromatography was used in this case, instead of nickel
affinity chromatography, as there seems to be less co-purification of contaminants following
elution (Chaga et al., 1999). A summary gel of individual mutants can be found in Figure 5.4.
Each protein is of equal molecular weight – 42kDa. Protein concentrations were calculated and
can be found in Table 5.1.
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R347A/ N351A
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Figure 5.4: SDS-PAGE of XerDγ and mutants. WT is “wild type” fusion protein, XerDγ. The remaining lanes
depict each mutant protein as described in Table 5.1. Protein size is ~42kDa as seen by comparison to the
molecular weight marker in lane 1 (Opisa et al.). Table below indicates µg of protein loaded in each lane.

The use of cobalt resin in a one-step purification procedure allowed for a reasonably pure and
concentrated product which is ideal for recombination experiments. The ~42KDa proteins
containing the individual amino acid mutations are visualised in Fig. 5.4 as bright bands with
little to no contamination. Previous literature has described using 40nM FtsK50C from E. coli
to activate recombination so it was hypothesised that a similar concentration of XerDγ and
mutated variants would stimulate recombination in the presence of 150nM XerC (Grainge et
al., 2011). Measurement of protein concentration was conducted using the Nanodrop
spectrophotometer and measured in mg/ml along with the calculated extinction coefficient. By
dividing the mass in mg by molecular weight in Daltons (42,000), a molar concentration for
each mutant was calculated (see Table 5.1). The XerC stock concentration was calculated to
be 37µM.
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Protein (Dγ variant) Concentration (µM)
WT
59
E119A
35
E183A
41
E184A
33
Y187A
37
W188A
5
Q343A
16
N347A
46
R351A
30
E183A/E184A
49
R347A/N351A
46

Concentration (mg/ml)
0.82
0.39
0.35
0.6
0.47
0.24
0.23
0.47
0.15
0.6
0.36

Table 5.1: Calculated concentrations of wild-type (WT) XerDγ and its mutants.

5.3 In vitro Recombination Assays
In order to test the effect each individual amino acid substitution (Table 5.1) had on XerDγ’s
ability to resolve substrates mimicking chromosome dimers, in vitro recombination assays
were implemented. In vitro recombination assays for the E. coli XerC/D site-specific
recombination system using XerDγ and XerCγ fusion proteins were first described by Grainge
et al. in 2011. These fusion proteins, in the presence of their partner recombinase and a plasmid
containing 2 dif sites in direct repeat, were able to stimulate recombination (Grainge et al.,
2011). The authors showed that the deletion of the γ-domain from FtsK can be compensated
by a fusion protein of XerD and FtsKγ in plasmid recombination but not in chromosome dimer
resolution. It is this proposition that lead to the experiments described in this section. It was
hypothesised that one or more of the amino acid mutations described in section 5.2 would
inhibit in vitro recombination between XerDγ and XerC on the substrate pSI56.
5.3.1 In Vitro Recombination Assay Requirements
It is known from work in this study, as in previously published data, that the minimum
requirements for in vitro recombination at dif sites are the γ-domain of FtsK, as well as XerC
and XerD. By creating a fusion protein of FtsKγ-XerD, the only other protein required for
recombination is the partner tyrosine recombinase XerC. Similarly, by creating a fusion protein
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of FtsKγ-XerC, the only other protein required is XerD. It was previously thought that ATP,
and hence FtsK motor activity was absolutely required for in vitro recombination, however
more recent data has shown otherwise (Aussel et al., 2002) (Grainge et al., 2011). Therefore,
this assay was performed in the absence of ATP as it is the FtsK motor domain (α and β) that
requires ATP for translocation which the XerDγ fusion protein lacks. The activity of each of
the 8 single mutants and the 2 double mutants was compared to that of the wild type XerDγ
(Fig. 5.5).
The plasmid, pSI56 (Figure 2.2) was used as the chromosome dimer-mimic for in vitro
recombination assays. pSI56 is a pUC19-derived plasmid into which 2 dif sites were cloned in
direct repeat (Grainge et al., 2011). EcoRI restriction sites are asymmetrically placed between
dif sites such that, upon digestion, two linear products of 2.5Kb and 3.5Kb are produced
differentiating the recombined products from the parental digestion pattern (Fig. 5.5A) (Ip et
al., 2003). Plasmid monomer was transformed into a DH5α strain lacking XerD and cultured
overnight. It was then isolated using a standard mini-prep (section 2.4.5). This was found to
yield a plasmid substrate with mostly parental type plasmid and very low levels of recombinant
plasmids from background recombination (data not shown). It was determined, after much
optimisation, that 100ng DNA would suffice for ensuing recombination assays.
5.3.2 In Vitro Recombination Assay Procedure
After combining the required DNA, proteins and assay buffer, restriction digest with EcoRI
allows visualisation of two circular recombinant products (P1 and P2 in Fig. 5.5A). As in
section 2.7.2, protein/ DNA mixtures were incubated at 37°C for 10 minutes prior to phenol
chloroform extraction and isopropanol precipitation. The DNA was subject to restriction digest
by EcoRI before being electrophoresed in 0.7% agarose. Upon imaging, the intensity of the
two recombinant products were quantified using Multi Gauge software (Fujifilm) and
compared to the relative intensity of the unrecombined plasmid (Fig. 5.5B).
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Figure 5.5: Results of in vitro recombination assays. A Representative DNA agarose gel. Gels were stained with
SYBR green and imaged with a Typhoon imager (GE Life Sciences) as described in section 2.7.2. –ve depicts the
negative control in which no protein was added to the reaction. WT is wild type XerDγ and mutants are labelled.
All reactions contained E. coli XerC as the XerDγ partner recombinase. Reactions are digested with EcoRI
(undigested fractions not shown). The substrate (S) is recombined into two smaller, circular products (P1 and P2)
which are then linearised by EcoRI digest. Supercoiled substrate DNA (SC) is present at ~4kb from incomplete
restriction digest. NEB 1kb DNA ladder was used for size determination and is shown in lane 1 (Opisa et al.). B
Quantitative analysis of recombination data. Data taken from three separate experiments analysed using Multi
Gauge (Fujifilm) software, normalised to 100% wild type XerDγ recombination. Panel B is not a direct
quantitation of Panel A, but a measure of 3 separate recombination experiments showing the average with error
bars as standard error.
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The in vitro recombination assay depicted in Figure 5.5 used a reaction with no protein as a
negative control (Fig. 5.5A, Lane 2), and wild type XerDγ as a positive control (Fig. 5.5A,
Lane 3). Recombination in wild type was normalised to 100% (Fig. 5.5B). Due to the
interrupted interaction between XerD and γ by the mutants, recombination cannot occur as
efficiently as in wild type. The double-mutants removed two potentially important amino acids
for recombination and were hypothesised to have a stronger reduction in recombination than
the single mutants, although this was not seen.
Figure 5.5 provides strong evidence of potential amino acids that are required for efficient
recombination in E. coli. The mutants containing amino acid substitutions at E183 and E184
show a 35-40% decline in recombination efficiency, relative to wild type XerDγ. Interestingly,
the substitution at Q343 showed an increase in recombination when compared to wild type
(normalised to 100%). There were small differences noticed in other mutants (e.g. possible
10% drop in mutant E119A compared to wild type) and therefore it cannot be conclusively
stated from these data which mutants cause the greatest inhibition of in vitro recombination.

5.4 In Vivo Recombination Assays
To further analyse the effects of altering amino acid interactions between XerD and FtsKγ as
shown in the crystal structure, in vivo recombination assays were undertaken. Each mutant was
independently produced in a strain lacking the C-terminus of FtsK and XerD (DS9041 xerD,
see Table 2.2).
5.4.1 Creation of an ftsKC and xerD Knockout Strain
For the in vivo recombination assay to effectively reflect the functionality of exogenous XerDγ
and its mutants, it was necessary to create a strain that was both ΔftsKC and ΔxerD to prevent
recombination from the wild-type proteins. The strain, DS9041 used throughout this study is
ΔftsKC and was hypothesised to be an ideal recipient strain for P1 transductions from a

xerD::kan strain (see Section 2.3.2) (Lowe et al., 2008).
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In order to prepare the P1 lysate, 5ml LB containing the E. coli donor strain, DH5α xerD (a
complete xerD deletion with insertion of a kanamycin resistance cassette in its place), was
cultured overnight and subsequently diluted 1:100 into 10ml LB containing 0.2% glucose,
5mM CaCl2 and µg/L kanamycin. A pre-prepared phage-containing P1 stock was added and
incubation continued until the culture was lysed. The recipient strain (DS9041) was then
prepared by sub-culturing from an overnight culture, resuspended in P1 salts, and added to
varying amounts of P1 lysate before the addition of LB and sodium citrate to maximise cell
recovery. After a 37°C incubation for one hour, each sample was centrifuged and supernatant
discarded. The remaining cell pellet was resuspended in LB and spread onto nutrient agar,
containing 50µg/ml kanamycin and 5mM sodium citrate. Plates were incubated overnight at
37°C and colony growth observed the next day. For confirmation of P1 transduction, colony
PCR was completed (Fig. 5.6) (section 2.4.1.3).
Colonies
3
2
1.5
1

Kb -ve WT 1

2

3

4

5

6

Figure 5.6: Colony PCR of potential xerD knockouts. Negative control lane (-ve) contains no template. WT is
XerD (~1.1kb). 6 colonies were selected for screening and are labelled above. Kanamycin cassette amplified in
colonies 1-6 using XerD screening primers (see Table 2.5).

From the PCR results depicted in Figure 5.6, a bright band is present in the lanes containing
colonies from P1 transductions. Lane 2 is wild type xerD amplified using screening primers
outside the gene (~1kb). The products visualised in lanes 3-7 include the kanamycin cassette
as well as regions that would ordinarily border the xerD gene (~1.2kb). Colonies 1, 4 and 5
contained a faint band at a similar size to wild type xerD in addition to a band of the size of the
kanamycin resistance cassette. This may be indicative of a mixed population of xerD wild-type
and knockout. Regardless, only colony 2 was used for ensuing assays requiring competent cells
of the ΔxerDΔftsk strain. As well as selection on kanamycin agar plates, the colony PCRs
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confirm that the xerD gene has indeed been replaced by a kanamycin cassette, thereby
confirming a now double-knockout E. coli strain (DS9041 ΔxerD).
5.4.2 In Vivo Recombination Assay Procedure
Competent cells were prepared (section 2.4.6.1) from the double knockout strain, DS9041
ΔxerD. The strain was transformed with pFX142 – a recombination reporter plasmid containing
2 dif sites in direct repeat and based on the pSC101 replication origin (Aussel et al., 2002).
Upon confirmation of the presence of pFX142 by spectinomycin selection, competent cells
were prepared of E. coli DS9041 ΔxerD (pFX142). Following this, it was necessary to
transform this strain either with the pBAD24-XerDγ expression plasmids or a derivative
expressing a mutant version of the gene (Guzman et al., 1995).
For in vivo recombination experiments, cells were cultured overnight with glucose to repress
expression from the arabinose promoter before the addition of 0.2% arabinose to induce the
protein of interest (Grainge et al., 2011). Overnight cultures were subcultured into LB and
further cultured to an OD600nm of 0.5-0.8. Growth was slower than a wild type strain due to the
potential presence of unresolved chromosome dimers within the cells (Aussel et al., 2002). At
this time point (t0), a 1ml sample was taken. The remaining culture was induced with 0.2%
arabinose and cultured for 3 hours with samples taken each hour (t1, t2 and t3). Plasmid was
isolated from each time-point and DNA concentration calculated (see section 2.4.5). For best
resolution, it was determined that 100ng of isolated DNA was to be electrophoresed over 0.7%
agarose at 55V for 16 hours. DNA agarose gels were subsequently stained with SYBR green
and imaged on the Typhoon imager. Although 4 time points were collected and plasmids
purified (t0, t1, t2 and t3), only data for t3 is shown (Fig. 5.7A).
The level of in vivo recombination, as visualised by DNA gel electrophoresis (Fig. 5.7A), was
quantified using Multi Gauge (Fujifilm) software. Band intensities were compared to those
obtained with wild type XerDγ, which was normalised to 100% recombination efficiency
(Figure 5.7B). Several mutants had a detrimental effect on recombination efficiency. Of the 10
mutants, 3 single amino acid mutations (E183A, E184A and, Y187A) and 1 double mutation
(E183A/ E184A) showed a clear reduction of recombination in vivo. The greatest reduction in
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recombination was that of the double mutant which showed a ~40% decrease in recombination
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Figure 5.7: In vivo recombination assay A Agarose gel showing DNA from strains producing the XerDγ fusion
proteins with mutations as indicated and pFX142 reporter plasmid. Samples are mini-preps from t3. The XerDγ
variants are expressed from the pBad based vector (V). Upon recombination the substrate plasmid (S) is converted
to product (P) and is almost completely resolved in wild type (WT). DNA size marker is shown in lane 1 (Opisa
et al.). B Percentage recombination as the average calculated from 3 separate experiments. Error bars shown are
standard error and results are normalised to 100% wild type XerDγ (WT).
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This assay assessed the ability of the XerDγ variants to support XerC/D-mediated
recombination between directly repeated dif sites in plasmid substrates. The wild type XerDγ
almost completely resolved the substrate as there is only a very vague hint of a band where the
substrate would be expected (“S” in Figure 5.7A). All 10 derivatives were able to recombine
at least 50% of the plasmid substrate when compared to wild type XerDγ as visualised by the
appearance of a band at ~3.5kb. There was a notable reduction in recombination in 4 of the 10
mutants as determined by band intensity analysis in comparison to wild type. These results are
mostly consistent with what was seen in Figure 5.5A. Wild type XerDγ recombination occurs
in both in vitro and in vivo recombination experiments with reductions in recombination
activity noted in mutants E183A, E184A and their double mutant in both also. W188A seemed
to reduce recombination in vitro though not in vivo. It was observed that this mutant protein
produced less soluble protein than any of the other mutants which could reflect a problem with
protein folding.

