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Abstract

Genome segregation is a fundamental process, occurring across all domains of life.
Bacterial chromosomal and plasmid partitioning systems are well understood, however,
little is known about genome segregation in archaea. This work utilises the low copy
number plasmid pNOB8, from the thermophilisulfolobusNOB8H2, to investigate
archaeal DNA segregationechanismsThe plasmid pNOB8 harbours a partition cassette,
analogous to bacterial segregation systems, encoding proteins AspA, ParB and ParA. Asp.
is a ge-specific DNAinding protein, which binds with high affinity to a palindromic DNA
sequence upstream of thaspAgene, and previous studies established that AspA can

spread along the DNA from this motif and form an extended nucleoprotein complex.

Another identical palindrome is located elsewhere on pNOB8, and this work describes the
interactions of AspA with the DNA at this second site. Bslnift and DNase | footprinting
assays demonstrated that AspA binds avidly to the second palindnowigro, and forms

two discrete binding regions on the DNA, located in phuetative promoter region of an
uncharacterised operon. We speculate that AspA may act as a transcriptional regulator at
the second palindrome, and propose a model describing the functiares of AspA at

each binding site. Furthermore, an array of AspA mutants were generated, and the
specific amino acids that contribute to crucial properties of the protein, such as

DNAbinding, dimerdimer interactions, and dimerisation are reped.

Additionally, to assess the dynamic interactions between pNOB8 and the chromosome,
the host genome was sequenced, and phylogenetic analyses revealedHO®8be a
novel strain ofSulfolobus islandicu$train NOB$2 possesses two CRISP&s systes) a
dissection of which provides evidence of ongoing evolutionary competition between
plasmid and host, and the possibility that pPNOB8 may encode arC&IBPR protein

provides an interesting avenue for future studies.
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Chapter 1

Introduction

1.1 Plasmids

Genome segregation, the partitioning of newplicated DNA molecules and their

subsequent delivery to daughter cells, is a fundamental and vital cellular process that
occurs across the three biological domains. Segregation of genomic material, comprising
both chromosomes and plasmids, must occur accurately in order for correct ploidy to be

maintained in subsequent cellular generations.

Plasmids are extrachromosomal genetic elements; predominantly circular double
stranded DNA molecules, capable of autormus replication independent of the
chromosome (Sherratt 1974). Plasmids are prevalent in bacteria, but are also found to
inhabit archaeal cells (Zilleg al. 1996), and some eukaryotes, including yeasts and plant
mitochondria (Handa 2008, Utatsat al. 1987). Plasmids are small molecules compared

to the host chromosome, but vary in size, from a few kilobases to greater than one
megabase. They are usually present in multiple copies; ranging from larger size, lew copy
number plasmids, to artificially derivedloning plasmids, which may be present in
hundreds of copies per cell. Copy number is usually stable within a given host under

defined growth conditions (del Solar & Espinosa 2000).

Typically, the presence of a plasmid induces a metabolic burden on dbie (Nillior
Weaver & Camps 2014), however in return, plasmids confer benefits to their hosts,
encoding noressential proteins that aid pathogenicity and virulence (Wang 2017), or that
allow the host to survive in different environments and compete withhest
microorganisms in the same specific niche (Heuer & Smalla 2012). Bacterial plasmids
frequently encode antibiotic resistance genes, allowing the host to survive and persist
when challenged with antibiotics (Bennett 2008, Jacob & Hobbs 1974). Furthermore
these resistance genes can be disseminated on plasmids throughout a populagoal(Li
2019), providing resistanagan massePlasmids are also important drivers of evolution via
horizontal and vertical gene transfer, due to their ability to transfetween cells,
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modulate gene expression levels with changes in copy number, and integrate into the
host chromosome (titer et al. 2017, Sheet al. 2004, Shintaret al. 2015). Plasmids also
typically harbour genes whose products selfjulate such process as plasmid copy
number control (del Solaet al. 2002), conjugation mechanisms (Firth & Skurray 1992)

and maintenance and partitioning systems (Pilla & Tang 2018).

1.2 Mechanisms of plasmid maintenance

1.2.1 Random diffusion model

Given theusefulness of plasmids to their hosts, it is clearly important that plasmids are
maintained in a population, and after DNA replication, are successfully inherited by future
cellular generations. In the case of higbpy number plasmids, which, unlike théaw
copynumber counterparts, do not harbour genes encoding active partitioning systems
(Baxter & Funnell 2014), random diffusion alone has been advanced to explain their
delivery to daughter cells (Durkacz & Sherratt 1973). The random diffusion model
assuimes that if plasmids are present in sufficient number, they will stochastically be
segregated and each daughter cell should inherit at least one plasmid copy. In
mathematical terms, the probability of a plasrfite daughter cell after binary fission

can be calculated using the equatioB ¢ , where n represents the number of
plasmids in the cell. This means that for a cell containing ten plasmid copies, the
probability of a plasmidree daughter cell is approximately 1 in 500, and clearly for cells
harbouring much greater copy numbers, thigpability becomes incredibly small. The
stochastic dissemination of plasmids would therefore be sufficient for their stable
maintenance in a population, and removes the requirement for an active segregation

system(Figure 1.1)

However, data from micros@y experiments to visualise plasmid localisation has led to
the random diffusion model being questioned. The bacterial plasmid ColE1 was found to
localise mainly at cell poles, and was excluded from the nucleoid, the volume of the
chromosome (Reyesamotle et al. 2014). Another study using fluorescenlipelled

high copynumber plasmids again found them to cluster in large numbers at both the cell
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poles and mietell, with plasmid replication also occurring in the nuclefoee spaces at

the cell polesHere, occlusion from the nucleoid and subsequent positioning at cell poles
ensures that daughter cells receive newplicated plasmids (Hsu & Chang 2019). These
observations and many others have generated alternative hypotheses for the segregation
of high-copy number plasmids. One suggestion is thaigh-copy number plasmid
segregation is a regulated process, relying on interactions of the plasmid origin of
replication with chromosomalkgncoded proteins rather than those present on the
plasmid itself, although these factors await identification (MiliMfeaver & Camps 2014).
Alternatively, it has been demonstrated thilaigh-copy numberplasmids are present both

in clusters, and also single copies that are randomly distributed throughout the cell
volume, including within the nucleoid volume. This 'hybrid distributioodel posits that

a combination of random distribution plus clustering is sufficient to maintain a stable
population of plasmids without requiring any active partitioning mechanism (\Véarag

2016, Wang 2017).

High copy-number Low copy-number

00 % OO0~

Segregation
mechanism

Random diffusion

e O

Figure 1.1. Segregation ofigh and low copynumber plasmids.(Left) Plasmids occurring at sufficiently
high numbers within the cell could be stochastically transmitted to daughter cells by random diffusion
alone. (Right) Low copyumber plasmids cannot rely on random diffusion, @&t encoding an active
segregation system.
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1.2.2 Postsegregational killing

Postsegregational killing, also known as toxin/antitoxin (TA) or addiction systems, is
another strategy by which plasmid loss within a population may be controlledbasie

for this is that daughter cells which do not inherit a copy of the plasmid because of
replication and/or segregation defects will be killed, thus removing plasragl cells

from the population(Figure 1.2a (Hayes 2003, Tsang 2017). The TA systes fikst
elucidated several decades ago, and was found encoded on the low copy number
Escherichia coplasmids F and R1 (Ogura & Hiraga 1983, Geztdak 1986). TA systems
generally comprise two genes, encoding a toxin and an antitoxin, of which the itoai
protein, and the antitoxin may be a protein or nonding RNA. The toxin protein kills or
disarms cells from within, targeting a range of different structures or processes necessary
for the cell's growth or survival; including disrupting proteintegsis by RNA cleavage,
interfering with chromosome topology and DNA replication, and damaging the cell

membrane (Kdzierska & Hayes 2016).

The antitoxin protein may either bind the toxin and neutralise its activity, or, if the
antitoxin is a smalRNA, it may inhibit translation of the toxin mMRNA. The TA complex is
inherited by daughter cells even in the absence of the plasmid, and after degradation of
the antitoxin by host enzymes, the toxin is free to damage the host cell as the antitoxin
cannot ke regenerated (Hayes 2003). TA systems are also found to be chromosomally
encoded, and multiple different TA modules may be found on the same chromosome
(K'dzierska & Hayes 2016), although the function of chromosomal TA loci is to ensure
persistence and aptation under different environmental stresses (Geragsal. 2005,

Ramageet al. 2009).

TA systems are characterised according to the mechanistic basic of neutralisation by the
antitoxin, and currently six classes or types have been identified, wéhlgpe | and Il
antitoxin gene product being a nesoding RNA, and Types I, IV, V and VI antitoxin genes
encoding a small protein (Page & Peti 2016). The first Type | TA system to be identified
was the hok/sok gene pair in plasmid R1, whetek (host killing) encodes the toxin
protein, a short transmembrane peptide that disrupts the host cell membrane (Gerdes &

Wagner 2007). Theokgene guppressor okilling) encodes a rapidigecaying antisense
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RNA that basgairs withhok mRNA, which originally was thought to directly inhibit Hok
translation. However, a third genenok (modulation of killing) was discovered that
overlaps with and regulatdsok expression, and it is the translation wiok that is blocked
by Sok RNA (Thisted @erdes 1992). Thus, Sok RNA inhibdk translation indirectly,
whilst the RNA duplex formed by Sok RNA &o# mRNA is targeted for cleavage by
RNase Il(Figure 1.2h (Gerdes & Wagner 2007).

(A) -
@ B Sstable toxin
‘ . . ( Unstable antitoxin
Plasmid maintenance Plasmid loss
- « r N
® |- -
. . N /
@
(B)

RNA antitoxin Toxin
P
Sok RNA hok mRNA

RNase Il Membrane
degradation lysis

Figure 1.2. Possegregational killing, or Toxin/Antitoxin (TAplasmid maintenance(A) The differing fates

of cells which either inherit plasmids, or suffer plasmid loss after segregation. If plasmids are lost, anti
toxins will be degraded and not replenished, causing cell death. Adapted from Tsang(BPCartoon
representation of thehok/sok Type | TA system, showing the toxin protein in red, and the RNA antitoxin in
blue. The system has been simplified to not include ek gene, which overlaps withok Adapted from

Page & Peti 2016.
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1.2.3 Active plasmid partitioning mechanisms

Given that plasmids occurring in low copy numbers (e.g. less than ten copies per cell)
cannot rely on stochastic diffusion mechanisms alone for their maintenance within a
population, an active mechanism by which plasmids can be segregated and delivered to
daughter cells is necessary (Bouet & Funnell 2019). This mechanism, mediated by DN/
partition systems, is widespread across microbial taxa, and is found to be both
chromosomally and plasmiencoded (Baxter & Funnell 2014). Given their relative
simplicity,bacterial plasmids have been utilised as model systems to understand genome
segregation systems through study of plasmid partition systems (Hayes & B&@6b,
Schumacher 2008).