5.5 Growth Competition Assays
5.5.1 Preparation of an E. coli xerD Knockout Strain
An xerD knockout strain was created to observe complementation by exogenous XerD in
growth competition experiments. If wild type XerD were present during these assays, then the
activity of the exogenous XerD would be misinterpreted. Similar to work outlined in section
5.4, and as in section 2.3.2, DH5α xerD and WX31 were utilised as the donor and recipient
strains, respectively, in P1 transductions. Following P1 transductions, selection on kanamycin,
and confirmation by colony PCR, the strain WX31 xerD was created as was required for
subsequent growth competition experiments. WX31 was used due to its genome being most
like wild type E. coli. Whilst it may have been possible to use DH5α ΔxerD, this strain is also
a recA mutant. Similarly, DS9041 ΔxerD is also Δftsk. Both RecA and FtsK are required for
chromosome dimer formation and resolution, respectively.
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5.5.2 XerD Mutants do not Complement an xerD Deletion
To determine whether the XerD mutants could complement the deletion of wild type xerD, a
growth competition co-culture assay was employed. This assay was carried out as previously
described (see section 2.9) (Capiaux et al., 2002) (Sivanathan et al., 2006) (Grainge et al.,
2011). WX31 and WX31 ΔxerD (isogenic, aside from the absence of xerD; both gentamycin
resistant) containing the relevant XerD mutant expression vector were prepared in a 1:1 mixture
in LB containing 10µg/ml gentamycin and cultured to stationary phase (~20 generations). In
order to determine the abundance of each of the two strains, serial dilutions were compared
with and without antibiotic selection. To select for the cells containing the XerD expression
vector, cultures were plated onto gentamycin/ ampicillin in a serial dilution up to 10-6. For both
strains to grow, cultures were also plated onto gentamycin only. Colonies were counted for
each condition and the proportion of cells still containing the plasmid (AmpR) was calculated.
If a plasmid fully complements the mutation of xerD then the strain containing the plasmid
(either wild type xerD or mutant xerD) should be present at the same frequency as the wild
type strain.
All XerD mutants were initially tested, however reduction in complementation was only noted
in XerD E183A, E184A and the double mutant E183A/E184A (Fig.5.8). The reduction in
growth noted for WX31 ΔxerD relative to WX31 is likely due to chromosome dimer formation
which leads to cell death in a proportion of the cells lacking XerD. Wild type XerD was able
to fully complement the lack of endogenous XerD in the WX31 ΔxerD strain. Comparatively,
the XerD mutants showed severe impairment of complementation (Fig. 5.8).
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Figure 5.8: Cell counts from serial-diluted cultures after 20 generations of growth. The two isogenic strains (aside
from one containing a xerD deletion), WX31 and WX31 ΔxerD (WX31D-) were initially tested without plasmid;
thus the lack of growth on ampicillin. Comparison between gentamycin resistant and ampicillin resistant cells
represents complementation by the XerD plasmid. Results are average of three separate experiments (error bars
are standard error).

In keeping with results from all XerD mutant experiments in this study (Figures 5.5, 5.7 and
5.8), there is strong evidence to show the involvement of glutamic acids 183 and 184 in the
FtsKγ-XerD interaction in activation of recombination as determined by a clear drop in cell
counts in the presence of ampicillin (Fig. 5.8). There is a clear lack of complementation when
comparing the mutants E183A and E184A to wild type XerD. Recombination appears to be
further impaired in the double mutant, though the difference is not statistically significant.

5.6 Discussion
Activation of recombination for resolution of chromosome dimers requires interaction of XerD
with the γ-domain of FtsK (Yates et al., 2006) (Grainge et al., 2011). This interaction, taking
place at dif, is the first stage of the site-specific recombination reaction (Blakely and Sherratt,
1994). The structure resolution of a fusion protein containing only the XerD C-terminus and
the γ-domain of FtsK (XerDγ), joined by a 16 amino acid flexible linker, revealed important
amino acid interactions between the two truncated proteins (Keller et al., 2016). To further
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analyse the interactions between XerD and FtsKγ, a traditional site-directed mutagenesis
approach was taken.
The XerD mutants for recombination experiments were fused to wild type FtsKγ. However, a
subset of these mutants were also created in XerD alone for growth competition assays. Whilst
it was hypothesised that mutating amino acids with XerD and FtsKγ would have a detrimental
effect on recombination in vitro, it was unknown which mutants would specifically inhibit the
recombination reaction. A mutation at tryptophan 188 was utilised as a negative control as
W188 is no involved in the interaction with FtsKγ, despite being nearby.
The in vitro recombination reaction showed a reduction in the catalytic activity of the XerDFtsKγ interaction when mutating glutamic acids 119, 183 and 184; tyrosine 187 and arginine
347 to alanine. The most pronounced reduction in recombination activity when compared to
wild type was in the double mutation of E183A and E184A. It is hypothesised that the reduction
in recombination activity by E183A is a consequence of the loss of interaction with XerC due
to its location near the groove which is proposed to house the XerC-tail (Fig. 5.9C). Amino
acids located within this groove have been shown to play an important role in activating XerC
in recombination (Hallet et al., 1999). Modelling Cre recombinase and XerA from Pyrococcus
abyssi onto the existing XerD structure shows a conserved C-terminal helix occupying the
groove adjacent to E183 (Fig. 5.9C).
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Figure 5.9: A Space-filling model of XerD. Amino acids highlighted in green interact directly with FtsKγ. Q123,
I127 and H257 interact with FtsKγ through Van der Waals forces but these amino acids were not mutated as part
of this research B Space-filling model of XerD showing the effects of amino acid mutations on recombination
efficiency. Amino acids highlighted in red show the greatest effect, orange have a moderate effect and yellow
have the smallest effect. C Model of the proposed “activated” version of the FtsKγ-XerD interaction. Structural
alignments were utilised to model Pyrococcus abyssi Cre (purple) and XerA (yellow) onto the putative binding
cleft of XerD. The negatively charged end of E183 is located close to the cleft and to FtsKγ.

The negative charge on E183 raises the potential for a charge-based interaction with the
positively-charged XerC tail (Fig. 5.9). However, the reduction in recombination seen in
E184A mutants is more likely due to a loss of interaction with FtsK, as E184 directly contacts
FtsKγ (Figure 5.9). The complementary mutation in FtsK (R1289) has the same magnitude of
effect as the XerD E184 mutation on recombination (Keller et al., 2016).
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The results of both the in vivo and in vitro recombination assays showed a reduction in
recombination activity for the E183A, E184A, Y187A and the double E183A/E184A mutants.
However, recombination levels still reached >50% of wild type and were not statistically
significant (p-values >0.05). These recombination efficiencies were much higher than
originally hypothesised, possibly due to mutations not completely abolishing recombination
alongside the long time (hours) over which the assays were carried out. By linking FtsKγ and
XerD together, it is likely that the local concentration of each protein was markedly increased
which could also potentially reduce the effect of the mutations (Keller et al., 2016).
It was important to analyse recombination activity of the mutant XerD when fused to FtsKγ,
however, equally important was discerning whether the mutants were able to compensate for a
loss of wild type XerD in vivo. This was achieved using a growth competition assay. XerD
mutants were used instead of the XerDγ fusion proteins because γ alone cannot substitute for
full-length FtsK in chromosome dimer resolution (Grainge et al., 2011). Two strains (one
ΔxerD) were compared for relative growth with the ΔxerD strain containing the mutated xerD
plasmid. All xerD mutants were tested, though data in Figure 5.8 only shows the E183A and
E184A single and double mutants as these were the only mutants that showed a reduction in
complementation. The strain expressing wild type XerD largely complemented the xerD
mutation; XerC did not complement at all (data not shown).
The data collected from the above experiments provide strong evidence as to the amino acids
required for activation of XerD by FtsK’s γ-domain. This interaction is conserved somewhat
between species. For example; Xer and FtsK interactions in Haemophilus influenzae and L.
lactis have been studied and show some similarity to those in E. coli (Fig. 5.10) (Nolivos et al.,
2010) (Yates et al., 2003)
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E. coliAVQFVTEKRKASISGVQRQFRIGYNRAARIIEQMWAQGI
H. influenzae– VMDFVINTGTTSVSSIQRKFSVGFNRAARIMDQMEEQGI
L. lactisARNMVIIAQKASTAQLQRALKVGFNRASDLMNELEAQGI

FtsK

E. coli–
ERLLQ-APLIDQPLELRDKAMLEVLYATGLRVSELVGLTMSDISLRQGVVRVIGKGNKER
H. influenzae- SDLLN-TPNVEVPLELRDKAMLELLYATGLRVTELVSLTIENMSVQQGVVRVIGKGNKER
L. lactis–
KTLSNRARSSFFKNKERDLAIIALILASGIRLSEAVNVDLRDLNLITMVVEVTRKGGKRD

177
176
239

E. coli–
LVPLGEEAVYWLETYLEHGRPWLLNGVSIDVLFPSQRAQQMTRQTFWHRIKHYAVLAGIDS 237
H. influenzae– IVPMGEEAAYQVRQFMLYGRPVLLNGQSSDVVFPSQRAQQMTRQTFWHRIKHYAVLAGIDS 236
L. lactis–
AVPYAPFAKTYFERYLEVRSQRYKTTAKDTAFFVTLYRDVPSRIDPSSVEKLVAKYSQAFK 299
E. coli–
EKLSPHVLRHAFATHLLNHGADLRVVQMLLGHSDLSTTQIYTHVATERLRQLHQQHHPRA
H. influenzae– DALSPHVLRHAFATHLVNHGADLRVVQMLLGHTDLSTTQIYTHVAKERLKRLHERFHPRG
L. lactis–
VRVTPHKLRHTLATRLYAQTNSQVLVSNQLGHASTQVTDLYTHIINEEQKNALDNL----

298
297
356

Figure 5.10: Alignments of FtsK and XerD interacting regions from E. coli, H. influenzae and L. lactis showing
conserved residues between species (orange and purple boxes) and conserved residues found in tyrosine
recombinases (grey boxes).

The amino acids Q343 and N351 are conserved in FtsKγ between these three species (Fig.
5.10). Within XerD, E183, E184 and Y187 are conserved between E. coli and H. influenzae
but are more divergent in L. lactis. The E. coli XerD W188 is not conserved, however, this
amino acid was selected as it is not involved in the interaction with γ so we would not expect
conservation. There was some effect seen of the W188A mutant in vitro, but this was explained
as difficult in protein folding during the purification process. R347 in FtsKγ is not conserved.
This result is consistent with studies showing activation of H. influenzae XerD by E. coli FtsK
but the inability of E. coli FtsK to activate XerS in L. lactis (Yates et al., 2006) (Nolivos et al.,
2010). The level of conservation of the FtsKγ-XerD interaction may be suggestive that this is
a conserved reaction, at least between E. coli and H. influenzae.

5.7 Perspective
Due to similarities with previously published structures, it is likely that the structure of the
fusion protein resolved by Keller et al. is in its inactive state. It has previously been shown that
an FtsKγ-XerD fusion is biochemically active in the presence of DNA (Massey et al., 2006).
The absence of DNA in the crystal structure may lead to the protein’s inactive state. Therefore,
for ensuing structural determination, the presence of DNA would be necessary to elucidate any
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XerD

conformational changes that occur during activation. The current structure will provide an
excellent comparison for future studies.
Whilst the structure did not necessarily provide information on the conformational changes the
proteins undergo during chromosome dimer resolution, it was able to give atomic resolution of
the amino acids involved in the protein-protein interaction between XerD and FtsK, which
guided the mutagenesis studies detailed above. The creation of 10 mutations in the interactive
surface of XerDγ aided in the determination of amino acid interactions involved during the
protein’s primary activities In three separate experiments, in vivo and in vitro, two amino acids
(E183 and E184) showed clear reduction in the fusion protein’s activity when mutated. The
location of these amino acids on XerD point to potential reasons for this reduction in activity
(Keller et al., 2016).
This amount of detail has previously not been shown for the XerD-FtsK interaction and was
subsequently published as “Activation of Xer-recombination at dif: structural basis of the
FtsKγ–XerD interaction” in Scientific Reports in 2016; 6: 33357.
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Chapter 6: Preliminary Structural
Studies of FtsK Derivatives from
Pseudomonas aeruginosa
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6.1 Introduction
The mode of FtsK translocation along dsDNA is yet to be determined. Two conflicting theories
have been proposed though further structural information is required to recognise which of
these theories (if either) is correct (Crozat et al., 2010) (Massey et al., 2006). The “Rotary
Inchworm” model of FtsK translocation describes a hinged movement between the α- and βdomains of FtsK upon ATP-binding/ hydrolysis. This movement allows translocation along a
length of double-stranded DNA (Massey et al., 2006). Four years after the Rotary Inchworm
model was introduced, a second model, known as the “partial escort model” was proposed. The
authors were able to show a mutated FtsK hexamer was still able to translocate along dsDNA
at wild type rates. The only function that was lost was its ability to displace roadbloacks (Crozat
et al., 2010). Preliminary work conducted in the Grainge laboratory has shown that an FtsK
trimer lacking the α-domain is seemingly still able to bind and hydrolyse ATP but unable to
translocate along dsDNA, although more work is needed to understand these data. Therefore,
the mechanism by which FtsK is able to so elegantly translocate along dsDNA is still unknown.
There is currently no crystallographic structure of a hexameric translocase in complex with
dsDNA. Without atomic-level structural details of important contacts of FtsK in complex with
dsDNA, it is difficult to discern the conformation of FtsK in an active state. The 2.9Å crystal
structure of ADP-bound hexameric P. aeruginosa FtsK (Pak4) solved by Massey et al. has
certainly developed our understanding of this protein. Unfortunately this structure did not
confirm a conclusive translocation mechanism. Current structural data of DNA helicases
complexed with ssDNA show numerous contacts between the protein and DNA (Singleton et
al., 2000) (Enemark and Joshua-Tor, 2006). It is unlikely that FtsK contacts with dsDNA will
be as extensive as the contacts seen in ssDNA or ssRNA helices or translocases due to the
rigidity and uncompressible nature of the helix.
Following on from unpublished work conducted by Graham in 2009, I aimed to resolve a cocrystal structure of Pak4 in complex with double-stranded KOPS (FtsK Orienting Polar
Sequences)-containing DNA. Using DNA-binding assays, Graham was able to show that FtsK
preferentially loaded onto substrates containing KOPS. The minimal length of DNA adjacent
to KOPS required for binding of the FtsK motor domain was determined to be 14bp. So, for
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crystallography, substrates of lengths between 14bp + KOPS and 18bp + KOPS (22bp to 26bp
total length) were used (Table 2.5). Including KOPS within the dsDNA sequence in
crystallography studies would presumably allow Pak4 to crystallise in the “correct” orientation;
in its most active form. A secondary aspect of this crystallography study was to monitor the
conformational transition of individual monomers of Pak4Δγ during ATP binding/ hydrolysis.
We hypothesised that co-crystallising a truncated, monomeric version of Pak4 (Pak4Δγ) in the
presence of ATP in 3 different states (ADP, ADPNP and ADP:AlF3) would highlight the subtle
changes the protein undergoes during translocation. It is likely that each monomer within the
Pak4Δγ hexamer experiences a different state of ATP hydrolysis, depending on its contacts
with dsDNA. A successful example of this ability to capture the protein in different nucleotide
states was shown using the E. coli transcription termination factor, Rho (Skordalakes and
Berger, 2003). The authors were able to identify four unique binding sites within these
transition-state structures.
Within this crystallography project, I was able to reproducably purify highly concentrated, pure
samples of the proteins of interest. Proteins were considered active after in vitro ATPase
activity testing in the presence of DNA. Following this, numerous crystallisation screens were
prepared utilising conditions from commercial screening kits as well as previously published
and unpublished data. Due to initial difficulties encountered in generating high quality crystals
with good diffraction from Pak4:dsDNA screens, surface plasmon resonance (SPR) was used
to test the affinity of hexameric Pak4 to different lengths of KOPS-containing dsDNA.
Numerous crystal forms of Pak4Δγ in the presence of nucleotides were obtained though no
discernable diffraction was achieved. These results indicate that further optimisation will be
required for future crystallographic studies of this nature. Given the amount of information to
be gained from each of these structures, continual research into this area is certainly
worthwhile.
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6.2 Results
6.2.1 Purification of Pseudomonas aeruginosa FtsK Variants
In order to yield highly pure, milligram quantities of proteins for crystallisation, large scale
protein overproduction and a 3-step purification procedure were necessary. Both Pak4 and
Pak4Δγ were overproduced in 6L LB; induction was at OD600nm 0.8-1.0 with 1mM IPTG at a
temperature of 37°C. Uninduced and induced samples were analysed via SDS-PAGE before
purifying to ensure induced samples had a band corresponding to the protein of interest (data
not shown). Nickel affinity chromatography was conducted with the purpose of binding only
those proteins with high-levels of histidine residues, heparin was selected for its separation of
DNA binding proteins and finally, gel filtration was performed as the final step to obtain a
mono-disperse protein population.
For both Pak4 and Pak4Δγ, nickel affinity chromatography was conducted as in section 2.5.2.2.
Following a 25mM imidazole wash step, the protein was eluted with 300mM imidazole via
gravity flow with, 10 – 15 1ml fractions collected. The most concentrated fractions, as
determined by SDS-PAGE, were then pooled, diluted 2 x in Buffer A and loaded onto a 1ml
heparin column. The protein fractions were eluted using a gradient to 100% Buffer B over 10ml
(see Table 2.1 for buffer ingredients). For Pak4, a protein peak was observed between 60 –
70% Buffer B, or 600 – 700mM NaCl. In one sample, a small secondary peak was noted at
80% Buffer B. This was analysed by SDS-PAGE and did not contain any bands corresponding
to Pak4 (panel B in Fig. 6.1). Pak4Δγ began to elute at 45 – 55% Buffer B, or 450 – 550mM
NaCl. To ensure the highest purity and no misfolded proteins were included, the most
concentrated heparin fractions were once more pooled (5-10ml of protein) and subject to gel
filtration. Gel filtration diluted the protein somewhat but a high yield was still gained. Post gel
filtration, the protein samples, now in a high salt gel filtration buffer (see Table 2.1) were
between 3 - 5mg/ ml for both Pak4 and Pak4Δγ. The eluted fractions were analysed by SDSPAGE with each stage of the 3-step protein purification depicted in figure 6.1. Consistent with
the known protein sizes, a large band is visible at 65kDa for Pak4 (panels A, B and C, Fig. 6.1)
and 55kDa for Pak4Δγ (panels D, E and F, Fig. 6.1).
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Figure 6.1: SDS-PAGE of various stages of Pak4 (A-C) and Pak4Δγ (D-F) purification. Gels were stained with
Coomassie blue A Pak4 after nickel affinity chromatography B Pak4 after purification on a heparin column C
Pak4 after gel filtration D Pak4Δγ after nickel affinity chromatography E Pak4Δγ after purfication on a heparin
column F Pak4Δγ after gel filtration. Molecular weight marker was Pageruler™ (Thermo Scientific™) and is
indicated in first lanes. Load refers to fractions pooled from previous purifications.

As can be seen in the SDS-PAGE images, both P. aeruginosa variants were purified. There
was some variation in the quantity of protein retained post-gel filtration. For this reason, some
protein samples were subject to concentration through the use of Merck Millipore centrifugal
units, following the procedure as outlined in section 2.5.2.9. In short, the protein sample was
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placed on the filter column and centrifuged for varying lengths of time at 4°C. The sample
remaining in the filter unit was collected and its concentration measured using the Direct
Detect® Infrared Spectrophotometer (Merck Millipore©). Typically, proteins were concentred
until concentrations of 7 – 10mg/ ml were achieved. Proteins were stored in Gel Filtration
Buffer (see Table 2.1).
For crystallography experiments, samples of Pak4 and Pak4Δγ were subject to buffer exchange
to dialyse them out of a high salt containing buffer (see section 2.2.5.8) and into a buffer
containing magnesium acetate and potassium glutamate (Massey et al., 2006).. During dialysis,
protein precipitation can occur when the samples are of a particularly high concentration
(>5mg/ml), as in this case (Pesarrodona et al., 2015). However, neither Pak4 and Pak4Δγ
precipitated during dialysis and the dialysed proteins were able to be used in ensuing
crystallography experiments.
6.2.2 ATPase Assays
Following purification of both Pak4 and Pak4Δγ, it was important to measure their ATPase
activity in vitro to ensure they were biologically active. Upon ATP hydrolysis by the FtsK
variants, in the presence of dsDNA, the free inorganic phosphate that is relelased becomes
quantifiable. A colorimetric assay, based on the complex formed between malachite green,
ammonium molybdate and inorganic phosphate, was used to measure ATPase
spectrophotometrically (OD660nm). Samples were blanked against a negative control containing
ATP but not protein. Activity was assayed after the gel filtration step of the purification
procedure with results shown in Figure 6.2 below. These data were taken in triplicate from a
single purification experiment and represent the results obtained from each purification step.
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1.75
1.5
1.25
1
0.75
0.5
0.25
0
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0.17

0.67

1.67

Pak4 Concentration (µM)

B
1

Absorbance OD660nm

0.9
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0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.12

0.62

1.23

3.07

Pak4Δγ Concentration (µM)
Figure 6.2: ATPase assay results for A Pak4 and B Pak4Δγ. Both assays were conducted in the presence of
0.04mg/ml DNA. x-axis depicts protein concentration (µM), y-axis depicts asorbance reading at OD660nm.

From the results depicted in Figure 6.2, as the concentrations of Pak4 and Pak4Δγ increase, so
too does their in vitro ATPase activity; at least in a range of OD660nm between 0 and 2.
Furthermore, concentrations below 0.03µM and 0.12µM for Pak4 and Pak4Δγ, respectively,
were too low to yield an ATPase response. It is possible that Pak4 may have reached
“hexamerisaton point” of the assay at 0.17µM where the protein readily hexamerises once it
reaches a certain protein: dsDNA ratio. This is depicted by a marked increase in ATPase
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activity followed by a plateau (Fig. 6.2A). However, the purpose of this assay was not to
quantify ATPase activity, or gain kinetics, but to indicate whether the hexamer was active or
not. Interestingly, from Figure 6.2B, the overall level of ATPase activity was higher in Pak4
than in Pak4Δγ at similar concentrations. It is possible that this may be indicative of a role for
γ during hexamerisation, leading to faster hexamerisation and therefore more efficient
translocation.
Each protein preparation was tested at varying concentrations and at different stages of
purification to ensure activity was not lost at any stage (data not shown). The now wellconcentrated and highly active proteins were deemed suitable for downstream crystallography
trials.
6.2.3 Preliminary Crystallography Trials for Pseudomonas aeruginosa FtsK Variants
6.2.3.1 Annealing KOPS DNA
Prior to preparing crystallisation plates, it was necessary to anneal the 2 pairs of KOPScontaining oligonucleotides to produce the 15bp and 16 bp lengths of dsDNA (see section
2.4.1.4). Equimolar amounts of each oligonucleotide were combined and incubated at 98°C for
5 minutes. The DNA was then further incubated for 98°C for a 1 minute, then 97°C for 1 minute
with -1°C increments for a complete 86 cycles and finally held at 12°C. Final DNA
concentration was 50M.
Oligonucleotides were ordered as HPLC purified which is expected to remove prematurely
terminated DNAs. For the purposes of these experiments, it was not deemed necessary to
further purify the DNA using anion exchange or similar. The potential impurities remaining
from HPLC purification were not considered significant.
6.2.3.2 Calculation of Pak4: KOPS concentration ratios
The optimal requirements for FtsK ATPase activity include 10 – 20bp upstream of KOPS
(Bigot et al., 2006). Work conducted previously has predicted the ultimate length of an FtsK
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co-crystal substrate to be 14 – 18bp upstream of KOPS with a single downstream base pair
(Graham et al., 2010). These lengths of DNA were determined using DNA-binding
electrophoretic mobility shift assays (EMSAs) with KOPS-containing oligomers which were
gradually shortened in length. Lengths of 14bp – 18bp lengths were able to facilitate contacts
with the α and β domains without the DNA protruding extensively from either end of the 60Å
central annulus (Graham, 2009).
Upon annealing, DNA concentration was determined to be 50µM for both the 15bp and 16bp
DNA lengths. Pak4 requires 6 monomeric subunits to form its hexameric structure. With this
information in mind, a predicted protein: DNA ratio was 6:1. However, it was deemed
necessary to include an excess of DNA to aid hexamerisation, therefore the protein: DNA ratio
was adjusted to 5:1. The concentration of Pak4 from original purification conditions was
calculated to be 103.1µM (monomer). The protein: DNA ratio now becoming 103.1µM:
20.62µM.
6.2.3.3 Pak4 crystal trials
As well as co-crystallisation with KOPS-containing DNA, Pak4 was incubated with nucleotide
(ADP or ADPNP) just prior to addition of precipitant. In the original crystal structure of
Pak4Δγ, the authors used ATPγS during the crystallisation process. The resolved structure
contained predominately ADP meaning the ATPγS had been hydrolysed (Massey et al., 2006).
For this reason, ADP was used for crystallography trials rather than ATPγS.
Initially, attempts were made to replicate the conditions outlined by Massey et al. Pak4 was
further concentrated to 200µM and dialysed overnight at 4°C into 25mM Tris-HCl, 2mM
magnesium acetate, 20mM potassium glutamate and 1mM DTT (pH 7.5) Both sitting drop
(section 2.10.1.1) and hanging drop (section 2.10.2.2) plates were prepared with the following
conditions:
-