The active partition systempdr for short) have a relatively simple genetic organisation,
typically being comprised of three elements; two proteins and a centrodikeeDNA
sequence that acts as a site of recruitment of the proteins and assembly of a
nucleoprotein complex dubbed the gesome (Hayes & BaélR006b). The DNA partition
sites, which may be thought of as functional analogues of eukaryotic centromeres, can be
located either upstream or downstream of the partition operon and differ in their
organisation, but comprise repeddNA sequences that may be direct or inverted, or
contain palindromic nucleotide arrangements (Bouet & Funnell 204#8yes & Bar#l
2006a, Schumacher 2008). The DNA patrtition site is generally denofe Sihowever

the nomenclature of the centromere d&rs across systen(gigure 1.3.

The two proteins of the partition system are a DNiAding factor, often termed ParB,
which exhibits specificity for thparSsite(s), and an ATPase or GTPase motor protein
denoted ParA, which is recruited into the nucleoprotein complex formed by-pan8
interactions. TheparA and parB genes are typically encoded in the same operon
(Schumacher 2008). Thus, the typical genetic organisation of a plasmid partition module is
parABS and this nomenclature will be used henceforth when describing these
componens in general, although the names of individual proteins and centromeres may
change dependent on the particular system. aeABSarchetypal partition system was

first described for low copy number P1 plasmideofcol(Austin & Abeles 1983).
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Centromere sites

— P1 parS
Type la
| Fooos ) 4 op bbb -
——pB171 v}vv A BB A B B v A B B
parC1 ) )) ) 35 -10 )
Type Ib
TP228 :
— parH +35 A
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Type IV erKC;I W
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Caulobacter crescentus | o
parS kb

Cori

Figure 1.3. The diversity gbar centromerelike sequencesA schematic representation of the different
organisations of centromeric sites found in egudr system. The arrows represent the orientation of the
direct or inverted repeats that comprise the centromere. The numbers inside the first arrows indicate the
length of the repeat in baspairs. Different shadings represent different repeat motifs. T8& and-10
promoter boxes are displayed where relevant. All centromeres depicted are from plasmids, except the
bottom one which depicts the chromosomphrSsites of C. crescentyswhich is located ~ 8 kb from the
origin of replication Cor). Thepar arrows are not to scale. IHF = integration host factor. Adapted from
Hayes & Barél 2006a, Toret al.2008, Bouet & Funnell 2019.
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Partition systems are subdivided into several classes, based on the characteristics of the
ParA motor protein. Currently, three main types of partition system are known, with a
fourth segregation system type more recently proposed. Type | systems, theéofipe
elucidated and including th@arABSmodule from plasmid P1, encode a Walkgpe
ATPase, named for its Walk&rmotif that mediates binding to ATP. Type | systems are
the most widespread of the partition systems, and are subdivided into Typesdidban
based on the relative size of the Par proteins and the positioning of the centromere
relative to thepar genes. In Type la systems, which include those fomoliplasmids P1

and F, the Par proteins are larger, and the centromere is located dogamtof thepar
operon. In Type Ib systems, their Par protein counterparts are smaller, and the

centromeric site is found upstream of tipar operon(Figure 1.3.

Type |l partition systems include an ATPase protein which belongs to the actistheck
protein superfamily and is therefore an evolutionary homologue of eukaryotic actin,
which performs a structural role in the formation of cytoskeletal filaments in eukaryotic
cells. The Type Il ATPase is therefore labelled -ik&n Type Il systems encod& a
GTPase motor protein which again has ancestral homology to another eukaryotic
cytoskeletal protein tubulin, and is labelled tubulike. More recently, noftanonical
partition systems have been uncovered on the broad hasige plasmid R388 and
plasmidpSK1 fronStaphylococcus aure&uynet & de la Cruz 2011, Dmowski & Jagura
Burdzy 2013). In both cases, it appears that only a singletiding protein is required

for plasmid stability without the requirement for an ATPase motor protein. Although the
mechanisms underpinning segregation are unknown, these modules are proposed as
Type IV partition systems. The genetic organisation and componentry of the four types of
partition system are shown iRigure 1.4 and have been reviewed extensivelyafes &
Baiilla 2006a, Schumacher 200Barila 2010,Million-Weaver & Camps 2014, Baxter &
Funnell 2014, Misrat al. 2018,Bouet & Funnell 2019). Type | partition systems are not
only encoded on plasmids, but are also found on many bactehi@mosomes\W{anget

al. 2013), with bacterial chromosomes often harbouring sevpalSsites close to the

replication origin (Badrinarayanaet al. 2015, Funnell 2016).
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Although knowledge of prokaryotic DNA segregation systems has primanihe doom
studies of bacteria, similar partition cassettes have more recently lescribed on
archaeal chromosomes and agimids, one of which is the focus of this study. The
chromosomal segAB locus of S. solfataricuswas found to encode SegA, a ParA
orthologue, and SegB, an archaggecific factor that nevertheless displayed sisgecific
DNAbinding activity similar to bacteridParB proteins (Kallioma@anfordet al. 2012).
The segABcassette is not specific t8. solfataricusas it was found to be present i

variety of species within the Crenarchaea and Euryarchaea phylagBafis).

Of particular relevance to this study is the partition cassette encoded on the conjugative
plasmid pNOBS8, harboured by tlslfolobusstrain N@B8H2. This cassette is unusual as

it comprises three genes rather the more common bicistronic arrangement found in
bacteria. Two of the gene products share homology withtéaal ParB and ParA family
proteins, whilst the third, AspAdid not (Schumacheet al. 2015. Similar tosegAB the
aspAparB-parA locus was not confined to pNOBS, but is harboured by a range of

crenarchaebspecies, on chromosomes and plasmids (Schumasthadr2015).
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Centromere
NTPase CBP sites
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Figure 1.4. Genetic organisation of different partition system class€be partition cassettes of different

par systems types are shown. Partition types are hamed based on their NTPase proteins, whose genes are
coloured dark and light blue for Types | and Il, and purple for Type lll. The genes encoding cenrtromere
binding proteins (CBPs) are coloured light and daeerg for helixturn-helix and ribborhelix-helix protein

motifs respectively. The Type IV system is labelled orange, and the mode of binding of its Par protein is
undetermined. The chromosomalgncodedpar system fromC. crescentuss also shown. Geneseadrawn
approximately to scale. Adapted from Bouet & Funnell 2019.
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1.3 Segregation system types

1.3.1 Type | segregation systems

Type | partition systems, defined by their Walkgpe ATPase motor protein, were the
first to be described for plasmids P1 and FEincoli and are the most prevailing type
found on plasmids, having also been characterised for plasmids RK2 and pHEELZblin

and plasmid TP228 iBalmonella enteric§Bouet & Funnell 2019). The CBP for type |
systems is generally known as ParB, although homologues encoded on distinct plasmids
may have different names (e.g. SopB), and-homologous but functionally anajous
proteins such as ParG of TP228 also belong to Type | sydteguse 1.4) Type | systems

can be further subdivided into Type la and Type Ib; in each casedh® gene is
upstream ofparB however the centromere location varies; in Type la systenis it
downstream ofparB but upstream of thepar operon in Type Ib system&igure 1.4)
(Schumacher 2008). The size of the partition proteins is also a distinguishing factor
between Type la and Type Ib systems; in Type la systems both proteins are oreaverag
larger than their Type Ib counterparts. Typical sizes for ParA of both systems a4@®251
amino acids (lagf. 208-227 (Ib), and for ParB they range from 1836 (la)cf. 46113 (lb)
(Schumacher 2008). The larger size of Type la ParA proteins hasdabald@ional
functionality, as here, ParA is involved in both segregation and the transcriptional
regulation of the par operon. This regulatory activity is mediated by an additional
N-terminal region of around 100 amino acids, containing a Hali-helix (HTH)
DNAbinding domain. In the case of P1 ParA, binding to adenosine diphosphate (ADP)
induces a conformational change that enables it to bind togheoperator and suppress
transcription (Dunharret al. 2009). Type |Ib ParA proteing diot act as transcriptional
regulators, but in both Type | subgroups, the ParA motor proteins are capable of binding
non-specifically to nucleoid DNA (Baxter & Funnell 2014). The autoregulation gfthe
operon is of vital importance to the correct maémance of the plasmid; overproduction

of either ParA or ParB has been shown to disrupt the partitioning of plasmid P1 (&beles
al. 1985, Funnell 19&8. In Type Ib systems, it is the CBP which acts to autoregulate
transcription, as demonstrated by ParGTd°228 (Carmelet al. 2005).
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1.3.1.1 Type la systemparABSand sopABC

Two of the most widely studied examples of Type la partition systems are those
harboured byE. coliplasmids P1 and F. The archetypatABSpartition system from P1

was described by Abeles and colleagues in the 1980s, who defingtihegion as being

~2.7 kb in size, incorporating the genes encoding ParA and ParB proteins, along with the
parSsite downstream ofparAB Thepar region was sbwn to be essential for plasmid
maintenance, and so described as functionally analogous to eukaryotic centromeres
(Austin & Abeles 1983, Abeles al. 1985). TheparScentromere is roughly 80 bp, and
displays a high level of complexity, as it comprises fiaoking portions that contain a
non-symmetrical arrangement of heptameric and hexameric nucleotide motifs, named
the Abox and Bbox respectivelfFigure 1.5 Hayes & Austin 1994). An additional central
region between the two flanking arms had previously been shown to act as a binding site
for the endogenous integration host factor (IHF) protein (Funnell 1988b). Binding of IHF to
this central sequence promotebending of the DNA in such a way to mediate the
recognition of both Aand Bboxes by the CBP ParB, which binds as a dimer and bridges
the flankingparSregions, bringing them togethefFigure 1.5)(Hayes & Barilla 2006a,
Schumacher 2007). This nucleomiot complex, formed aparSby the interactions of

both IHF and ParB with specific DNA sequences, forms an assembly to which the motor
protein ParA is recruited to drive plasmid movement throughth# segregatiorprocess
(Erdmanret al. 1999).
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(A)

P1 | parB

parS

(B)

ﬁ ParA-ATP === B-box
@ ParA-ADP = A-box

@ ParB @ HF

Figure 1.5. ParABof plasmid P1 (A) The partition cassette of plasmid P1 showing feB and parA
genes, and the downstreaparScentromere. The ParB protein binds as a dimer topheSrepeat motifs.