0.1M Imidazole Chloride

-

0.07M Calcium Acetate

-

PEG300 varied 20 – 40 %

-

1mM nucleotide (ADP or ADPNP)
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A second set of conditions were also trialled with 2mM of either ADP or ADPNP mixed with
both 15bp and 16bp KOPS substrates (Graham, 2009):
1. 0.1M Na-HEPES, 0.2M (NH4)2SO4, 25% PEG3350
2. 50mM Na- HEPES, 50mM MgSO4, 1.6M LiSO4

Wells contained protein mixed with dsDNA (15bp and 16bp) or protein-only as a control.
Initial attempts using these conditions proved unsuccessful. Numerous alterations were made
to the crystal coniditons including protein: precipitant ratio and use of alternative nucleotides
(ATPγS, ADP:AlF-4), however, no crystal forms were observed in these conditions.
As a result, two readily available commercial screens were prepared. The HELIX™ screen
(Molecular Dimensions) is targeted toward DNA-protein complexes whilst the MORPHEUS®
screen includes low molecular weight ligands previously shown to promote crystal formation
(Gorrec, 2009). Furthermore a Basic Chemical Space (BSC) screen and the PACT premier™
screen were also trialled (Molecular Dimensions). Whilst HELIX and MORPHEUS target
more complex protein interactions, BSC and PACT premier provide a far more simple
approach to crystallography by using more commonly sourced chemicals and buffers such as
PEG, sodium acetate, ammonium chloride etc. Plates were incubated at 19°C for up to 6
months.
None of these commercial screens resulted in any crystal formation. Due to time constraints,
this portion of the project was witheld so further study into the protein and DNA interaction
could be undertaken.
6.2.3.4 Pak4Δγ crystal trials
Now that there were large amounts of highly concentrated, biologically active protein
available, crystal trials were able to progress with the Pak4 protein lacking the γ-domain
(Pak4Δγ). Based on work completed previously (Jiang 2013, unpublished), two sets of
conditions were initially trialled:
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1. 0.1M sodium chloride (NaCl), 0.1M HEPES (pH 7.5) and 1.6M ammonium sulfate
((NH4)2SO4).
2. 0.2M magnesium formate (Mg(HCO2)2), 20% PEG 3350
A single 96-well plate containing conditions 1 and 2 was prepared. 48 wells with varying
concentrations of (NH4)2SO4 (0.7M – 2.2M) from condition 1 were screened alongside 48 wells
of varying PEG3350 concentrations (8% - 40%) from condition 2. For each of the 96
conditions, subwells contained either Pak4Δγ: ADP or Pak4Δγ: ADPNP.
After 4 days incubation at 19°C, small needle-like crystals became visible in 2 of the 108
conditions initially screened. These were: 1.528M (NH4)2SO4, 0.097M NaCl and 0.101M
HEPES pH7.5 which yielded crystal formations for both Pak4Δγ:ADP and Pak4Δγ:ADPNP.
However, due to the small, fragile morphology of these crystals, it was deemed that further
optimisation would be required before X-ray analysis could begin. No crystals appeared in
PEG3350 conditions even after 90 days incubation.
The small crystals found in the high (NH4)2SO4 conditions (Fig. 6.3) were used as part of
microseeding experiments. “Seed stock” was prepared as in section 2.10.1.3 where a small
amount of well volume is added to previously formed micro-crystals and the solution is
vortexed to create a homogeneous mixture. 100nL of seed stock is then added to individual
subwells to promote crystal growth.

Figure 6.3: Pak4Δγ: ADP in conditions 1.528M (NH4)2SO4, 0.097M NaCl, 0.101M HEPES pH7.5. Example of
micro-crystals utilised in microseeding. Crystals are diluted with well solution and vortexed to create a
homogeneous solution.
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In crystal trials utilising microseeding techniques, neighbouring wells were prepared in the
absence of seeding as a control. Interestingly, wells containing microseeds preferred slightly
higher (NH4)2SO4 concentrations (1.6M to 1.62M) when compared to protein-only wells
(1.55M – 1.57M). Pak4Δγ microseeds were used to aid all further crystal screens with wells
prepared in duplicate; half containing microseeds and half containing protein-only. Conditions
containing (NH4)2SO4 were pursued with alterations made to NaCl concentrations and protein:
precipitant ratios.
To enhance the quality of Pak4Δγ crystals derived from microseeding experiments, an additive
screen (Hampton Research) was carried out. The additive screen contains numerous
compounds and solutions shown to improve sample solubility and aid in overall crystal
formation. For a full list of additive screen constituents, please refer to the appendix. Due to
the needle-like structure of the protein crystals formed in the initial (NH4)2SO4 conditions, it
was hoped that an additive screen would give a crystal morphology more conducive to X-ray
diffraction. The 96-well sitting-drop plate was prepared with 1.58M (NH4)2SO4, 0.05M NaCl
and the addition of 1M HEPES to achieve a pH of 7.8. The protein: precipitant ratio was 2: 1.
Wells were prepared in duplicate with half the wells containing additive from the additive
screen and the other half without additive. Once more, small needle-like crystals were observed
in all preparations containing (NH4)2SO4 and NaCl. Unfortunately, the additive wells did not
produce any crystals.
As neither microseeding nor additive screening had not yielded the desired morphologies,
numerous commercial screens were trialled. Morpheus®, Structure Screen 1®, JCSG plus™
and PACT premier™ screens from Molecular dimensions were all attempted with
Pak4Δγ:ADP or ADPNP nucleotide. Half the wells on each plate were prepared with seed stock
from previous experiments.
After trialling over 8000 conditions, 24 Pak4Δγ: ADP or Pak4Δγ: ADPNP crystal samples
were deemed suitable for X-ray diffraction. These crystals were obtained over a range of
conditions and are shown in figure 6.4. The crystals varied in morphology, size, condition and
age (Fig. 6.4), however, the typical morphology was needle-like.
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Figure 6.4 Crystal morphologies of Pak4Δγ: nucleotide A Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES
pH 7.8; 0.1M CoCl2 B Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES pH 7.8; 0.1M MnCl2 C Pak4Δγ:
ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES pH 7.8; 1M LiCl D Pak4Δγ: ADPNP 1.55M (NH4)2SO4; 0.05M
NaCl; HEPES pH 8.1 E Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES pH 7.8; 30% w/v D-Sorbitol F
Pak4Δγ: ADP 0.2M CaCl2; 0.1M MES pH 6; 20 PEG6000 G Pak4Δγ: ADP 1.51M (NH4)2SO4; 0.06M NaCl;
HEPES pH 7.1 H Pak4Δγ: ADP: ADPNP 1.51M (NH4)2SO4; 0.06M NaCl; HEPES pH 7.1 I Pak4Δγ: ADP: ADP
1.51M (NH4)2SO4; 0.06M NaCl; HEPES pH 7.1 J Pak4Δγ: ADP: ADP 1.53M (NH4)2SO4; 0.05M NaCl; HEPES
pH 7.8 K Pak4Δγ: ADP 1.51M (NH4)2SO4; 0.06M NaCl; HEPES pH 7 L Pak4Δγ: ADP 0.2M CaCl2; 0.1M HEPES
pH 7.5; 28% PEG400 M Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES pH 7.45; 0.1M Phenol N Pak4Δγ:
ADPNP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES pH 7.45; 1.0M (NH4)2SO4 O Pak4Δγ: ADP 1.58M (NH4)2SO4;
0.05M NaCl; HEPES pH 7.8; 0.1M L-Proline P Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES pH 7.8;
0.3M glycyl-glycyl-glycine Q Pak4Δγ: ADP 1.5M (NH4)2SO4; 0.06M NaCl; HEPES pH 7 R Pak4Δγ: ADP; 0.5M
(NH4)2SO4; 0.1M sodium acetate (pH4); 5% PEG3350 S Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES
pH 7.45; 0.1M SrCl2 T Pak4Δγ ADP 1.53M (NH4)2SO4; 0.06M NaCl; HEPES pH 7.7 U Pak4Δγ: ADP 1.5M
(NH4)2SO4; 0.06M NaCl; HEPES pH 7 V Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES pH 7.45; 30%
w/v 1,5-Diaminopentane dihydrochloride W Pak4Δγ: ADP 1.57M (NH4)2SO4; 0.06M NaCl; HEPES pH 8.3 X
Pak4Δγ: ADP 0.1M SPG; 25% PEG1500 pH8.0.

Of the 24 conditions, 19 contained a base of 1.5 – 1.6M (NH4)2SO4, 0.5 – 0.6M NaCl and
HEPES buffered between pH 7.0 – 8.0. The crystals with the largest variations in morphology
(i.e. not plates or needles) did not have an (NH4)2SO4 base. Plate and needle forms are not ideal
for X-ray diffraction studies; however, some were considered robust enough to be able to
withstand the process.
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6.2.3.5 X-ray diffraction
The 24 crystal forms obtained were collected via crystallographic “fishing” techniques
whereby an appropriately sized loop is used to scoop the crystals from their wells under an
optical microscope (Fig. 6.4). Crystals were transferred into cryo-precipitant (usually buffer
containing glycerol) and again transferred into liquid nitrogen before being sent to the
synchrotron contained at Diamond Light Source in Oxford, United Kingdom. X-ray diffraction
studies were undertaken remotely, operating the robots located at the synchrotron to load
samples with results being live-streamed to the study site (John Innes Centre, Norwich United
Kingdom).
Of the samples shown in figure 6.4, the best resolution achieved was >10Å which is not
sufficient for structural determination (Fig. 6.4, panels G and T, also Fig. 6.5B and 6.5C). 9
crystals (Fig. 6.4 panels E, H, J, P, Q, S, T, V, W) did not diffract at all and 3 crystals were
identified as salt (Fig. 6.4 panels F, L and R). It is likely the needle-like crystals formed were
structurally too fragile to obtain diffraction for sufficient resolution. For further crystal studies
to progress, different morphologies would be favoured.
Figure 6.5 shows 3 of the X-ray diffraction patterns obtained from Pak4Δγ crystal samples
from Figure 6.4. The strength and intensities of the spots observed in the diffraction patterns
were too low to determine the relative molecular arrangement of Pak4Δγ (Fig. 6.5B and 6.5C).
Indeed, due to the pattern of the spots and their elongated nature (highlighted by red circles in
Figure 6.5A), it is likely this sample was salt, and not a protein crystal. Other diffraction
patterns collected showed a mixture of salt crystals, protein crystals and samples contaminated
with ice. Ice-contaminated samples were heated briefly, and second attempts were made to
collect diffraction data, but the protein crystals did not retain their structural integrity during
the quick freeze-thaw process. A combination of unideal crystal morphologies and
contamination with salt or ice meant Pak4Δγ crystal structures were unable to be resolved
within the scope of this project.
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Figure 6.5: Pak4Δγ: nucleotide X-ray diffraction data. A Pak4Δγ: ADP 1.58M (NH4)2SO4; 0.05M NaCl; HEPES
pH 7.8; 0.1M MnCl2; red circles depict elongated dots on diffraction pattern suggestive of ice. B Pak4Δγ: ADP
1.51M (NH4)2SO4; 0.06M NaCl; HEPES pH 7.1 C Pak4Δγ: ADP 1.53M (NH4)2SO4; 0.06M NaCl; HEPES pH
7.7.

6.2.4 Surface Plasmon Resonance (SPR)
Due to the lack of crystals in preliminary trials using Pak4: dsDNA, Surface Plasmon
Resonance (SPR) was employed to determine whether there was indeed binding between the
chosen lengths of dsDNA and protein. Previous studies have used gel-shift assays to detect the
presence of binding. The advantage of SPR is that it allows real-time monitoring of DNAbinding and can provide information about affinity and kinetics of the interaction. (Stevenson,
2013 #210).
Surface plasmon resonance (SPR) measures real-time biological reactions including protein:
DNA interactions. Once initial Pak4: dsDNA issues were encountered, SPR was utilised to
determine whether the EMSA experiments conducted by Graham in 2009 were sensitive
enough to detect base-pair specific protein: dsDNA interactions. SPR takes advantage of the
Kretschmann configuration, in which a metal film, and the material under investigation are
deposited onto a sensor chip which is placed on the base of a prism. Once polarised light is
passed through the prism, the angle at which it is reflected provides a measure of the resonance
of the surface plasmons on the sensor chip that have been excited by the polarised light (Fig.
7.8A). Changes in the angle of resonance determine the level of binding between the ligand
immobilised to the sensor chip (e.g. KOPS containing DNA) and the analyte (Pak4), which is
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flowed over the surface of the chip. In an indirect strategy, a single-stranded biotinylated DNA
linker is permanently bound to the streptavidin coated chip. Then, a double-stranded DNA
sequence containing an overhang complimentary to the DNA linker is hybridised to the sensor
chip (Fig. 7.7B). These substrates are easily stripped off the chip-bound linker with the addition
of 1M NaCl and 50mM NaOH allowing the chip to be reused and the single-strand linker to
remain intact.
As outlined in section 2.11, a technique known as “Reusable DNA Capture Technique”, or
ReDCaT, was used which enables a standard streptavidin SPR chip to be used repeatedly,
capturing different DNA sequences. This unique approach to SPR allows for testing of
numerous DNA and protein samples; ideal for distinguishing which length or sequence of
dsDNA is best suited for co-crystallisation (Stevenson, 2013 #210). The flow cell of the
ReDCaT chip follows a typical sensorgram whereby DNA is injected first, followed by the
protein of interest, the protein is then removed, then the DNA is removed, and the response
returns to baseline (Fig, 6.6A).
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Figure 6.6 Examples of SPR using ReDCaT A A typical SPR sensogram depicted the response rate relative to
time. Response rate begins at baseline, rises once DNA and protein are added, then returns to baseline once DNA
and protein are removed. B Serially truncated oligomers were used to depict binding affinity of a protein of
interest. DNA was used at 3 different concentrations, 10nM (pale blue), 50nM (bright blue) and 100nM (dark
blue). C The sensogram for 100nM DNA. The typical sensogram arrangement is observed, a = DNA injection, b
= protein binding, c = protein dissociation, d = protein removal, e = DNA removal (Stevenson et al., 2013).

The SPR example above was the first published use of the ReDCaT system with the MarR
transcriptional regulator from Streptomyces (Stevenson et al., 2013). The authors were able to
show specific DNA binding sites by testing numerous oligomers simultaneously. It was hoped
that these methodologies could be applied to determine the level of binding of Pak4 to KOPS.
It is known that Pak4 can hexamerise in the presence of any dsDNA although for this study, it
was hypothesised that on a substrate containing KOPS, Pak4 would bind in its active, state
thereby yielding a potentially “active” crystal structure (Graham, 2009). Three different lengths
of DNA were tested. One contained the KOPS site with 16 nucleotides upstream and 1
nucleotide downstream (16-KOPS-1). The other was longer with 25 nucleotides upstream and
1 downstream (25-KOPS-1). The final length had 25 nucleotides on either side of the KOPS
sequence (25-KOPS-25). The two longer sequences were also scrambled to test for nonPage 177

specific binding (Table 6.1). Pak4 was tested at a concentration of 7.5µM with and without
Mg2+ and ADP.

Nucleotide name

Nucleotide Sequence (5' - 3')

16 – KOPS – 1 FW

GCGAAGCTTACTGCATGGGCAGGGA

16 – KOPS – 1 REV

TCCCTGCCCATGCAGTAAGCTTCGCCCTACCCTACGTCCTCCTGC

16 – SCRAMBLED – 1 FW

GCGAAGCTTACTGATCGTAAGCTA

16 – SCRAMBLED – 1 REV

TAGCTTACGATGCAGTAAGCTTCGCCCTACCCCTACGTCCTCCTGC

25 – KOPS – 1 FW

GATCGGATAGCGAAGCTTACTGCATGGGCAGGGA

25 – KOPS – 1 REV

TCCCTGCCCATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

25 – KOPS – 25 FW

GATCGGATAGCGAAGCTTACTGCATGGGCAGGGAGCTGAGAGCCTTGAGGCAATAGTT

25 – KOPS – 25 REV

AACTATTGCCTCAAGGCTCTCAGCTCCCTGCCCATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

25 – SCRAMBLED – 1 FW

GATCGGATAGCGAAGCTTACTGCATCGTAAGCTA

25 – SCRAMBLED – 1 REV

TAGCTTACGATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

25 – SCRAMBLED – 25 FW

GATCGGATAGCGAAGCTTACTGCATCGTAAGCTAGCTGAGAGCCTTGAGGCAATAGTT

25 – SCRAMBLED – 25 REV

AACTATTGCCTCAAGGCTCTCAGCTAGCTTAGCATGCAGTAAGCTTCGCTATCCGATCCCTACCCTACGTCCTCCTGC

Table 6.1: Oligonucleotides used for SPR. Note that all reverse primers contain the ReDCaT tag
(CCTACGTCCTCCTGC – highlighted in red). DNA sequences contained either the KOPS consensus site or a
“scrambled” sequence of equal length to KOPS. The number of base pairs before and after the scrambled or
KOPS sequences are specified in the nomenclature. E.g. “16 – KOPS – 1” contains 16 nucleotides upstream of
KOPS, and 1 downstream.

Initially, the oligonucleotides were hybridised to the sensor chip via interactions of the reverse
primer and ReDCaT linker. Once bound (as noted by SPR sensorgram, Fig. 6.6A), Pak4 was
injected at a concentration of 7.5µM. The reaction was prepared in triplicate and took place for
a period of 10 minutes for each protein – nucleotide interaction. Following this, protein was
removed from the solution followed by removal of the nucleotide. Once all available dsDNA
binding sites on Pak4 had been occupied, the theoretical maximal response (Rmax) was
calculated, assuming a single FtsK hexamer binding to one immobilised dsDNA oligomer, with
the level of protein binding expressed as a percentage of Rmax (Stevenson et al., 2013). The
greater the %Rmax, the greater the binding affinity of dsDNA to Pak4. Figure 6.7 depicts SPR
results for Pak4 bound to various dsDNA substrates.
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%Rmax

Pak4 - DNA binding

Pak4

10
9
8
7
6
5
4
3
2
1
0

16-KOPS-1

25-KOPS-1

25-KOPS-25

25-Scr-1

25-Scr-25

4.078346842

5.283206926

6.279141595

4.9142251

8.255714555

Pak4 + ADP

0.125416932

0.32109745

0.349523107

0.342413674

0.336871698

Pak4 + Mg2+

-0.011466851

0.077434331

0.023447673

0.089136519

-0.026077527

Pak4 + ADP + Mg2+ 0.392119112

0.609502753

0.613310979

0.575926405

1.023840507

Figure 6.7: SPR binding results for Pak4 bound to dsDNA. Blue bars represent a Pak4-only solution; purple bars
show Pak4 with ADP; green bars show Pak4 with Mg 2+; and orange bars show Pak4 with ADP and Mg2+. %Rmax
is a calculation of binding affinity. Results taken from single experiment.

The results show that there was little binding to any of the sequences. In fact, the highest
binding was to 25-Scr-25 and this was less than 10% of the predicted maximum binding. The
addition of Mg2+ and ADP was thought to assist in hexamerisation of FtsK in its active state.
This is because Mg2+ and ADP were both used in the resolution of the FtsK structure from P.
aeruginosa (Massey et al., 2006). Further experimentation on Pak4: dsDNA binding will be
necessary to determine idea lengths of dsDNA. Differences in sequence specificity (i.e.
between a KOPS and scrambled sequence) may not be detectable by SPR.

6.3 Discussion
The overarching aim for this structural study was to resolve 4 structures of P. aeruginosa FtsK;
one complete hexamer (Pak4) in complex with double-stranded, KOPS-containing DNA and
the truncated monomer (Pak4Δγ) in 3 different stages of ATP hydrolysis. Pak4 in complex
with KOPS-containg dsDNA would provide important information as to how Pak4 loads, binds
and potentially how translocation is initiated. Visualisation of the hexamer in all three
nucleotide states would provide important information as to the nature of its conformational
changes in the protein during translocation on dsDNA.
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After yielding high quantities of protein through a three-step purification, Pak4 and Pak4Δγ
were tested for their ability to hydrolise ATP in the presence of dsDNA. This ATPase activity
testing showed that the P. aeruginosa FtsK protein derivatives were active and therefore
suitable for ensuing crystallography trials. The absence of the Pak4 γ-domain in ATPase
activity testing did not prevent ATP hydrolysis in the presence of dsDNA. This is due to the
fact that the ATP binding site is located within the β-domain of the protein (Aussel et al., 2002).
Pak4 also retains the ability to bind dsDNA with no specificity (Massey et al., 2006).
However, Pak4 did reach “hexamerisation point” during the ATPase assay at a concentration
of 0.17µM compared to ~3µM Pak4. This may be indicative of a role for γ in hexamerisation.
It is known that 3 γ-domains are required for loading and hexamerisation of FtsK at KOPS
(Lowe et al., 2008). The presence of γ could lead to far more efficient FtsK hexamerisation
whereas in Pak4Δγ, hexamerisation would be more random.
The potential quality of Pak4 crystal structures ultimately depend on the quality of substrate.
The presence of DNA within a crystal structure is likely to influence protein-packing which is
especially important in studies of multimers (Hollis, 2007). For Pak4, it is hypothesised that
the nature of the substrate will affect whether the protein will crystallise in its active or inactive
state. Indeed, it is likely that there will be a clear distinction between monomers undergoing a
translocation step, and those in a rest state, as predicted by the rotary inchworm mechanism for
FtsK translocation as well as in structural studies of E. coli Rho (Massey et al., 2006)
(Skordalakes and Berger, 2003). The crystal structures in Massey’s landmark paper showed
FtsK’s ability to hydrolyse nucleotide derivatives even in the absence of DNA. The molecular
structure and function of this robust ATPase can only be further explored in the presence of a
suitable DNA substrate. If the crystallography portion of this study proved successful, this
would be the first example of a hexameric translocase-dsDNA co-crystal.
Prior experimentation provided detailed data into the nature of suitable substrates for Pak4dsDNA co-crystals (Graham, 2009). It has previously been found that Pak4 has a preference
for loading at KOPS over non-specific DNA and that, while able to load onto DNA of lengths
as small as 10bp, 15-16bp provides the greatest stability (Sivanathan et al., 2006) (Graham,
2009). For this reason, 2 primary dsDNA substrates were chosen for Pak4 experiments: 1KOPS-16bp and 1-KOPS-15bp. Pak4 crystal screens were usually prepared in the presence of
either 1-KOPS-16bp or 1-KOPS-15bp. Plates were prepared with Pak4: dsDNA in one well,
Page 180

and Pak4 only in the neighbouring well. Initially, ADP was omitted from these screening plates
but after several unsuccessful screening experiments, ADP was added in line with previous
data (Massey et al., 2006).
Although over a thousand conditions were trialled with Pak4:ADP and substrate, including
those outlined in Graham’s work, no suitable crystal formations were observed (Graham,
2009). With timeframes in mind, this portion of the experiment was halted and focus was given
to crystallisation of monomeric FtsK in conjunction with one of 3 nucleotides to best mimic its
transition from an inactive, to an active state.
Pak4Δγ readily crystallised in conditions containing (NH4)2SO4 and NaCl. However, the
needle-like crystal morphology in these conditions was undesirable for structural
determination. Numerous methods were trialled at an attempt to improve the fragility and
overall morphology of these needle structures. It was hoped that by utilising microseeds in an
array of different conditions that new morphologies could be birthed. Unfortunately, the
primary shape taken by Pak4Δγ crystals remained needle-like. As shown in figure 6.4, a range
of different morphologies were initially discovered however those differing from needle and
rectangular plates were not protein crystals. Needle-like morphology for X-ray diffraction data
is undesirable as it is difficult to obtain good X-ray diffraction from a crystal in this formation.
Crystal data collection relies on the ability to obtain numerous diffraction images of one crystal
with multiple axes of symmetry. With small, needle-like or plate shaped crystals, the axes of
symmetry are limited thereby making them structurally difficult to solve (Molecular
Dimensions Monograph Series©, 2007). Additionally, needle-like crystals might reflect a very
long asymmetric unit in one dimension that can lead to overlapping spots on the diffraction
image.
Due to the sheer volume of conditions trialled which all yielded the same morphologies, the
nature of Pak4Δγ crystal packing may be of concern. Although small, it is possible that the
His-tag interfered with the crystal packing of Pak4Δγ. It is hypothesised that removal of the
His-tag in future experiments may allow the protein to pack differently and potentiate more
robust crystal formations. To rectify this issue, the creation of a Pak4-TEV or Pak4Δγ -TEV
construct would be necessary. The Tobacco Etch Virus, or “TEV”, protease is highly specific,
recognising the amino acid sequence ENLYFQG (TEV-cleavage site) therefore allowing
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removal of affinity purification tags (New England BioLabs®). This would involve re-cloning
the original constructs to contain the TEV-cleavage site. The His-tag would be removed postpurification and crystallography procedures would take place as above. Unfortunately, due to
time constraints and beam-line access, this portion of the project was begun but not completed.
As an alternative to specifically truncating the original protein construct, limited proteolysis is
another approach that may lead to the formation of a different crystal morphology. In this
approach, the full-length protein (or in this case, Pak4 and Pak4Δγ) is mixed with varying ratios
of proteolytic enzymes and resolved via SDS-PAGE to determine the most stable protein
domains. The domain selected can then be sequenced by N-terminal sequencing and potentially
mass spectrometry (Carey, 2000). Limited proteolysis is more likely to proteolyse the flexible
linker domains (e.g. between FtsK’s α- and β- domains) which may assist in obtaining ideal
crystal morphologies of the protein’s subdomains. Similarly, there are certain proteases
available which can cut at specific points within the sequence. Although a good option for
crystallography, limited proteolysis was not within the scope of this project.
Previously, electrophoretic mobility shift assays (EMSAs), DNA footprinting, chromatin
immunoprecipitation (ChIP) and isothermal titration calorimetry (ITC) have been used for
determination of the ideal protein: DNA ratio for structural studies. The more modern process
of SPR allows for real-time determination of protein: DNA interactions without requiring
radiolabelling. SPR measures the change in the resonance angle when light is passed through
the prism and hits the sample. The resonance signal that is produced is directly dependent on
changes to the sample. The angles are depicted in a sensorgram which reveals different
properties of the protein: DNA reaction. FtsK has shown a preference for binding at KOPS,
thus the KOPS sequence, GGNAGGG, was included in DNA substrate design for SPR
experiments. Different lengths of DNA, with the KOPS site positioned variably within the
sequence, were designed. To act as a control, oligomers containing a “scrambled” KOPS
sequence were included in SPR experiments to confirm the differences in binding first
highlighted by Graham in 2009. The SPR data was unable to differentiate between “scrambled”
and KOPS-containing dsDNA. It is likely that the difference is too subtle to be discernable by
SPR. Furthermore, the binding affinity calculated by SPR (%Rmax) was lower than expected,
thereby making conclusions as to the best size and sequence for ensuing crystallography
experiments extremely difficult.
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Whilst no crystal structures were resolved for this portion of the project, I have provided an
important screening library for future use, detailing exact concentrations and ratios of protein:
precipitant for future Pak4Δγ experimentation. I have also shown that previously published
Pak4 crystallisation data is not easily replicable in a laboratory setting (Massey et al., 2006).
Subtle changes to protein purification buffers, as well as the use of ADPNP and ADP instead
of ATPγS may have inhibited the ability to reproduce these data. The eventual aim for
crystallography studies is to resolve an FtsK hexamer with a mix of nucleotides (ADP and
ADPNP). This would potentially allow for each monomer to be in a different stage of
hydrolysis, providing interesting insight as to how the monomers within a hexamer move in
response to one another, and finally elucidating a clear and sophisticated translocation
mechanism.