The ADPbound form of ParA binds in the promoter region to awegulate transcription, whereas the ATP
bound form of ParA is recruited into the partition complex to function in ipiaspartition. (B) Cartoon
representation of the partition complex; integration host factor (IHF) binds to the DNA and induces
bending, allowing the ParB dimer to contact both DNA arms via interactions with bathd®Bbox motifs
within parS Colour schme follows Figs 1.3, 1.4. Adapted from Hayes & B&D6a.
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Another extensively studied Type la segregation system is that oEtrmliF plasmid.
Here, the partition system was identified within~-8 kbsegment outside of, but adjacent

to the region containing the mifit plasmid origin of replicatiorgri. (Ogura & Higara
1983). Similar to that of P1, the F plasmid segregation rnedantains two genesopA

and sopB and a downstream centromeric siteppC where sop is stability of plasmid.
SopA is the ATPase motor protein, and SopB the centrofmiedéng protein. All three
components were shown to be necessary for correct plasmid partitioning (Ogura & Higara
1983). The P1 and F operons are of similar size, however one differertat iHilst
sopCis larger thanparS its genetic arrangement is simplesopC consists of 12
consecutive 43 bp direct repeats with a central 14 bp inverted reffégure 1.3YMori et

al. 1986). SopB was demonstrated to bindvitro to each of the inveed repeats within

the 12 direct repeats, whilst SopA was shown to recognise and bind to specific sequences
within the sopABpromoter region, with binding enhanced at some sequences by the
addition of SopB (Moret al. 1989). SopA was therefore suggested gerform an
autoregulatory role, similar to that of ParA, with its relatively weak intrinsic
transcriptional repression activity enhanced by SopB acting as a corepressor (&tieno
1998). This is consistent with the observation that ParB, in conjungtith ParA, down
regulated parAB expression to a greater extent than its attenuation by ParA alone
(Friedman & Austin 1988).

One difference in the formation of the partition complex by SdpBA interactions
compared with that of ParB, is that no additalrfactor is required for CBP binding. The
SopB protein binds as a dimer sopCwithout distorting the DNA, facilitated by its HTH
DNAbinding domain. The SopBté€minal dimerisation domain was found to display no
DNAbinding activity, unlike that of PRParB, however, the central DNA binding domain
gl a ftaz2 akKzgy G2 KIFIO@S WaSO2yRIFINEBEQ RAYS)
together SopB dimers located on separate DNA duplexes (Schumeicakr2010). The
specific DNAinding activity of SopB ahe sopCsite, and formation of the partition
complex, then acts as a site of recruitment for SopA, with SopB interacting with SopA via
the first 45 amino acids of its -férminal domain (Raviret al. 2003). The specific
mechanisms by which the CBPs and ongtroteins act in concert to promote plasmid

segregation will be discussed in later sections.
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1.3.1.2 Type Ib systenparFGHof TP228

Plasmid TP228 is a multidrug resistant conjugative plasmid that was first identified in
Salmonella entericaéerovar Newport. After transformation of the plasmid ino colj
TP228 was shown to replicate at low copy number, but with stable maintenanae2aite
generations, indicating that this may be due &m active segregation system (Hayes
2000). The stable maintenance of TP228 was shown to be due to a partition system
similar to those previously described, comprising two genes and a centromeric site
named parFGH Here, the ATPase motor protein is ParF, which contains a Atgpker

motif and thus is a homologous member of the ParA superfamily. The CBP in this system
is ParG, which is unrelated to ParB proteins, but which performs an analogous function by
binding © a specific region upstream of thearFGgenes, denotedparH (Figure 1.6)
(Barile & Hayes 2003)

This upstream centromeric site is in contrast to the downstream locatigra®and sopC
relative to the partition genes, in part defining the TP228 pamitsystem as belonging to
Type Ib. TheparHsite consists of 12 tetrameric repeats separated by 4 bpiéTspacer
sequences. In addition, downstream of the putative promoter region, and upstream of
the start of theparFGgenes, another eight tetramerimotifs are present, which were
designated as the operator siteg@igure 1.3, Figure 1.@xampiniet al. 2009). The CBP
ParG was demonstrated to bind as a dimer to each repeat motif in botipahnidand G
sites. ParG acts as a repressor to autoregulate transcription opaneGoperon when

bound to the operator sites (Carmedt al. 2005).

The role of PdB in plasmid stability was measured by progressive deletigradfl motif

pairs, resulting in reduced levels of plasmid retention levels. Interestingly, tmeg®n
alone also displayed the ability to act as a centromere, though in reduced capacity
compaed to parH(Wu et al. 2011). ParG binds as a dimer to the specific DNA sequence
by way of a ribborhelixhelix (RHH) @rminal folded domain. This folded domain,
comprising intertwined @erminal helices from each ParB monomer, also serves as the
dimerisation interface of the protein (Golovanoet al. 2003). ParG also has an

unstructured Nterminal domain, which performs several roles: modulation of DNA
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binding at both theparH and O sites (Carmelet al. 2005, Wuet al. 2011), along with
interactions with the partner protein ParF to promote plasmid segregation. These ParG
ParF interactions, and a model for the partitioning of TP228, will be discussed in later

sections.

Figure 1.6. ParR&partition system of plasmid TP228The genetic organisation of tigarFGHcassette,

with genes encoding the CBP ParG, and the ATPase ParF shown in dark green and blue respectively. Par
binds to Or, the operator region of the promoter to autoregulate transcription, andp@arH to form the

partition complex, where it recruits Pa. Colour scheme follows Figs 1.3, 1.4.
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1.3.2 Type Il systemparMRCof R1 plasmid

Bacterial plasmid segregation systems are categorised according to the type of motor
protein they encode. Type | systems utilise a Watgpe ATPase, whilst in Type I
systems, the ATPase proteins contain an aldtm fold (Schumacher 2008). The Type |l
system found on the antibiotic resistant plasmid R1 friancolis a weHlstudied example,

in which the parMRClocus comprises the actin homologue ParM, the BEbWAling
protein ParR, and the upstream centromdike regionparC(Sengupta & Austin 2011).
The genetic organisation of the locus, the relative size of the two proteins, and their
respective functions, is similar to that of TypepHr systemg(Figure 1.7A)The upstream
centromerelike parC site was found to be composed of ten 11 bp direct regeat
organised into two equal clusters of figeigure 1.3) The two clusters are discontinuous,
being separated by a region of 39 bp, in which pagMRpromoter lies. The property of
transcriptional repression of the locus was mapped to ParR, whilst ttie-lde ParM

was not implicated in repression (Jenseh al. 1994). The contribution of both the
promoter element and the direct repeats was assessed by progressive deletion of the
repeats, with plasmid stability decreasing concomitantly, whilst replacena the

promoter did not negatively affect stability (Bneer et al. 1996).

ParR was also found to exhibit specific BNiAding activity m vitrotowards theparCsite

via electron microscopy studies, here functioning to pair together two separate DNA
molecules, thus demonstrating a role in plasmid segregation (Jeesah 1998). The
physical interaction of ParR grCwas shown to be mediated by the formatiori a
dimeric RHH structure at the-términi of the protein, based on structural analysis of a
ParR homologue frork. coliplasmid pB171 (Mller-Jenseret al. 2007). ParR dimers bind

to the parCrepeat sequences in a cooperative fashion, causing the DNA&nd mto a
U-shaped structure that wraps around ParR molecules to form a (kgure 1.7B)
(Mgller-Jenseret al. 2007, Hioscheetalb wnny > {Fft2AS g [ ©S
the partner ATPase Parlte mediated by the @erminus of ParR, which binds to ParM
FAEFLYSyGa o{lft2AS 9 [ 6S HnnyovI HK2a&aS L

movement(Mgller-Jenseret al. 2003).
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(A)

(B)

| ParM-ATP

@) PaR [ ] ParM-ADP

Figure 1.7. Par MBof plasmid R1(A) The genetic organisation of themrMRCcassette. The CBP ParR and

the ATPase ParM are coloured dark green and light blue respectively. ParR binds to the operator region of
the promoter to autoregulate transcription, and fearCfor plasnid segregation. ParR recruits ParM into

the partition complex. Not alparCrepeats are shown(B) The model forparMRCsegrosome assembly.

ParR binding to th@arCsites bends the DNA into a riige structure. Filaments are formed from ADP
bound ParMwhereas AT#ound ParM is inserted at the ParR interface. Colour scheme follows Figs 1.3,
1.4.
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1.3.3 Type lll and Type IV systems

Type Il and Type IV partition systems are those most recently described. Type Il systems
are distinct from those of Types | and Il as their motor protein is a homologue of
tubulin/FtsZ, containing neither Walkéype motifs or actidike folds (Schumach&008).

Type Il systems are similar to those previously described in that they comprise two genes
and a centromerdike site, however the genetic organisation differs, as the-@&f@ding

gene comes before that of the motor protein in the oper@igurel.4). A Type Il system

was identified on the pBtoxis virulence plasmid, harbouredBacillus thuringiensjs
comprising the GTPase motor TubZ, the EiiAling protein TubR, and the centromere
tubC located upstream of théubZRgenes (Tangt al. 2006, Niet al. 2010). TheubC
centromere was originally found to contain 4 sets of 12 bp direct repeats (€t
2006). However later analysis extended the centromeric region to comprise two clusters
of three and four repeats respectively, separated by 54(Bigure 1.3)Aylett & L we

2012). TubR was found to bind to repeats as a dimer, and although the protein contains a
N-terminal winged HTH motif, the DNAteraction mechanism was found to be distinct
from other HTH proteins, with recognition helices anithgs able to insert into adjacent
major and minor grooves respectively @ial. 2010). TubR, similar to other partitioning
proteins, was demonstrated to negatively regulate expressicuilaf (Larseret al. 2007).

The GTPase TubZ binds to TARRA viats flexible Germinus, and has the ability to form
filamentous polymers in a Gidependant manner, that act dynamically to transport
plasmidbound cargo within the cell in a process dubbed treadmilling (Laeseh 2007,

Niet al.2010, Barik 2010). Tis mechanism will be described in a later section.

Lastly, there are a few examples of potentially new partition systems distinct from
Types |, Il and lll. The first, found on ®&@phylococcus auregdasmid pSK1, is unusual
as it comprises a single gene, rather than two. The gene, cpiedwas shown to
mediate pSK1 stability, implying that it plays a role in active partitioning (Simgisaih
2003). The candidate centromeli&e site is located wgiream of par, and comprises
seven direct repeats plus one inverted repeat that could represent binding sites for the
Par protein(Figure 1.3) The Nterminal domain was shown to harbour a HTH BNA

binding motif, whilst the region towards thet€rminus waredicted to form a
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coiled-coil, suggesting that the protein may be able to form oligomers (feirthl. 2000,
Simpsoret al. 2003). The Par protein was found to lack an-Bifiding motif, therefore it
is unknown whether Par has dual functionplits both CBP and motor protein in this

system (Dmowski & JaguBurdzy 2013).