6.4 Perspective
It is necessary to resolve a complete crystal structure of Pak4 – dsDNA to understand FtsK’s
mechanism of translocation as there currently remains a divide in the science community about
how translocation occurs. The topics covered in Chapter 1 (sections 1.4.1 and 1.4.2) detail the
primary hypotheses of FtsK translocation. Both theories have missing data that would be
complimented by the inclusion of an FtsK structure bound to double-stranded DNA.
Whilst unable to yield robust crystal structures, in the Pak4Δγ portion of this project protein
crystals were reproducibly obtained in the absence, and presence of ADP and ADPNP.
Unfortunately the morphologies of these crystals were not suitable for structural resolution. No
Pak4 crystal structures were obtained, however, new approaches to determining proteindsDNA affinity were trialled (SPR). With further optimisation and more time, SPR may
become an important tool in progressing the Pak4 – dsDNA crystal project. Further work is
needed in this structural project but this project has laid important groundwork for future
studies.
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Chapter 7: General discussion
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7.1 Introduction
FtsK is an essential DNA translocase in bacteria, responsible for this coordination of cell
division with the later stages of chromosome segregation (Aussel et al., 2002). Initial studies
in B. subtilis of the FtsK homologue SpoIIIE provided excellent insight into the capabilities of
the FtsK family of proteins in vivo (Wu and Errington, 1994) (Bath et al., 2000). Since then,
FtsK research has expanded into many other organisms, notably E. coli and P. aeruginosa.
The structure and function of FtsK has been extensively studied since its discovery in 1995
(Begg et al., 1995). It is known that FtsK translocates newly replicated DNA toward the
terminus region via interactions with KOPS. (FtsK Orienting Polar Sequences). Occasionally,
upon translocating, FtsK comes across newly replicated chromosomes that have become
catenated or dimerised (Fig. 7.1). A catenane occurs when two chromosomes are linked, like a
chain, and are thus unable to divide. A chromosome dimer however, is a replicating
chromosome which has undergone an odd number of crossing over events during homologous
recombination, causing a “Mobius-strip” effect. The bacterial cell has developed a mechanism
for overcoming these harmful dimeric chromosomes known as site-specific recombination. In
collaboration with two tyrosine recombinases, XerC and XerD, FtsK catalyses two sequential
strand-exchange reactions thereby reversing the potentially fatal cross-over that occurred
during homologous recombination.

Figure 7.1: Schematic example of a DNA catenane and chromosome dimer. Two chromosomes (orange and blue)
cannot segregate if they are linked in this manner. TopoIV unlinks DNA catenanes pre cell division and the
XerC/XerD recombination system is responsible for the resolution of chromosome dimers.
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A vast array of crystallographic data now exists for FtsK; primarily from E. coli and P.
aeruginosa. The monomeric and hexameric forms of FtsKC have been characterised, as well as
an NMR structure of FtsKγ, a co-crystal of FtsKγ with DNA and the FtsKγ-XerD fusion protein
(Massey et al., 2006) (Sivanathan et al., 2006 (Lowe, 2008 #15) (Keller et al., 2016). Whilst
these data provide valuable structural information, the exact mechanism of FtsK translocation
is still unknown. A crystal structure of FtsK in the presence of dsDNA would hypothetically
show FtsK in its active, translocating state.
My intentions for this work were to provide more structural and functional information to the
vast, although fragmented library of knowledge of this essential dsDNA translocase.
Specifically, I hoped to show how FtsK interacts with DNA at a molecular level and how the
molecular interactions affect the structure and function of the entire hexamer with each subunit
in relation to each other. I began by validating the conserved nature of XerC/ XerD mediated
site-specific recombination through testing the in vitro recombination reaction outlined by
Grainge et al. in 2011 in a new organism; P. aeruginosa. This in vitro assay would then be
utilised in further experimentation of FtsK inhibition using synthetic compounds, confirming
the necessity of FtsK in the cell. I identified a compound which may provide important
structural information for creation of FtsK targeting pharmacophores, or as an in vitro tool in
FtsK knockdown experiments. I also identified two previously unknown amino acids
seemingly responsible for the FtsKγ – XerD interaction; essential for site-specific
recombination. Structurally, I was unable to provide high-resolution crystallographic data on
the interaction between FtsK and dsDNA; a task that will be an important step for future
understanding of FtsK translocation.

7.2 Examining the In Vitro Recombination Reaction in Pseudomonas
aeruginosa
The conserved nature of the recombination machinery has previously been highlighted in interspecies recombination assays. H. influenzae and L. lactis Xer recombinases and FtsK are
seemingly interchangeable (Yates et al., 2003). Furthermore, P. aeruginosa FtsK can activate
recombination in E. coli Xer recombinases, although this reaction was not able to be replicated
in the context of this study (Massey et al., 2006).
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7.2.1 Escherichia coli FtsK can Resolve a Plasmid Containing Pseudomonas aeruginosa dif
Sites
Throughout this study, pSI56 was used in E. coli recombination assays. The plasmid contains
two E. coli dif sites (2 x GGTGCGCATAATGTATATTATGTTAAAT) in direct repeat (see
Fig. 2.2) and was originally designed to mimic chromosome dimers in the cell (Ip et al., 2003)
(Grainge et al., 2011). Numerous combinations of E. coli recombination proteins have resolved
this plasmid in vitro. It was hypothesised that creation of an almost identical plasmid containing
P. aeruginosa dif sites would allow the P. aeruginosa proteins to recombine the plasmid in
vitro. This plasmid was successfully designed and thus named PapSI56.
The E. coli recombination assay had been successfully characterised in this study. It was
unknown whether KOPS-specificity would affect the reaction at this stage. This assay showed
that not only was E. coli FtsK successful in carrying out site-specific recombination on the P.
aeruginosa plasmid but that the plasmid was active in vitro and could be used for downstream
experiments with proteins from P. aeruginosa.
7.2.2 A Pseudomonas aeruginosa FtsKγ-XerD Fusion Protein is Sufficient for
Recombination
Previous data had indicated a need for FtsK translocation and ATP hydrolysis for Xer-mediated
site-specific recombination at dif (Aussel et al., 2002) (Massey et al., 2004). However, these
results were called into question in 2011 when Grainge et al. were able to show the FtsK γdomain alone can stimulate in vitro recombination.
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Figure 7.2: Schematic representation of products formed during in vitro recombination. Recombination
containing the FtsK translocase motor and γ-domain, XerC and XerD (FtsK + C + D) produce exclusively free
products. Fusion proteins FtsKγ – XerD and FtsKγ – XerC (Cγ , Dγ) produce mainly catenated products with a
small amount of free product observed.

With these hypotheses in mind, it was hoped that in vitro recombination would be observed
using Xer proteins from P. aeruginosa in reactions containing the homologue of the FtsK
hexamer, Pak4. Difficulties in observing recombination with Pak4 were highlighted in several
in vitro recombination assay attempts, using combinations of E. coli and P. aeruginosa proteins
and plasmids. Therefore, the P. aeruginosa FtsKγ-XerD fusion protein (PaeDγ) was created to
observe whether recombination was possible with just the P. aeruginosa FtsK γ-domain.
Interestingly, PaeDγ recombined the chromosome-dimer mimicking plasmid which contained
the P. aeruginosa dif sites (PapSI56) but not the E. coli dif plasmid (pSI56). This was also seen
in the reactions using the E. coli fusion proteins to recombine the P. aeruginosa plasmid. Those
reactions containing E. coli FtsK50C with both E. coli and P. aeruginosa recombinases were
able to recombine both pSI56 and PapSI56.
It is possible that structural differences between Pak4 and FtsK50C are responsible for their
differences in ability to recombine plasmids in vitro. Whilst recombination with FtsK50C has
been previously observed in several instances, this would have been the first example of the P.
aeruginosa protein functioning in an in vitro assay such as this. Changes to Pak4 to make it
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more structurally similar to FtsK50C may be needed (possibly to increase its propensity to form
hexamers) but were not feasible in the confines of this research. Now that this assay has been
shown to work across two different species, it is not unreasonable to assume it could be
extended further. Indeed, toward the latter end of this project, I began purifying FtsK, XerC
and XerD from A. baylyi. A. baylyi FtsK was trialled briefly with E. coli XerC and XerD but a
recombination response was not seen (data not shown).

7.3 FtsK Inhibition – A Potential Scaffold for Pharmaceuticals
Through collaboration with the University of Newcastle’s chemistry department, I was able to
create 11 potential inhibitory compounds of FtsK (see Fig. 4.1). These compounds were
designed to inhibit the ATPase activity of FtsK by inhibiting FtsK’s ATP-binding domain,
thereby preventing ATP-binding and subsequent hydrolysis (Fig. 7.3). Without the ability to
hydrolyse ATP, FtsK is unable to translocate DNA. According to current models, preventing
FtsK translocation would subsequently prevent the resolution of chromosome dimers (Massey
et al., 2006) (Crozat et al., 2010).

Figure 7.3: Monomeric FtsK from E. coli. The ATP (orange) binding domain is located within the β-domain
(purple) and provides the target site for inhibitory compounds. The α-domain is in cyan with the “inside” of the
monomer identified as the dsDNA channel.
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Numerous assays were undertaken to determine whether any of the 11 synthetic compounds
were able to inhibit FtsK’s in vitro and in vivo activity. These assays included; ATPase, growth
curve and recombination assays. Three compounds showing the highest level of inhibition in
ATPase activity assays at varying concentrations were selected for downstream assays:
compounds 4, 8 and 9. These 3 compounds differ significantly in overall structure, however,
compounds 8 and 9 both contain a distal nitrobenzene ring (Fig. 7.4).

Figure 7.4: Compounds 4, 8 and 9 which showed the highest level of FtsK ATPase inhibition as identified by
ATPase assays. Compound 4 continued to show inhibition during growth curve and in vitro recombination assays.

Considering its potency in both ATPase and whole cell inhibition assays, compound 4 was
tested in in vitro recombination experiments. Compared to the positive control, compound 4
was able to significantly reduce recombination levels at a concentration of 100μM. This
reduction in recombination is the first example of an inhibitory compound preventing the
activity of FtsK in vitro without the use of a knockout strain, or mutant blocking its ATPase
activity. This compound has shown almost ubiquitous inhibition of FtsK across a variety of its
functions in bacterial strains. Although considering its dramatic effect against whole cell
growth, there were concerns about its overall cytotoxicity.
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The development of an inhibitory compound against FtsK is the first step in identifying the
possibility that this protein may be an important antibacterial target. It is a multi-functional,
highly conserved and essential protein in bacteria. The need for new antibiotic agents is
becoming dire, as more and more multi-resistant bacteria evolve and are identified. This is the
first attempt at highlighting FtsK inhibition with synthetic compounds, although similar work
has been conducted in FtsZ (Ruiz-Avila et al., 2013). The authors found 2 inhibitory
compounds that specifically bind to B. subtilis FtsZ and disrupt normal Z-ring assembly.
The cytotoxic nature of compound 4 is not ideal for an antimicrobial agent, however, its overall
structure may provide an important scaffold for pharmacophore and, potentially, antibiotic
design. Molecular docking will be able to identify those regions of the compound that give it
cytotoxicity (a possible cytotoxic region is proposed in Figure 4.7A but would need
confirmation), whereas initial docking experiments sought to only inhibit the ATPase activity
of the protein with little to no consideration to its toxicity in eukaryotes. There may also be an
unknown conserved binding pocket in both prokaryotic and eukaryotic ATPases that
compound 4 is able to target thereby causing the mammalian cell lines growth to be inhibited.
The compound could be modified by initially truncating, and perhaps removing as little as
possible of the identified regions of cytotoxicity, then retesting it in vivo. Ideally, compound 4
would be specific to FtsK. This could also be tested by using SPR and comparing binding of
the compound to FtsK with other ATPases. Unfortunately, these experiments were not
achievable in the timeframe of this research. In the short term, compound 4 will be used as a
laboratory derived in vitro tool to knockdown FtsK activity in vitro without the need for mutant
or knockout strains.