A second plasmid partition system that only requires one protein for stable maintenance
was found encoded on the broad hestnge plasmid R388. Here, an operon containing
three genes is present, but only the firstbA is required for plasmid stability, whilst the
second stbBwas implicated in plasmid conjugation (Guyeétl. 2011). The centromere

like site is located upstream of the operon, and comprises two sdige® bp repeats, to
which StbA bound sitepecificallyin vitro. Interestingly, StbB harbours Walkigpe
motifs and is thus a putative motor protein, however StbB was not required for plasmid
stability. It is conjectured by the authors that the segregatof R388 either requires only
one protein, as described above for pSK1, or that it requires an endogenous motor
protein supplied by the host (Guynet al. 2011, Gynet & De la Cruz 2011). Both the
pSK1 and pR388 segregation apparatus have been dedanlike literature as potential
Type IV partition systemsSelected plasmidand chromosomalhencoded partition

systems found in baetia and archaea are summarised below in Table 1.1.

Tablel.1 Summary otbacterial and archaeal partition systems

Partition Type- location Name Organism Reference
Type l&; plasmid P1 parABS E. coli Austin & Abeles 1983
Type la; plasmid F SOpABC E. coli Ogura & Higara 1983
Type Ibg plasmid TP228 parFGH Salmonella Barila & Hayes 2003
Newport
Type I plasmid R1 parMRC E. coli Jenseret al. 1994
Type I plasmid pBtoxis tubZRC B. Tanget al.2006
thuringiensis
Type I\ plasmid pSK1 par S. aureus Simpsoret al. 2003
Chromosome parAB C. crescentus Mohl & Gober 1997
Chromosome Sofspo0J B.subtilis Iretonet al. 1994
Chromosome segAB | S. solfataricug KalliomaaSanfordet al.2012
Plasmid pNOBS8 aspAparB- | Sulfolobus Schumacheet al. 2015
parA NOB8H2
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1.3.4 Chromosomal Par systems

So far, a variety of bacterial plasmid partition systems have been introduced. However
similar active DNA segregation systems are also found encoded on chromosomes.
Interestingly, systems based qrarABSor plasmid Par homolages are not found in

E. colj although they are widespread in over 60% of bacterial taxa (lavral. 2007,
Badrinarayanaret al. 2015). Most studies involving chromosonpalr loci systems have
focussed on both Graspositive and Grarmegative bacter; Bacillus subtilisCaulobacter
crescentusPseudomonaspp., andVibrio choleragSchumacher 2008). Chromosorpar
systems appear to be an amalgam of plasmid Type la and Ib systems, as the ParA moto
proteins are the smaller Walkeypes of Type Ib, rad the ParB proteins harbour HTH
DNAbinding motifs similar to Type la CBPs (Schumacher 2008). Chromqsmasites

are usually found proximal to the origin of replicati@miQ), and similar to those found on
plasmids, may exist as multiple iteration§ @ repeat sequence. ThearSsite of the

B. subtilischromosome occurs ten times across a region 20% proximati@ whilst in

C. crescentyssevenparSsites were found clustered within 8 kb of the origin (Lin &

Grossman 1998, Traat al. 2018).

The identification of Par homologues encoded on bacterial chromosomes came initially
from studies involving. subtilisproteins involved in sporulation. One of these, Spo0J,
was found to be a ParB homolog whilst Soj, the product of the gene upstream of
spo0J was similar to ParA family members (Ireteh al. 1994). Spo0J was not only
involved in regulation ofB. subtilis sporulation, but was also required for correct
chromosome patrtitioning in the vegeiae growth phase, and was demonstrated to bind
site-specifically to the DNA at its cognaparSlike sites (Iretonet al. 1994, Lin &
Grossman 1998). Soj was originally thought unnecessary for segregation, as its
inactivation did not result in obvious geegation defects (Lin & Grossman 1998).
However, later work uncovered distinct roles for Soj, both in DNA replication, and also
when working in conjunction with Spo0OJ and another host factor, SBiQc{ural
Maintenance ofChromosomes) to contribute to agin segregation (Lee & Grossman
2006, Murray & Errington 2008, Wangt al 2014). The structure offThermus
thermophilusSpo0J revealed a HTH BhiAding domain, and both a-@&rminal primary
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dimerisation domain and secondaN/terminal dimerisation domia, which positions the

HTH motifs from each monomer to allow bindingo@rS(Leornardet al. 2004).

The ParAB system @. crescentubas also been extensively explored, with tharAB
locus originally identified within 80 kb of the origin of replication. Unike0Jand sojin

B. subtilis parA and parB of C. crescentusvere found to be essential for cell viability
(Mohl & Gober 1997). ParB was found to exhibit high specificity witeraicting with the
cognate binding sitgparSimmediately downstream oparAB ParB was implicated in
chromosome segregation as it was shown to localise initially to a single cell pole, then to
both cell poles, in a manner approximating the movement oflicgged chromosomes
during the cell cycle. In addition, overexpression of bodinA and parBcaused defects in
chromosome patrtitioning (Mohl & Gober 19970. crescentuParB was later found to
bind with differing degrees of affinity to sevenaérSsitesclose to the originwith the
protein capable of spreading up to 10 kb from the inipakSnucleation site onto the
adjacent DNA to form extended nucleoprotein complexdsan et al. 2018). This
spreading phenomenon of CBPs, often from multiptgSsites, has been observed in
many other species, including. subtilis Pseudomonas aeruginosand Vibrio cholerag

and is deemed to be a general feature of ParB proteins (Bartis#t. 2004, Breir &
Grossman 2007, Kusiak al. 2011, Baek 2014, Grahashal, 2014). This finding was not
unexpected, as plasmiencoded ParB proteins from P1 and F plasmids had also displayed
the ability to spread from centromeric sites to flanking DNAn¢h & Wang 1995,
Rodionowet al. 1999). The further implications of the spreading of ParB along the DNA to
form an extended partition complex, and the various mechanisms by which the CBP and
ParA motor proteins interact to drive genome segregation, wall discussed in later

sections.
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1.4 DNA Partition proteins

1.4.1 CentromereBinding Proteins (CBPS)

Active partitioning systems are responsible for the segregation of newly replicated DNA
molecules, and these systems are encoded on low copy numlaasmpds as well as
chromosomes (Badrinarayanan 2015, Bouet & Funnell 2019). In the majority of cases, two
proteins, along with the centromerkke DNA sequence, comprise actpar systems. The

two proteins are the centromer®inding protein (CBP), whick bften called ParB (or
ParBlike), and the NTPase motor protein, ParA (or P&&). The initial step in the
partitioning process involves the CBP recognising, and subsequently binding to its cognate
DNA sequence, thearSsite (Schumacher 2008). The rfmation of this nucleoprotein
complex serves as a scaffold for further recruitment of the ParA motor protein, followed
by the dynamic transport of the replicated DNA within the cell volume. The CBP therefore
performs multiple roles during segregation: bindi of multiple CBPs to DNA to form
higherorder partition complexes, the pairing of plasmids or distal chromosomal DNA,
binding to the motor protein via protewprotein interactions and stimulation of the
NTPase activity of the motor protein to drive segmdon, and in some cases
transcriptional regulation (Funnell 2005, Ringgaatdal. 2007, Schumacher 2008, Oliva
2016, Bouet & Funnell 2019).

CBPs have been classified according to their structure and-didAg motif, and
comprise two mairgroups: helixurn-helix (HTH) and ribbehelixhelix (RHH) containing
proteins (Bouet & Funnell 2019). HTH (also denoted as ffthe dimer form) CBPs are
found in Type la plasmid partition systems, and all chromosgraakystem studied to
date. Theével of sequence conservation amongst tHEHCBR is low, however they all
share similar domain arrangements: a central HTH DiNding domain, a @rminal
dimerisation domain, and a flexible-tdrminal region which both interacts with the
cognate NTPasand mediates oligomerisation of the CBP (Baxter & Funnell 2014, Bouet
& Funnell 2019). The existence of the central HTH domain common to these CBPs result:
in high structural conservation at this region (Oliva 2016). The three domains are
separated by fleible linker regions, and in the case of ParB fiencoliplasmid P1, this
flexibility permits the rotational movement of individual domains, allowing the protein to
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bind to a range of Aand Bbox motifs within theparScentromere via both HTH and
dimerisation domaingFigure 1.8A)YSchumacher & Funnell 2005). The structures of the
HTH domains of several plasmgadcoded and chromosomal ParBs in complex with their
cognate DNA binding sites have been solved, and demdasttaat there are large
similarities, but also subtle differences in how the proteins interact with DNA. For P1
ParB, theparSA-box is bound by the recognition helix within the HTH motif only, whereas
SopB of F plasmid utilises the recognition hplus additional residues that lie outside of

it (Schumacheet al. 2010, Bouet & Funnell 2019). Chromosomal ParBs display similar
binding patterns to their plasmid counterparts. Spo0J (ParBjeditobacter pylorbinds

in a similar manner to that of SopB, widdditional residuebase interactions that may
reflect speciesspecific recognition gbarSmotifs (Cheret al. 2015). This was also seen in
ParB ofC. crescentusyhere additional helices separate from the main recognition helix
of the HTH domain contrilied to interactions at the prote’DNA interface (Jalat al.
202048). Interestingly B. subtilisSpo0J (ParB) was found to not only bpadSDNA via its
central HTH domain, but in addition, to bind nepecific DNA via a lysiieh area
located in the @erminal dimerisation domain (Fishet al. 2017). This additional binding
interface was also shown to be required for condensing the DNA and thus facilitating

genomic segregation. This property of ParB will be discussed in a later section.

The Nterminal domains of ParB proteins are generally flexible, and also fulfil several
functional roles, both in forming higher order oligomeric complexes with other ParBs, and
in interactions with the partner NTPase (Oliva 2016, Bouet & Funnell 2019). The crystal
structure of Helicobacter pyloriSpo0J (ParB) demonstrated that protgrotein
interactions were facilitated by two conserved motifs (one harbouring an argimihe
patch) within the Nterminus. Additionally, binding to the DNA induces a conformational
charge that favours Merminal interactions both with neighbouring Spo0J (ParB)
molecules adjacent on the same stretch of DNA, and to Spo0J (ParB) on more distal
sections of DNAFigure 1.8B]Chenet al. 2015,0liva 2016). The arginine patch motif is
highly conserved amongst plasmid and chromosomal ParBs, and mutations in this region
have previously demonstrated the motif to be required for the higbeter complex
formation of ParB from F Plasmid, andRn aerginosaand B. subtilis(Yamaichi & Niki
2000, Kusiket al. 2011, Grahamet al. 2014, Debaugngt al. 2018).
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In addition to mediating CBP oligomerisation, the ParA interaction domain has also been
mapped to the extreme Nerminus of ParB proteins. Thiggion not only contacts the
NTPase, but also stimulates ParA nucleotide hydrolysis, with a crucial arginine residue
implicated in some cases (Baxter & Funnell 2014). Frexrhinal 45 residues of SopB, in
particular Arg36 providing the arginindnger moif, and 20 amino acids in the
N-terminus of Spo0J (ParB), with mutation of Afyabrogating ATPase stimulation, were
shown to be important for ParBarA interactions (Ravet al. 2003, Leonaret al. 2005,
Ah-Senget al. 2009). Howevelithe NTPase interaction domain is not always found in the
N-terminus of the CBP: ParB Bf aeruginosanteracts with its cognate ParA via its

Gterminal dimerisation domain (Bartosék al. 2004).

RHH (also denoted as RHidr the dimer form) CBs are found in Type Ib and Type I
segregation systems. The RHH motif was first identified in the Arc and MetJ
transcriptional repressors, whose solved crystal structures in complex with DNA revealed
that specific DNA base contacts were mediated by andilhel | -sheets, rather than
h-helices (Schreiter & Drennan 200mThe RHH CBPs, which tend to be smaller in size
than their HTH counterparts, also act as transcriptional repressors. The difference
between Type Ib and Type Il RHH CBPs lies in their domain organisation: Type Ib CBF
interact with DNA and ATPases viaithéterminal and Nterminal domains respectively,

whilst in Type Il CBPS this is the other way around (Baxter & Funnell 2014).

An example of a Type Ib RHH CBP is that of ParG, encoded on plasmid TP228 harboure
by SalmonellaNewport. ParG consists of &ghly flexible Nlerminal tail, and a @erminal
DNAbinding domain, and in the ParG dimer, thée@nini intertwine to form the RHH

fold which contacts the DNfrigure 1.8CJGolovanowet al. 2003). The flexible &&rmini
extensions perform multiple roles modulation of transcriptional repression by
establishing higheorder complexes on the DNA via contacts with the folded RHH
domain, promoting the oligomerisation of the partner ParF, and enhancing the nucleotide
hydrolysis of ParF via an arginifieger motif (Carmelcet al. 2005, Bari#i et al. 2007, Wu

et al. 2011).

Structural data for a Type Il RHH CBP is available for ParREfroalipB171. Here, the
two ParR monomers, each consisting of ail I$ N A&UINI Yy R T 2 f £helieeS R 0 «
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form atight antiparallel homodimer, with the RHHbld formed by the dimer Mermini
(Mgller-Jensenet al. 2007). The ParR dimers assemble cooperatively into a helical
structure, stabilised by intedimer contacts, with the Mermini RHH DNAbinding
domains facing outwards to form basic patches, whilst tier@ini point inwards to the
helix centre Maller-Jenseret al. 2007). Another ParR, from pSK41, was solved in complex
with 20-mer centromeric DNA, and again showed a stipalical array formed from
assembled dimeof-dimers(Figure 1.8D)The Nterminal RHH folds of ParR dimers form

an electropositive wrface that interacts with the DNA, whilst the-t€mini act to
promote higherorder assembly on the DNA, along with mediating contact with the
cognate ATPase, ParM (Schumadteal. 2007, Baxter & Funnell 2014).

Type Il CBPs harbour a HTH fold as their-DIN&ing interface, although the method of
binding differs from canonical HTH proteins, as the recognition helix is buried in the dimer
core. The Nermini of the recognition helices of the dimer were proposedrisert into a
single major groove of the DNgigure 1.8E]Ni et al. 2010, Aylett & Lwe 2012). The
formation of the TubFDNA superstructure is reminiscent of that observed with ParR, as
some TubR proteins spread and form Fikg proteinDNA filamentsinteracting in turn

to polymerise the cognate motor protein TubZ (Aylett &k 2012, MartinGarciaet al.
2018). Lastly, the Par protein of putative Type IV segregation from plasmid pSK1 contains
an Nterminal HTH motif, half of which is conserved armhfers nonspecific DNA
binding, whilst the second half of the HTH motif is not conserved, and the exact mode of
how Par interacts with the DNA remains unclear (Simpetaal. 2003, Dmowski & Jagura
Burdzy 2013).

Figure 1.8. Centromerbinding proteins (fdlowing page).Crystal structures of various CBP&) ParB of
plasmid P1. Two ParB monomers are shown in blue and green. The dimerisation domain is shown here
bridging between two DNA-Boxes. The HTH domains also contact DN#oxes (not shown). Aand B

boxes are coloured as in Fig. 1.3. (PDB code 2KB)Y)he chromosomal ParB homolasy Spo0J from
Helicobacter pyloriFour monomers are shown bound to DN2arSsites are bound by the HTH DNA
binding domain, however f&rminal domain adjacent interactions allow spreading, and transverse
interactions mediatehigherorder complex formation (PDB code 4UMKJ)ParG of plasmid TP228. The
ParG dimer is shown, with each monomer in green and orange. Téental RHH dimerisation and DNA
binding domain, and the flexible-tédrminal domain are labelled (PDB code94R (D) ParR of pSK41. Two
ParR dimers are shown, with dimer subunits coloured purple/orange and yellow/brown. Taenkhal

RHH DN#Ainding domain is labelled N. The DNA is coloured green (PDB code PE)IKIpR of pBtoxis
bound totubC The TubR dime are shown with each subunit coloured blue and green. Theriini of

paired recognition helices from one dimer which insert into a DNA major groove are labelled (PDB code
4ASS). All structures were generated using CCP4AMG (McNiehtads2011), excep(C)and (D), which

used the Protein Data Bank website interface.
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1.4.2 NTPasenotor proteins

The second functional component in DNA partition systems is the motor protein, often
called ParA. The recruitment of ParA into the @BA complex mediates the next step in
segregation, driving the separation of replicated DNA moleculdsi(Sacher 2008). The
different segregation systems are distinguished by the signatures of their motor proteins,
and these ATPases or GTPases are the proteins that provide the required energy for DNA
movement (Bouet & Funnell 2019). The most common type TPaées are the Walker
type ParA proteins found in Type | systems, and these proteins have several properties
including adenine nucleotidmfluenced dimerisation, ATP binding and hydrolysis,-ATP
dependent binding to nosspecific DNA, and the ability torfa higherorder structures
(Baxter & Funnell 2014). ParA of plasmid P1 was found to exist as a dimer in
physiologically relevant conditions, and interestingly, binding to different adenine
nucleotides induced conformational changes that affected functionthe ATFbound

state, ParA mediates plasmid partition, whereas the AD&nd protein acts as a
transcriptional repressor at th@ar operator site (Figure 1.9AXBouet & Funnell 1999,
Dunhamet al. 2009). The AT&ependent binding of ParA to the bacterial nucleoid, in
complex with plasmigbound ParB, has led toroposedmodels of plasmid segregation,

which will be discussed in a later sections (Vecchiatedl. 2013b).

ParA proteins are knowrothave low inherent ATPase activity, that is enhanced to varying
degrees by combinations of specific and rspecific DNA, and the cognate CBP.
Experiments with SopA of F Plasmid demonstrated that its ATPase activity was greatly
enhanced in the presence ofon-specific DNA and SopB, however the activity was
increased thredold when specific DNA (theopCcentromere) was used (ABenget al.
2009). SopA was also demonstrated to polymerise into filamientgtro in the presence

of ATP, but not ADP (Bouet al. 2007). Chromosomal ParA homolmg exhibit similar
properties: Soj off. thermophilusvas shown to dimerise and bind to n@pecific DNA in

an ATRdependent fashion, form polymers in the presence of ATP and DNA, and its
maximal levels of ATP hydrolysiccurred in the presence of its CBP Spo0J (ParB) and
parSDNA (Leonareét al. 2005), andC. crescentuBarA showed similar behaviours (Ptacin

et al. 2010, Linet al. 2014).
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The properties of the Type Ib motor protein ParF, encoded on plasmid TP228, have also
been elucidated. ParF is a member of the wider superfamily of ParA ATPases, and similal
to those described above, ParF was shown to dimerise when bound to ATP, andhto for
filamentsin vitro in a manner stimulated by ATP, but inhibited by A(BRjure 1.9B)
(Barilk et al. 2005, Schumachest al. 2012). Its cognate CBP, ParG, demonstrated the
ability to stimulate the ATPase activity of ParF via a singld@m@mino acid eting as an
arginine fingetlike residue(Barilt et al. 2007), as is seen in GBFPase interactions in
Type la system$R@vinet al. 2003). Thus, although Type Ib motor proteins do not regulate
transcription like their Type la counterparts, there are maimilarities in their roles in

segregation.

A wellstudied example of a Type |l (actike) motor protein is that of ParM from plasmid
R1, which also does not function in transcription repression. Interestingly, although ParM
was initially demonstrated to bind ATP, it was subsequently shown tobatgbto GTP,

and form polymers in the presence of either nucleotide, although with greater affinity to
ATP than GTHFigure 1.9CjGalkinet al. 2009, Riverat al. 2011). The CBP ParR slightly
augmented ParM ATPase activity, and the additioparCgrealy increased nucleotide
hydrolysis, whilst ParM filamentatioim vivorequired the ParfparCcomplex to act as a

nucleation point for polymerisation (Jensen & Gerdes 188dller-Jenseret al. 2002).

The tubulin like motor proteins, such as pBtoxis Tulaye GTPase activity, and also
assemble into polymers vivg though unlike ParM, TubZ does not require its cognate
CBP TubR to form filameni{&igure 1.9D)(Larsenet al 2007). The assembly and
disassembly dynamics of the TubZ filament also differ from that of ParM: ParM filaments
can polymerise and depolymerise from both ends, whereas TubZ filaments are polar as
they grow from one end and disassemble at the other, iprecess called treadmilling
(Aylettet al. 2010).