7.4 The Interaction of FtsKγ and XerD
The site-specific recombination reaction is an essential part of chromosome segregation and
ultimate cell survival. It is currently well known that FtsK’s γ-domain is responsible for
catalysing the first of two strand-exchange reactions at dif, as carried out by XerD (Grainge et
al., 2011). The exact mechanisms of the FtsKγ – XerD interaction, however, have only recently
been revealed through crystallographic and mutagenesis data. The mutagenesis data was
completed as part of this work and provided important information for the 2016 Scientific
Page 192

Reports publication titled “Activation of Xer-recombination at dif: structural basis of the FtsKγ
– XerD interaction” (Keller et al., 2016).
7.4.1 Mutagenesis at the FtsKγ-XerD Interaction Interface
Site-specific recombination at dif is reliant on the interaction between FtsKγ and XerD (Fig.
7.5). In an FtsK-independent setting, XerC conducts the first strand-exchange reaction, leading
to an unfavourable catalytic state which is quickly reversed. In the presence of FtsK, XerD
catalysis is activated, beginning recombination at dif and eventually leading to a resolved
chromosome dimer. Just 9 amino acid interactions dictate this site-specific recombination
pathway (Fig. 7.5) (Keller et al., 2016). Mutagenesis studies outlined by this research identify
2 of these 9 amino acids as essential in the XerD – FtsKγ interaction (Chapter 5).

Figure 7.5: The interaction of E. coli C-terminal XerD (orange) with FtsK’s γ-domain (green). Specific amino
acid interactions are labelled in the close-up. Areas of no electron density are represented as grey dashed lines.
Hydrogen bonds are represented by yellow-dashed lines. γ-domain helices are H1, H2, H3. The N and C-termini
are labelled as N and C. Figure is adapted from Keller et al. 2016.

The FtsK γ-domain is highly conserved with 4 of the 5 XerD interacting amino acids conserved
between L. lactis, H. influenzae, and E. coli (Keller et al., 2016). The interacting amino acids
on the XerD interface, in contrast, are seemingly more divergent. Regardless, it was necessary
to create both FtsKγ and XerD mutants to observe whether mutating these residues would have
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an effect both in vitro and in vivo. The mutants created are outlined in Table 7.1. Two double
mutants were created; E183A/E184A and R347A/N35A with the hypothesis that these amino
acids play an essential role in the XerD-FtsKγ interaction.
XerD

FtsKγ

E119A

Q343A

E183A

N347A

E184A

R351A

Y187A
W188A
Table 7.1: Amino acid mutations created in this study on the XerD and FtsKγ interaction interface. All amino
acids were mutated to alanine. E – glutamic acid, Y – tyrosine, W – tryptophan, Q – glutamine, R – arginine, N –
asparagine and A – alanine.

These mutations were created in an XerDγ fusion protein and overproduced in a strain lacking
the ftsk C-terminus, for use in vitro and in vivo recombination assays. The only recombination
activity visualised in the assay was, therefore, due to catalysis by the γ-domain from the fusion
protein, and not by any wild-type FtsK (Grainge et al., 2011). There was a large amount of
variation in recombination activity for each mutant. Interestingly, the Q343A mutation on the
FtsKγ reaction interface showed a marked increase in both in vivo and in vitro recombination
(Chapter 5). The W188A XerD mutant was used as a positive control as it is located closely to
the site of interaction with FtsKγ but does not have a direct involvement. This, this mutation
should not directly alter the FtsKγ-XerD interaction. Nonetheless, there was a slight reduction
in recombination in both in vitro and in vivo recombination assays. It is possible that W188
may have another role in the recombination process that was somewhat inhibited through
mutation or may reduce the amount of correctly folded protein. However, this was not
investigated further during this study.
Mutations of neighbouring glutamic acids on the XerD interaction surface resulted in the
greatest reduction in recombination activity. A combination of the E183A and E184A mutation
showed a greater inhibitory effect than either of the mutated amino acids on their own.
According to the structure resolved by Keller et al. in 2016, the location of E183 does not
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appear to be essential for the FtsKγ-XerD interaction. Based on the Cre and XerA models, it
might be essential for the XerC-XerD interaction instead (see Fig. 5.9). It was predicted,
however, that mutating XerD E184 would cause a reduction in the recombination efficiency of
the fusion protein due to disrupting the salt-bridge with R1289 protruding from FtsKγ.
7.4.2 E183A and E184A do not Complement an xerD Knockout Strain
Two E. coli strains, isogenic aside from the absence of xerD in one, were cultured in unison as
part of growth competition experiments (Bigot et al., 2004). Previously, this assay has been
used to show that an XerC/D mutant has an equivalent loss of fitness to an FtsKC mutant when
compared to wild type. This difference is attributed to the lack of a functioning chromosome
dimer resolution system (Capiaux et al., 2002). For these experiments, a vector overproducing
XerD, or its mutant counterparts, was transformed into each strain to test whether
complementation of the xerD knockout would be seen. To act as a negative control, an XerC
over-production vector was also transformed into these strains which did not complement the
xerD knockout.
Due to the level of recombination inhibition seen in previous assays, only the XerD mutants
E183A, E184A and the double mutant E183A/E184A were tested during growth competition.
The experiment also relied on native FtsK (or specifically, its γ-domain) as mutations were
constructed in XerD alone, not the XerDγ fusion protein. As expected, the xerC knockout was
unable to complement the ΔxerD strain as site-specific recombination for chromosome dimer
resolution is not feasible in an XerC/XerC context. Expression of plasmid-borne XerD
complemented the xerD knockout strain to near wild type levels. However, none of the three
tested mutants were able to complement the xerD knockout with the double mutant
E183A/E184A showing a fitness drop equivalent to the strain with XerC overproduction. These
results indicate a strong reliance on the neighbouring glutamic acids in the resolution of
chromosome dimers during site-specific recombination in vivo.
7.4.3 Possible Roles for E183A and E184A in Recombination
The recently resolved FtsKγ-XerD crystal structure most likely shows XerD in its catalytically
inactive state (Keller et al., 2016). A structure in the presence of dsDNA or XerC (or both) may
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potentially capture the active protein interaction, however, this has not yet been achieved due
to difficulties in obtaining protein-DNA co-crystals. Whilst in its inactive state, XerD E183 is
located approximately 5Å from making any meaningful contacts with the FtsKγ interface. It is
hypothesised that a conformational change in XerD, possibly occurring during activation of
recombination, would result in E183 interacting with XerC, rather than the previously
hypothesised FtsKγ interface (Keller et al., 2016). However, E184, even in this inactive
structure does make meaningful contacts through hydrogen bonding and salt bridges with γdomain R1289. This may indicate that the XerD-FtsKγ interaction occurs prior to activation of
the XerC/D heterotetramer and subsequent strand-exchange.
Although the results of the in vitro and in vivo recombination reactions were not statistically
significant, a clear reduction in recombination levels is still observed at least in the E183A and
E184A mutants, and the double E183A/E184A mutant. It is possible then that the high level of
overproduction of XerDγ, caused an increase in recombination activity of the protein compared
to what would be seen in vivo. The covalent bond linking XerD to the FtsK γ-domain in the
fusion proteins differ from the wild-type FtsKγ-XerD interaction. Therefore, the mutagenic
effects may be less pronounced in the fusion protein than the wildtype. This may explain why
the co-culture experiments which utilise the native FtsK γ-domain show a more dramatic
reduction in recombination fitness; close to levels of the negative control.
Overall, this section of work identified two neighbouring glutamic acids which seem to play a
pivotal role in the FtsKγ-XerD interaction, or at least in Xer-mediated site-specific
recombination. E184 directly interacts with FtsKγ, however E183 is not in close enough
proximity with the translocase to make any meaningful contacts. Even so, a recombination
defect is noted when either one, or both amino acids are mutated. This loss in recombination
activity seen in E183 mutants may be attributed to loss of interaction between the surface of
XerD and the C-terminal tail of XerC as opposed to interaction with FtsKγ (Keller et al., 2016).

7.5 Structural Studies
Biochemical studies involving E. coli FtsK C-terminal domain have been centred around the
variant FtsK50C. Whilst FtsK50C has been extensively studied, the protein’s insolubility and
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propensity to aggregate leads to difficulties when attempting to crystallise the protein (Massey,
2006 #211). Pak4 contains 578 C-terminal residues of P. aeruginosa FtsK, an N-terminal
methionine and a C-terminal His-Tag to aid in purification (Massey et al., 2006). This truncated
version of P. aeruginosa FtsK does not aggregate and readily hexamerises in the presence of
dsDNA. It was used in the landmark crystallography studies by Massey et al. and was an
obvious choice for this research. A Pak4 structure in the presence of dsDNA would provide
atomic-level detail as to how a ring translocase operates.
As well as utilising the P. aeruginosa truncated FtsK, Pak4, a derivative lacking its γ-domain
was also trialled (Pak4Δγ). Translocation occurs within the α- and β- domains, whilst γ
provides directionality through interactions with KOPS (Sivanathan et al., 2006). It was
hypothesised that three crystal structures with with ATP nucleotides in different stages of
hydrolysis would be representative of the FtsK motor domain during translocation. Therefore,
crystallography trials with Pak4Δγ in the presence of ATP, ADP.AlF-4 and ADPNP were
conducted alongside Pak4: dsDNA experiments. These trials were perfomed in the absence of
dsDNA to avoid difficulties faced when attempting to crystallise Pak4 in the presense of
dsDNA.
7.5.1 A Pak4: dsDNA Co-Crystal Structure Remains Elusive
Prior experimentation provided detailed data into the nature of suitable substrates for Pak4dsDNA co-crystals (Graham, 2009). In summary, Graham found that Pak4 has a preferentiality
for loading at KOPS over non-specific DNA and Pak4 can load DNA of lengths as small as
10bp but 15-16bp provides the greatest stability. The substrates proposed for ensuing
crystallography studies contained 1bp, followed by a KOPS site with a 16bp tail, thought to be
enough to accommodate both the α and β motors of the protein. The 1-KOPS-16bp substrate
was consequentially chosen as the substrate for Pak4 in this project, with the addition of a 1KOPS-15bp substrate to complement the preference Pak4 has for this length of duplex DNA.
Considering FtsK’s ability to readily hexamerise in the presence of dsDNA, it was
hypothesised that the 1-KOPS-16bp substrate would promote FtsK (Pak4) hexamerisation and
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produce crystals. Unfortunately, in the context of this study, this was not achieved. Thousands
of Pak4: dsDNA conditions were trialled using both commercial and in-house screening kits.
Crystallisation of Pak4 in the absence of DNA was also attempted to no avail.
The difficulties faced when attempting to crystallise this protein-dsDNA structure were likely
both due to the preparation of the protein itself, and the dsDNA construct chosen. Pak4 readily
purifies at high concentrations, the difficulty arose during the crystallisation process. ADP was
present in the published Pak4 structure and was used in the crystallography experiments
outlined in chapter 6, however, the use of alternate nucleotides (e.g. ATPγS or ADP-Beryllium
Fluoride) may prove useful. For future studies, SPR could be a useful tool in order to determine
the best lengths of DNA for Pak4 binding. Whilst this has already been studied using EMSA
and ITC, SPR has not yet been attempted in this context. Optimising SPR experiments for
Pak4-KOPS could prove extremely useful for crystal studies.
7.5.2 Pak4Δγ Readily Crystallises but does not Diffract
Alongside Pak4 crystal trials, Pak4Δγ was screened in a similar manner. Initial conditions
(ammonium sulfate, sodium chloride and HEPES) provided some micro-crystals that were later
used in microseeding experiments. Production of micro-crystals was a promising result,
however the morphology of these crystals was considered undesirable for X-ray diffraction
studies. Therefore, further screening was required to obtain more structurally sound
morphologies for X-ray diffraction.
Changes to protein: precipitant ratio, reaction conditions (temperature, time etc.), use of
commercial screening kits, additive screening, trials with and without nucleotide were all
attempted to obtain desirable crystals of Pak4Δγ. Indeed, several different morphologies were
observed (see Fig. 6.4). Crystals with a rectangular planar or needle-like morphology were
most commonly seen in Pak4Δγ experiments. These crystals were fragile, and difficult to retain
for X-ray diffraction. Nonetheless, a small selection of crystals underwent X-ray diffraction
through remote operation at the Diamond Light Source (Oxford, United Kingdom). Despite the
extensive number of conditions trialled, morphologically favourable crystals of Pak4Δγ were
not obtained. This lead to unsolvable diffraction patterns and poor resolution data. There were
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no sucessfully characterised Pak4Δγ crystals in the context of this study although promising
headway has been made in the area.