Various models have been put forth to describe how the CBP and motor proteins interact
to drive DNA segregation in Type |, II, 1ll, and chromosomatigdedpar systems, and

these will be enumerated in thfollowing sectior
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Figure 1.9. NTPase motor proteins (previous padgejystal structures of various partition motor proteins.
(A) ParA from P1 plasmid. (Top) The monomeric-fggm. The three domains; #&rminal domain, wHTH
domain, and Walkebox Gterminal domain are shown in blue, magenta and red respectively. (Bottom) The
ParA dimer in the ADBound form, which acts to regulatizanscription. The two monomers are shown in
dark purple and dark cyan. The ADP molecules are shown at the moanaremer interface as cylinders.
The dark purple monomer is in the same orientation as the-fapm to demonstrate the change of
conformation when binding ADP (note the position of thet&€minal helix). The ATPound form is not
shown (PDB codes 3EZ7, 3EfR)ParF from plasmid TP228. The monomeric ABéhd form (Top), and

the ParF dimer bound to the nemydrolysable ATP analogue, AMPPCRE,sliown (Bottom). Nucleotides
are shown as cylinders (PDB codes 4E03, 4EQY)he R1 plasmid ParM filament model. Ten ParM
subunits are shown in different colours, and are bound together to form a linear polymer (PDB code 2QU4).
(D) The TubZ filamentydm the pBtoxis plasmid partition system. The twelve TubZ subunits are shown in
different colours, and here are in the GIbBund form, with nucleotides shown as cylinders (PDB code
2XKB). All structures were generated using CCP4MG e{€gpithich used tle Protein Data Bank website
interface.
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1.5 Mechanisms of plasmid segregation

1.5.1 Type | push/pull mechanism

One of the first models to suggest a mechanism to drive segregation of newly replicated
plasmid molecules came frombservations of filament formation by the ATPase motor
proteins of Type | systems (Baxter & Funnell 2014). Polymerisation has been observed for
motor proteins ParF, Soj, SopA and ParA of plasmid pB171, in ashepdidant manner
(Barile et al. 2005, Leonarcet al. 2005, Bouetet al. Ringgaardet al. 2009). These
polymerisation and depolymerisation dynamics were also shown to be correlated with
the transit of DNA within the cell volume (Marston & Errington 1999, Ebersbach & Gerdes
2004). The iial model suggested that ParA filaments alone were enough to move
plasmids to opposite cell poles, via their association with their cognate CBPs bound to the
centromere, and that replicated plasmids could potentially be either pulled or pushed

within the cell Barila et al. 2005, Hayes &arila 2006).

The involvement of the nucleoid, and ParA associations with it, led to a modification of
the model, suggesting that the ParA filaments in some cases polymerised espaoific

DNA (Leonarcet al. 2005, Bater & Funnell 2014). However, in some systems, e.g.
F plasmid, SopA was found to polymerise in the presence of ATP without the requirement
of DNA, and in fact that both specific and rgpecific DNA inhibited SopA polymerisation
(Bouetet al. 2007). Nevertheless, Ringgaaadd colleagueproposed a model based on

the assembly and disassembly of ParA filaments, in conjunction with chromosomal non
specific DNA, to transit plasmid cargo within the cell (Ringgaar@. 2009). Once the
plasmid isreplicated, the CBP binds to the centromere. ParA dimers in the ATP bound
form bind to nonspecific DNA in a cooperative fashion, forming a polymeric filament
whose tip associates with the partition complex. The stimulation of the ATPase activity of
the PaA terminal subunit by the CBP causes hydrolysis to its&dDRd form, which
subsequently dissociates from the filament, resulting in polymer shortening. The
depolymerisation of ParA filaments will ultimately release the Rav&nd plasmid, where

it can nteract with newlyformed ParA polymers which could move the plasmid in the

opposite directionFigure 1.10JRinggaarckt al. 2009).
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Nucleoid
> ParB/parS
‘ plasmid complex
o ParA-ATP

GSEE&G&E& ParA-ATP filament

'®) ParA-ADP

Figure 1.10. Type | pulling segregation mechanigt) The CBP ParB binds to tharScentromere on the
plasmid.(2) ParA motor proteins form a filament when bound to ATP in the distate, and bind the non
specific DNA of the nucleoid in a cooperative fashion. Interactions with ParB attach the plasmid to the ParA
filament. (3) Stimulation of the ATPase activity of Rasy ParB leads to hydrolysis to ADP, release from the
nucleoid, and depolymerisation of the filament. The RPpt&mid cargo may contact the next PakAP at

the tip of the filament. Here, pulling of the plasmid is shown (red arrows), but a pushing nmschaould

also be viable. New filament growth could occur elsewhere in the cell, behind the plddinithe plasmid

has been translocated to one cell pole, where filament disassembly results in it being dropped. Adapted
from Ringgaaret al. 2009.
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1.5.2 Type | Brownian diffusion ratchet mechanism

This model proposes a different mechanism, as variowstro and in vivodata disagreed

with the formation of discrete ParA filaments (Baxter & Funnell 2014). Although some
ParA family proteins had been observed to form filamkgke structuresin vivg ParA of
plasmid P1 was not observed to do so in fluorescent microscomjestifHatano & Niki
2010). Instead, the distribution of ParA was observed to correspond to that of the
nucleoid, indicating noispecific binding to chromosomal DNA. Vecchiarelli and
colleagues proposed a different model called the diffusiatthet (or Bravnian-ratchet)
mechanism, based on observations that, upon binding ATP, ParA undergoes a slow
conformational change, enabling it to bind nepecific DNA. This more gradual cycling
between DNAbinding and norbinding forms of ParA creates an uneven disttibn

across the nucleoid, which acts as a matrix for plasmid movement (Vecchétrealli

2010). The stimulation of ParA ATPase activity by ParB removes ParA from the nucleoid
close to the partition complex, granting a directionality to the plasmid cahg® to the

low concentration gradient of ParA in its wake. Meanwhile, the tae&y in the ParA
conformational change allows it to randomly diffuse and bind nucleoid DNA within the
cell(Figure 1.11)Vecchiarellet al. 2010).

Although ParA of pB171 wahown to form filaments, leading the authors to propose the
pulling mechanism previously described, ParA was also shown to form dynamic helical
clouds withn the nucleoid, meaning components of both models may not be mutually
exclusive(Ringgaardet al. 2009). The diffusiomatchet model was also proposed as a
result of celifree studies of ParA and F plasmid SopA, where a-&ixzeted flow cell

was used to mimic the bacterial nucleoid, and here the motor proteins again formed
dynamic patterns on the DNAwanget al. 2013, Vecchiarelliet al. 2013a). For the
chromosomal ParAB system©f crescentysa variation of this model has been proposed.
Here, although ParA binds to chromosomal DNA, diffusion was insufficient to lead to
directional motion of the P@B-parSO2 YLJ SE® | y ENBGE 3 N3O GYASAXK | W
proposed, in which the elastic force of chromosomal DNA propels the plasmid cargo from

one cell pole to the other (Lirt al. 2014).
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Nucleoid
g@ ParB/parS
plasmid complex
< ParA-ATP (active)
< ParA-ATP (inactive)
© ParA-ADP

Figure 1.11. Type | diffusion ratchglartition mechanism (1) ParB binds to the plasmigarScentromere.

The ParAATP dimer (DNAinding, active form), binds nespecifically to the nucleoid2) ParB recruits

ParA into the partition complex, and stimulates its ATPase activity. This hydr@yge to ADP, releasing
ParAADP from the nucleoid and allowing it to diffuse throughout the cell. The plasmid continues in one
direction as there is a lower ParA concentration in its wake. ParA exchanges ADP for ATP, but is in an
inactive form due to a the-delay, and cannot yet bind the nucleoid. After diffusing and undergoing a
conformational change, PafATP can again bind the nucleoid in a random fash{@yiThe plasmid changes
direction after reaching one cell pole, and moves due to uneven distabuti ParA on the nucleoid4)

After plasmid replication, plasmids are moved apart due to ATP hydrolysis and removal of ParA between
them, and are positioned at approximately % ad ¥ positions within the cell length. Adapted from
Vecchiarellet al. 2010.
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1.5.3 Type | Venus flytrap model

The Type Ib segregation system of plasmid TP228, incorporating the CBP ParG, and th
Walkertype ATPase ParF, has been extensively studied. ParF had previously been founc
to form polymeric filamenike structuresn vitro, in an ATRlependent manner, anthat
filament formation was required for correct plasmid segregatiBar{la et al. 2005). This
observation, along with evidence of other ParA proteins forming filaments, led to the
proposal of the push/pull model described earlier (HayeBa&ilk 2006,Ringgaarcet al.

2009). The structural basis of ParF polymerisation was determined, as crystals structures
of the protein in its ADPand ATFbound (where a nothydrolysable analogue was used)
states revealed PafRDP to be monomeric, and PadFP to be dneric, capable of

forming dimerof-dimer polymeric filaments (Schumachatral. 2012).

However, threedimensional superesolution microscopy investigations showed that
ParF did not form linear polymers that spanned the length of the nucleoid, but instead, it
formed higherorder structure patches that oscillated dynamically across the nidtleo
from pole to pole, in a manner dependent on the stimulation of its ATPase activity by
ParG (McLeocet al. 2017). Microscopy revealed that ParF formed a meshwork that
permeates throughout the nucleoid volume, entrapping and transporting the ParG
plasmidcomplex throughout the cell. ParF was found to bind 1specific DNAn vitroin

an ATRdependent manner (McLeoet al. 2017).

These data led to the proposal of the Venus flytrap model of segregation, where transient
and dynamic remodelling of the Panmfeshwork on the nucleoid effects plasmid
segregation. The meshwork consists of a denser leading edge, and a looser lagging edge
containing fewer oligomers. The duplicated Pdréund plasmids are engulfed into the
meshwork via interactions with ParF, atdnsported towards one cell pole. The ParF
polymer network grows between the plasmids, separating them, and one plasmid
becomes detached from the lagging edge after ATP hydrolysis and polymer disassembly,
causing deposition of the plasmid at one pole. Bhiger plasmid, attached to the leading
edge of the ParF meshwork, is translocated to the other cell pole and eventually released,
again due to ATP hydrolysig ParHFigure 1.12]McLeodet al. 2017).
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Nucleoid

ParG/parH
plasmid complex

ParF-ATP (polymer)

ParF-ATP (dimer)

ParF-ADP

Figure 1.12. Type INenus flytrap partition mechanism(1) The newlyreplicated plasmids are bound at
parHby ParG dimers. ParF dimerises upon binding ATP, and binds to the nucleoid to form a meshwork of
higherorder oligomers, which form a thredimensional matrix throughout the nucleoid volume. The ParF
meshwork comprises a denser, leading edge and a lessedtail.(2) The plasmids are engulfed within the
meshwork and transported to one cell pole, during which time ParF polymers grow between(8)exfter

reaching a cell pole, one plasmid is released due to stimulation of ParF ATPase activity and kneshwor
disassembly(4) The other plasmid will remain attached to the ParF meshwork and is moved to the
opposite pole. The ParF meshwork oscillates repeatedly across the nucleoid, repositioning the plasmids at ¥4
cell and ¥ cell locations prior to cell divisigwalapted from McLeoét al. 2017.
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1.5.4 Pushing mechanism of Type Il systems

The segregation mechanism of Type Il systems such as BamtRded on plasmid R1

has been described as pushing, filament driven, or insertional polymerisatiatiefM
Jenseret al. 2003, Schumacher 2008, Bouet & Funnell 2019). The-ldatiParM ATPase
was demonstrated to form polymeric filaments both vitro and in vivg in an ATP
dependent manner, and required both the CBP ParR and the centromerigpai®
(Mgller-Jenseret al. 2002). The ParR dimers bind to single repeats withinpdr€sites,
resulting in the formation of a 4dhaped/helical opesing protean-DNA superstructure,

that can act as the nucleation site for ParMdller-Jenseret al. 2002, 2007, Hoischest

al. 2008). The ParM filaments were observed via fluorescence microscopy to extend from
pole to pole within the cell, and had plasmiddached at each endgller-Jenseret al.

2003, Campbell & Mullins 2007).

The ParM monomers polymerise to form an antiparallel bipolar spindle, comprised of two
ParM filaments that form lefhanded helices in a head-tail arrangement, with a
pointed ard barbed end on each filament. The Pg&Ccomplex caps the filament at

one end, however new ATBbund ParM monomers can be added to the filament at the
ParRparCinterface, elongating the spindle. As the spindle is antiparallel and comprises
two ParM flaments, replicated plasmids situated at each end can therefore be propelled
to opposite cell poles, in a longitudinal filament manner similar to that initially proposed
for Type | systeméFigure 1.130 { £ 2SS 39 [ ¢ St ab 201y Bhardkt-ak I G K
2015).
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Nucleoid
g ParR/parC
plasmid complex
0 ParM-ATP
0 ParM-ADP

Figure 1.13. Type Il insertional polymerisation segregation mechani€ihThe newlyreplicated plasmids

are shown at mietell. ParR dimers bind to each repeat of {h@rCsite on the plasmid centromere and
cause the DNA to bend into a circulasshlape.(2) The ParFparCpartition complex is the nucleation site for

ParM. ParMATP monomers are added at the nucleation s{®). The ParM filament attaches to both
plasmids, forming an antiparallel spindle, which elongates and pushes the plasmids apart. ATP hydrolysis
slightly releases the partition complex and allows addition of another RAMWP subunit. The AB#®und

ParM filament is less stable, but is temporarily protected by the ATP cap and binding to thpaP@rR
partition complex.(4) The ParM filaments eventually disassble, releasing the plasmids at opposite cell
poles.
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1.5.5 Treadmilling mechanism of Type Ill systems

The TubZBsegregation system encoded on tBacillus thuringiensiglasmid pBtoxis has

also been proposed to involve a filamentation mechanism. Type Il systems are known as
tubulin-like as the motor protein, TubZ, is a member of the FtsZ/tubulin superfamily of
GTPases (Larsext al. 2007). TubZ was found to assemble ifiteear polymersin vivg

which moved dynamically through the cell, changing direction once at the cell pole to
move to the pole opposite (Larset al. 2007). TubZ was found to exhibit polarity, with a
plus end and a minus end, however unlike ParM, Tutlynperises from the leading plus

end by addition of TuUbBTP, and depolymerises by dissociation from the minus end, in a

process dubbed treadmilling (Ayledt al. 2010, Bouet & Funnell 2019).

As in other segregation systems, the CBP TubR binds to repgaences in theéubC
centromeric site (Net al. 2010). The @&rminal flexible tail of TubZ was implicated both

in interactions with TubRubC and polymerisation into filaments in a Gdl&endent
manner (Niet al. 2010,FuentesPérezet al.2017). Finkand colleagues used fluorescently
labelled TubR and TubZ to demonstrate that thebRtubC complexes preferentially
bound to the shrinking, minus end of the TubZ filament, where TGDP depolymerises,

and never bound to the plus, or growing ends (Fink &e_2015. Thus, in this partition
system, the Tubf®ound plasmids are not pushed via insertional polymerisation in the
manner described foParMRC, but rather translocated from midcell to the cell pole by
the treadmilling assembly/disassembly kinetics of théZfilament (Fink & Lwe 2015).

The mechanism by which plasmids are deposited at the cell poles is unclear, but it has
been proposed that reaching the pole induces bending in the TubZ filament, causing
strain at the binding interface with TukiBbC and subsquently detaching the plasmid
cargo(Figure 1.14fNiet al. 2010).
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Nucleoid
N
TubR/tubC
plasmid complex
9 TubZ-GTP
Q TubZ-GDP

Figure 1.14. Type lll segregation system treadmilling mechaniéth The CBP TubR binds to théC
centromere on the replicated plasmid. TubZ forms filaments in both-@B& GTFound states, however

the filament exhibits a polarity, in which TWH&TP is added to the plus end, whilst TA@&IZP disassociates
from the minus end(2) The TubRubCcomplexattached to GDf®ound forms of TubZ, via the flexible C
terminal tail of TubZ(3) The successive polymerisation and depolymerisation from the plus and minus ends
of TubZ respectively, acts to move the plasmid cargo across the cell in a process catledllirey.(4) The

Tubz filament curves upon reaching the cell interior at one pole, and the torsional stress placed on the
binding interface with TubR is thought to cause the plasmid to detach from the filament.
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1.6 Par AEBsinvolvement in chromosome segregation

ParABsegregation systems also mediate bacterial chromosome partitioning, a0¥%er

of species have been found to harboparABhomologues (Livngt al. 2007). TheparS

sites are often located near to the origiri meplication, and the ParB protein binds site
specifically to these sequences. ParB has been observed to bind DNspedifically and
spread for several kilobases from tparSsite, potentially functioning to bridge together
and condense more distant Nregions (Lin & Grossman 1998, Bartadikal. 2004,
Grahamet al. 2014, Tranet al. 2018). Chromosomencoded ParA has weak ATPase
activity that is stimulated by ParB. A ParA filament push/pull model of segregation was
proposed, similar to that in plasohimodels (Ptaciret al. 2010). A more recent model in

C. crescentyswhich extended the plasmid diffusieachet mechanism to include the
elastic forces imparted by the nucleoid DNA, has also been proposed to drive

chromosome segregatn (Limet al. 2014).

Other proteins alongside ParAB have been implicated in chromosome segregation, such
as SMCgructural Maintenance ofthromosomes), which forms a homodimer, and along
with subunit proteins ScpA and ScpB, forms a-likg structure known as condensin. In

B. subtilis SMC was shown to be recruited to chromosomal regions proximal to the
replication origin by Spo0J (ParB)ulnd to parSsites, and that SMC recruitment was
required to promote chromosome segregation (Gruber & Errington 2009, Suéivah

2009). Cells that lacked SMC or in which SMC was inactivated were unable to correctly
segregate replicated chromosomes (Mgeet al. 2014). The capacity of Spo0J to form
dimer-dimer interactions and bring together distal DNA regions was suggested as a means
by which SMC could be loaded onto the resultant DNA loops (Gra&hah 2014). This

Wt 22 L) SEGNYzA A 2 y Q nsatiBrRvias prefigudly pfoposed for2eyikargotic
chromosome organisation, and bacterial SMC shares homology with its eukaryotic
counterpart (Kamada & BagdlR018, Srinivasast al. 2018). The recruitment and loading

of SMC atparS sites by ParBhas also been observed inC. crescentyswhere SMC
complexes can progressively align and tether the two chromosome arms together (Tran

et al. 2017).
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The SMC complex is known to have ATPase activity which aids DNA entrapment, anc
studies ofB. subtiliscondensin demanstrated that ATHhound dimers could recognise and

bind to ParBparSnucleoprotein complexes, and upon ATP hydrolysis were released from
parSsites and able to relocate large distances along the chromosome, again causing the
extrusion of DNA loops (Minneat al. 2016, Wangt al. 2018).

Intriguingly, recent evidence has demonstrated that ParB also has nucleotide hydrolysis
capacity, aBB. subtilisParB displayed CTPase activity. The ability to bind and hydrolyse
CTP to CDP was promoted pgrS DNA, and the formation of extended partition
complexes through ParB spreading frggarSrequired the CT#®ound form, with ParB
acting as a sliding clamp one DNA (Sobt al. 2019, Balaguest al. 2021). These findings
were recapitulated elsewhere; ParB Bfyxococcus xanthugas shown to have CTPase
activity which was crucial for partition complex formationvivg whilst inC. crescentys

CTP was requirecoif ParB spreadingn vitro (OsorigValerianoet al. 2019, Jalaét al.
202(M). The CTBInding region ofC. crescentu®arB was mapped to the-fdrminal
domain, and CTBindingwasshown to alter the conformational state of ParB. This could
facilitate itsrelocation away fronparSand thus allow spreading on the DNA, whereas
hydrolysis to CDP was proposed to release ParB from the DNA d€tladal 2021).
Therefore, the rate of CTP hydrolysis by ParB determines the length of time ParB can
spend spreading orthe DNA, and concomitantly controls the resultant size of the

ParBDNA partition complex (Osordaleriancet al. 2021).

These recent findings have therefore contributed to the overall picture of the partition
process in bacteria, uncovering sometbe mechanisms by which Par proteins interact
with each other, the nucleoid DNA, and act in combination with additional necessary
proteins such as SMébndensin, to faithfully potentiate the segregation of replicated

chromosomegFigure 1.15)
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Figure 1.15. Chromosome segregation mechanisms (previous pdge¢Model of B. subtilisParB (Spo0J)
spreading and bridging DNA. ParB monomers form dimers via tieim@ni, and bind sitespecifically to
parSvia the Nterminal DNAbinding domain. Spreading laterally via nearastghbour interactions, or DNA
bridging via Nerminal interadions with dimers on more distal DNA is possible, compacting the
chromosome. Higheorder complex assembly can be mediated by the recruitment of SMC/condensin by
ParB, which can then entrap DNA loof) SMC/condensin is targeted to chromosorparSParB via ATP
binding and opening of the SMC arms to a 1likg configuration. ATP hydrolysis then allows
SMC/condensin to relocate to more distant parts of the chromosome away frar§ driving DNA loop
extrusion.(C)Recent data show that some ParBsy&aCTP hydrolase activity, leading to a model of ParB
engagement and movement on the chromosome. ParB dimers nuclegiar&in a nonCTPbound state,

and CTP binding induces a conformational change that locks the dimer on the DNA, and allows spreading
from parS Spreading and #&rminal interactions in the CHsound state could engender DNA condensation

and compaction. CTP hydrolysis to CDP leads to a reversion to a more open conformational state of the
ParB dimer and so release from the DNA. SMC/condecsilld be recruited by spreading/sliding ParB
dimers. Note that this figure depicts general models, specifics e.g. whether CTP binding is requee® for
loading may differ between ParBs. Adapted from Grateral. 2014, Minneret al. 2016, Osorié/aleiano

et al. 2019, Jaladt al. 202, OsorieValerianoet al. 2021.
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1.7 A brief introduction to the Archaea domain

1.7.1 Archaea, their discovery and phylogeny

Thus far, this introduction has described genome segregatidraateria, as this process
has been extensively studied and is relatively well understood in this domain of life.
However, this study relates to the partitioning system encoded by an archaeal plasmid,
and as sucha brief detour into the discovery of archaearchaeal biology, and their

evolutionary relationship to the other primary domains of life, is useful.