7.5.3 Troubleshooting Crystallography
There are many things to consider when attempting to crystallise a protein: DNA complex.
Considerations may be DNA sequence and length, whether the sequence is palindromic,
whether to use blunt or overhanging ends, and how tightly the protein binds DNA.
Undersaturation of either protein or precipitant does not provide a suitable environment for
crystal growth (Fig. 7.6). Although crystals will likely form in the precipitation and nucleation
zones, those that form in the metastable zones are more likely to be more ordered and diffract
in a solvable manner (Blow et al., 1994). Microseeding allows for separation of the two-step
process that leads to crystal growth; nuclei formation and crystal growth. Whilst nuclei
formation usually requires oversaturation of protein, crystal growth often prefers metastable
conditions (Oswald et al., 2008). The crystal morphologies seen in my experimentation were
mostly needle-like and did not diffract. It is possible that these crystals formed in the nucleation
zone, making them less likely to be resolved.

Figure 7.6: Schematic of crystallisation phase diagram. Crystals will likely form in metastable, nucleation and
precipitation zones.
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7.5.3.1 Affinity tags in crystallography
Whilst affinity tags are especially useful during protein overproduction and purification, they
can cause complications during structural studies. Larger affinity tags such as maltose-binding
protein and glutathione-S-transferase are removed prior to structural determination (Smyth,
2003 #563). Smaller functional tags, such as His-tags, are commonly used to aid the
purification process. Historically, the histidine tag is not removed prior to structural definition,
especially for protein crystallography. However, there are some cases in which the presence of
a His-tag during purification and subsequent in vivo assays (including crystallography) may
interfere with a protein’s ability to bind ligands, cause aggregation and potentially alter its
solubility (Majorek, 2014 #564) (Carson, 2007 #565). Utilising TEV protease to remove the
His-tag after purification may be beneficial for future studies of Pak4 and Pak4Δγ preventing
some of the morphological challenges faced in Pak4: dsDNA crystal trials (Kapust and Waugh,
2000).
7.5.3.2 Is SPR beneficial in determination of appropriate DNA substrates?
In the context of this experiment, SPR did not provide any useful binding information about
Pak4: dsDNA. According to the data obtained, Pak4 did not bind any of the dsDNA sequences
trialled, contrary to previous data (Graham, 2009). As FtsK has previously been shown to
readily bind dsDNA, it is likely that these SPR experiments required more optimisation. Due
to time constraints, and accessibility to the Biacore, this was unachievable in the context of this
work. I do believe that SPR will provide very useful binding information, but further
experimentation will be required.
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Figure 7.7: A DNA is tethered using a biotin tag to a streptavidin coated chip (sensor surface, fluoro green arrows)
by which the protein (red dots) is then passed through the flow channel. B The ReDCaT system for indirect DNA
capture involves the use of specialty designed primers containing a complementary DNA overhang to bind the
ssDNA linker and thus the streptavidin chip.

7.6 Concluding Remarks
The work outlined in this thesis sought to provide more information on the intricate
mechanisms of the DNA translocase FtsK. Specifically, its conservation across E. coli and P.
aeruginosa, creation of potential pharmacophore compounds against FtsK, determining the
exact amino acids responsible for the FtsKγ – XerD interaction and attempting to obtain
structural data to elucidate its translocation mechanism. FtsK is a multi-functional, highly
conserved, essential protein in bacteria. Currently, there is not enough known about its
mechanisms of action for FtsK to be a viable antibiotic target. By contributing my research to
the literature, I hope the potential of FtsK as an antibiotic target is eventually realised.
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A large section of my PhD research was dedicated to crystallography trials. Due to the lack of
resources in Australia, this work was conducted at the John Innes Centre, Norwich United
Kingdom. Unfortunately, there was a time constraint placed on my research and I was unable
to achieve what I had originally set out to do. If nothing else, the crystallography portion of my
research highlighted the difficulties faced when attempting to crystallise a dsDNA: protein
complex.
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A.1: DNA and Protein Molecular Weight Markers

Figure A1: Hyperladder I (Bioline)

Figure A3: 100bp DNA ladder (NEB)

Figure A2: 1kb DNA ladder (NEB)

Figure A4: Thermo Scientific PageRuler™ Prestained Protein ladder
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A.2: Conditions used for Crystallography Trials
Crystallography trials were conducted for the proteins Pak4 and Pak4Δγ using a combination
of commercial screening kits and home-made conditions. Conditions were typically prepared
in a UV MRC crystallisation plate with either 96 (Fig. A5) or 24 wells (Fig. A6). These plates
enabled the use of two protein conditions per precipitant. For Pak4Δγ, protein wells contained
Pak4Δγ: nucleotide (ADP, ADPNP or ADP: AlF3) or Pak4Δγ: no nucleotide per precipitant.
For Pak4 trials, protein wells contained Pak4: dsDNA (15bp KOPS or 16bp KOPS) or Pak4:
no DNA per well. Precipitant wells were usually prepared as a gradient of solutions (e.g. A1 A12, A1 – H1, or both) unless commercial conditions were used.

Figure A5: UV MRC crystallisation plate (Molecular Dimensions©)
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Figure A6: 24-well hanging drop plate. Small circles represent protein.

Pak4Δγ crystal conditions
Details of this work can be found in Chapter 6, section 6.2.3.4. All conditions were prepared
in triplicate. That is, 3 x 96-well plates containing Pak4Δγ mixed with nucleotide for each
condition. 1:1 protein: precipitant ratio was initially trialled but was changed to a 2: 1 protein:
precipitant ratio from condition 6 onwards.
1. 0.85 – 2.2M (NH4)2SO4 gradient over 48 wells, 0.1M NaCl, HEPES pH7.0
2. 10% - 40% PEG gradient over 48 wells, 0.2M magnesium formate, pH7.0
3. 1.3 – 1.8M (NH4)2SO4 gradient over 96 wells, 0.05 – 0.1M NaCl gradient over 96 wells,
HEPES pH7.0
4. 1.4 – 1.7M (NH4)2SO4 gradient over 96 wells, 0.05M NaCl, HEPES pH6-9.0 gradient
over 48 wells, MES pH6-9.0 gradient over 48 wells.
5. 1.5 – 1.65M (NH4)2SO4 gradient over 96 wells, 0.05M NaCl, 0-0.1M HEPES pH 6-9.0
gradient over 96 wells.
6. 1.5 – 1.6M (NH4)2SO4 gradient over 96 wells, 0.05M NaCl, 0-0.01M HEPES pH 7.58.5 gradient over 96 wells.
7. 1.5 – 1.65M (NH4)2SO4 gradient over 96 wells, 0 - 0.05M NaCl gradient over 96 wells,
HEPES pH 7.0-8.5 across 96 wells.
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8. 1.5 – 1.7M (NH4)2SO4 gradient over 96 wells, 0.05M NaCl, HEPES pH 7.5, glycerol
10-25%.
9. 1.5 – 1.6M (NH4)2SO4 gradient over 96 wells, 0.05M NaCl, HEPES pH 7.0-8.5 gradient
over 96 wells.
10. 1.5 – 1.7M (NH4)2SO4 gradient over 96 wells, 0.05M NaCl, HEPES pH6-8.5 gradient
over 96 wells.
11. 1.6M (NH4)2SO4, 0.05M NaCl, HEPES pH7.5, PEG3350 0-25% gradient over 96 wells.

Condition utilising a 24-well hanging drop plate and 1:1 protein: precipitant ratio. 3 x plates
were prepared for PakΔγ with nucleotides (ADP, ADPNP and ADP: AlF3) and without
nucleotides.
1. 1.55-1.65M (NH4)2SO4 gradient across 24 wells, 0.02M NaCl, HEPES pH7.5.

Pak4 crystal conditions
Details of this work can be found in Chapter 6, section 6.2.3.3. All conditions were initially
prepared in duplicate with Pak4ADP: 1-KOPS-15bp and Pak4ADP: 1-KOPS-16bp. Subwells
contained protein with or without DNA. Protein: precipitant ratio was 1:1 for all trials.
1. 0.1M imidazole chloride, 0.07M calcium acetate, 20-40% PEG300, pH7
2. 0.2M (NH4)2SO4, 10-40% PEG3350
3. 0.1M Na-HEPES, 0.2M (NH4)2SO4, 25% PEG3350
4. 50mM Na- HEPES, 50mM MgSO4, 1.6M LiSO4

Page 220

Well
A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
C1
C2
C3

Concentration 1

Units 1

0.8 M
1.6 M
2.4 M

Reagent 1

ammonium sulfate
ammonium sulfate
ammonium sulfate

Concentration 2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Units 2
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

Reagent 2
Na acetate pH 4
Na acetate pH 4
Na acetate pH 4
Na acetate pH 4
Na citrate pH5
Na citrate pH5
Na citrate pH5
Na citrate pH5
MES pH6
MES pH6
MES pH6
MES pH6
HEPES pH7
HEPES pH7
HEPES pH7
HEPES pH7
Tris pH8
Tris pH8
Tris pH8
Tris pH8
CHES pH9
CHES pH9
CHES pH9
CHES pH9
Na acetate pH 4
Na acetate pH 4
Na acetate pH 4

Concentration 3
10
20
30
40
10
20
30
40
10
20
30
40
10
20
30
40
10
20
30
40
10
20
30
40

Units 3

Reagent 3

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350

Page 221

C4
C5
C6
C7
C8
C9
C10
C11
C12
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
E1
E2
E3
E4
E5
E6
E7

3.2
0.8
1.6
2.4
3.2
0.8
1.6
2.4
3.2
0.8
1.6
2.4
3.2
0.8
1.6
2.4
3.2
0.8
1.6
2.4
3.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

Na acetate pH 4
Na citrate pH5
Na citrate pH5
Na citrate pH5
Na citrate pH5
MES pH6
MES pH6
MES pH6
MES pH6
HEPES pH7
HEPES pH7
HEPES pH7
HEPES pH7
Tris pH8
Tris pH8
Tris pH8
Tris pH8
CHES pH9
CHES pH9
CHES pH9
CHES pH9
Na acetate pH 4
Na acetate pH 4
Na acetate pH 4
Na acetate pH 4
Na citrate pH5
Na citrate pH5
Na citrate pH5

10
20
30
40
10
20
30

%
%
%
%
%
%
%

PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
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E8
E9
E10
E11
E12
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
G1
G2
G3
G4
G5
G6
G7
G8
G9
G10
G11

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.5
0.6
0.8
1
0.5
0.6
0.8
1
0.5
0.6
0.8

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

Na citrate pH5
MES pH6
MES pH6
MES pH6
MES pH6
HEPES pH7
HEPES pH7
HEPES pH7
HEPES pH7
Tris pH8
Tris pH8
Tris pH8
Tris pH8
CHES pH9
CHES pH9
CHES pH9
CHES pH9
Na acetate pH 4
Na acetate pH 4
Na acetate pH 4
Na acetate pH 4
Na citrate pH5
Na citrate pH5
Na citrate pH5
Na citrate pH5
MES pH6
MES pH6
MES pH6

35
10
20
30
40
10
20
30
40
10
20
30
40
10
20
30
40
5
5
5
5
5
5
5
5
5
5
5

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
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G12
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12

1
0.5
0.6
0.8
1
0.5
0.6
0.8
1
0.5
0.6
0.8
1

M
M
M
M
M
M
M
M
M
M
M
M
M

ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate
ammonium sulfate

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

M
M
M
M
M
M
M
M
M
M
M
M
M

MES pH6
HEPES pH7
HEPES pH7
HEPES pH7
HEPES pH7
Tris pH8
Tris pH8
Tris pH8
Tris pH8
CHES pH9
CHES pH9
CHES pH9
CHES pH9

5
5
5
5
5
5
5
5
5
5
5
5
5

%
%
%
%
%
%
%
%
%
%
%
%
%

PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350
PEG 3350

Table A1: In-house screening kit (KISS) used for Pak4 trials (John Innes Centre, Norwich United Kingdom).
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Commercial screening kits:
Information regarding the commercial screening kits used for Pak4 crystal trials can be found
at the following URLs:
The HELIX™ HT-96 screen (Molecular Dimensions):
https://www.moleculardimensions.com/products/4245-HELIX-HT-96/
The MORPHEUS® HT-96 screen (Molecular Dimensions):
https://www.moleculardimensions.com/products/2734-Morpheus-HT-96/
The Basic Chemical Space (BCS) screen (Molecular Dimensions):
https://www.moleculardimensions.com/products/c497-The-BCS-Screen/
The PACT premier™ screen (Molecular Dimensions):
https://www.moleculardimensions.com/products/2384-PACT-empremierem/
The Additive Screen (Hampton Research):
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