Archaea are unicellular microorganisms, which are abundant on our planet and inhabit a
diverse array of habitats and environmental niches (Dombrowslal. 2019). However,

given the ubiquity of archaea, it is surprising to find that this entire domain of life was
only recognised a little over forty years ago, when they were taxonomically reclassified,
previously being recognised as bacteria. Thisga@oimg work was conducted in the 1970s

by Carl Woese and George Fox, who set out to construct a universal phylogeny based on
16S and 18S ribosomal RNA sequences, due to the universality of the molecule and its
slow mutation rate over time (Woese & Fox 19.7¥his resulted in two main phylogenetic
IANRP dzLJAYX Rdz 06 SR WSdzo | OGSNAFQ |yR WdzNJ I NB
respectively). However, the anaerobic methanogens, prokaryotes that were previously
classified as bacteria, formed a third distiggbuping in the ribosomal RNA data, and it

f SR UKS FdzlK2N& G2 adlraS GKFG GKSaS 2NE
oF OGSNAI GKIy GKS& IFINB G2 SdzlF NBE20AO Oeél
the 16S rRNA genes of several methanogeapiecies with bacteria (Balet al. 1977, Fox

et al. 1977), but also when comparing phenotypes between methanogens and bacteria.
Though morphologically similar in cell size and shape, there were fundamental
differences in structure. Methanogens lackedppidoglycan in their cell walls (Kandler &
Hippe 1977), possessed distinguishing enzymes involved in methane formation (Woese &
Fox 1977), and had characteristic tRNAs (Wasa. 1978). Other features of archaea,
such as their RNA polymerases and traipdion factors, were more similar to those

found in eukaryotes compared to bacteria (Walsh & Doolittle 2005).
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The fundamental molecular and phenotypic differences between the methanogens and
bacteria led Woese and Fox to pronounce that the methanogéhicl OG SNRA I Q & S
2NHFyAaYa NBLINBaSyGdAy3a || GKANR WdzZNJ Ay 3IR2
the tree of life contained three main branches, rather than two (Woese & Fox 1977). An
early universal phylogenetic tree constructed by conigam of 16S rRNA sequences, is
shown below inFigure 1.16A and subdivides the archaebacteria into three main
subkingdoms: extreme halophiles, methanogens and extreme thermopliiésese
1987). In the following decade, evolutionary relationships between organisms were
routinely being constructed using molecular data, and Woese proposed a revision of the
current taxonomical hierarchywith Domain as the highest rank. The Eubacterierev
renamed Bacteria, the Archaebacteria as Archaea, and the classic-dbne&ins
phylogenetic tree, in which Archaea and Eukarya are positioned as monophyletic sister
groups, with Bacteria more distantly related, was publish¢Bigure 1.16B)
(Woeseet al. 1990). The tree shows the two main archaeal lineages known at the time
(named kingdoms but now more commonly described as phyla): the Euryarchaeota,
which includes methanogens, halophiles and some thermophiles, and the Crenarchaeota,
predominantly extremely thermophilic organisms including the geBuKolobusa strain

of which is the focus of this study.

As more archaeal species were discovered, the phylogeny of the main archaeal lineages
has necessarily expandeth include addional superphyla The Crenarchaeota were
LINRLI2&aSR (2 o0Sftz2y3a (2 (GKS WwW¢!/YQ &dzZISN
Korarchaeota and Aigarchaeot@rming a distinct clade separate to the Euryarchaeota
(Guy & Ettema 2011). Another archaeal superphylum, the DPANN (nafteedhe initial
five groups incorporated: Diapherotrites, Parvarchaeota, Aenigmaaaata,
Nanoarchaeota and Nanohaloarchaeota) are characterised as possessing small cell anc
genome sizes (Rielet al. 2013).Whilst there is some controversy over theypbgenetic
positioning of DPANN and lineages therein, most studies have supported the DPANN
superphylumbeing a deephbranching sister group to the Euryarchaeota/TACK lineage
(Williamset al.2017, Dombrowsket al.2019) Researchin the last decadénasuncovered
another novel archaeal superphylum that haked further light on the evolutionary
relationshis betwveen archaea and eukaryotegnd the topology of the tree of life has
undergone a proposed revision. THE 2 1 A | NabyKiin ®a firbpsed after using
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metagenomic sequencing on sedimentsllected from a deeea underwater vent
OFft SR [ 21AQé al/2p1®)i ThS Lokidrdnitegfare found to form a
monoplyletic group with eukaryotes, and interestingly, further genetic analysis revealed
the presence of genes encodingukaryotic signature proteins (ESPs), including actin
homologues and small GTPases. Theselirfgs resulted in the paradigpshifting
observation that all of eukaryotemay have ariserfrom within an archaeallineage,
implying that there are only two primary domains of life rather than th(Egure 1.16
(Spanget al. 2015,Williamset al. 2020).

More recently, additionatloselyrelated phyla (also named after Norse gods) have been
discovered, including the Odinarchaeotéhorarchaeota and Heimdallarchaeotajth
these groups incorporated into the Asgard superphylum. Further phylogenomic studies
reinforced those conducted with Lokiarchaeota alorghowingeukaryotes arising from
within the Asgard group and most closeslated to the Heimdallarchaga (Zaremba
Niedzwiedzkaet al. 2017).Although therestill remains some debate as to the tree of life
comprising two or three domains, a continual expansion of the Asgard superphylum with
the inclusion of agreater number of metagenomeassembled genomes, provides

increasingly robust support for the twadomaintopology (Litet al. 2021).

Despite these recent discoveries, the exact archaea to gokarevolutionary transition
remains unexplained, partly due to the deah cultured Asgard specimens. One group
recently reported their success in culturing an archaeelated to Lokiarchaeot@machi

et al. 2021). Isolation and cultivation of the archaed@atdidatusPromethevarchaeum
syntrophicum) over a period of teyears allowed Imachi and colleagues to characterise
the morphology of this strain. The cells exhibit gobhranching protusiondeading to a
proposed model of eukaryogenesis in which these protusions capture and engulf the
bacterial future mitochondrion (Imachat al. 2021). A similar model, supported by data
showing the Heimdallarchaeota as the closest relative to gudkas, has recently been
prosed in which a Heimddike archaeon subsumes an endosymbiotic bacteriumsthu

establishing theifst eukaryotic common ancestor (Vi al. 2022).
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Eukaryotes
Eubacteria Bacteria Archaea Eukarya

Euryarchaeota
Crenarchaeota
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Figure 1.16. Early to modern phylogenetic trees of the biological domafA3An early universal unrooted
GNBS aK2gAy3d (KS GKNBS WdzNJ Ay 3 R@BYTaerooted undaizblBree R |
showing the proposed three domains of life. The two main lineages of archaea, Crenarchaeota and
Euryarchaeota, are indicateddapted from Woeset al. 1990).(C)Example of a modern phylogenetic tree,

after the discovery of the Asgard archaea, which demonstrates the evolution of eukaryotes from within
archaea in a twalomains tree of lifeTheTACKand DPANN superphyla are shawhheSulfolobugyenus is
indicated within the TACK superphyluBc¢ Bacteria, A Archaea, E, EukaryotesAdapted from Williams

et al. 2@0. All trees are simplified versions of those originally published.
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1.7.2 The crenarchaea genuulfolobus

The archaeal strain which harbours a plasmentoded segregation system under
investigation in this study belongs to the geraigfolobugfamily Sulfolobaceae), and is a
member of the crenarchaeal phylum, one of the two originally proposed archaeal
lineages (Figure 1.16B) The Crenarchaea were originally only thought to be extreme
sulphurmetabolizing thermophiles, with all cultured species exhibiting this characteristic.
Since then, however, crenarchaea have been discovered in great abundance-in low
temperature terrestrial and aquatic environs, including species that oxidize ammonia
(DeLong 1992, Fuhrmaet ald ™M b pH I et ¥l. 290%) STh&genuSulfolobug(sulfo -
sulphur metabolism,lobus ¢ spherical but with irregular lobes) is thermophilic and
acidgphilic, and was first isolated from a variety of high temperature thermal habitats
such as acidic soils and hot springs, with low pH (<3), and temperatures between 65 and
95°C (Broclet al. 1972). The type speci€ulfolobus acidocaldariugas isolated frm a

hot spring in Yellowstone National Park, with subsequent described species often named
after their habitat of discovery, e.gulfolobus solfataricygsolated from the Solfatara
crater near Naples, Italy (Zilligt al. 1980). 1t has recently been suggested that

S. solfataricusand S. shibataebe reclassified as belonging to the neylpposed genus
SaccharolobusThis is based on 16S and 23S rRNA phylogenEsitingS. solfataricus
belongs to a monophyletic clade distinct from the grouping containingsStiélobugype
species,S. acidocaldariug’he 16S rRNA sequence similarity score betwi&esolfaaricus

and S. acidocaldariusupports this,being below the 95% boundary used dgstinguish
between genera (Sakai & Kurosawa 20T8)e Sulfolobusstrain used in this study has the
designation NOB812, after its isolation from acidic thermal springs in Noboribetsu, Japan

(Schlepeet al. 1995).

Archaea, like bacteria, are distinguished from eukaryotes in lacking an internal
compartment in which gerte& material is confined. In contrast, the chromosome (and

any extrachromosomal genetic elements) occupy a region within the cell volume called
the nucleoid. Archaeal genomes comprise a circular chromosome, and often
extrachromosomal elements such as mplds. Chromosome copyumber differs

between archaeal phyla, with the Euryarchaea generally being polyploid, whilst

65



Chapter 1: Introduction

crenarchaeal genera, includirigulfolobus possess a single chromosome (Barilla 2016).
Sulfolobusspecies typically harbour a genome betme 2 and 3 Mb in size, with
S. solfataricusgenomes tending to be slightly larger than that 8f acidocaldarius

(Daiet al.2016).

1.7.3 Archaeal DNA organisation and segregation

As in both eukaryotes and bacteria, archaea a&sloy various mechanisms to aid the
organisation of genetic material, both in terms of laigmale threedimensional genome
architecture, and in the accurate segregation of replicated chromosomes and plasmids to
daughter cells. Compared with other domaifslife, in which these processes are better
understood, our knowledge of chromosome organisation and segregation in archaea is
more primitive (Barilla 2016)Chromatin proteins, such as eukaryotic histones and SMCs,
and bacterial nucleoidssociated DN#Ainding proteins, including the previously
mentioned IHF, impart order by wrapping, bending, folding and condensing DNA into
more compact structures (Zhareg al. 2019). Different archaeal phyla utilise distinct sets

of proteins to organise their genetic material. For example, the Euryarchaeota, which
have multiple chromosome copies, encode both histone and SMC homologues, whereas
crenarchaeal species do not lur histones with the exception of a few species, and do
not encode SM&ondensin proteins (Kamada ar8arilla 2018,Zhanget al. 2019,
Maruyamaet al. 2020. Crenarchaeal species have instead been shown to utilise small
basic proteins such as Cren7, C&id Sul7 to effectively package DNA, and both
Crenarchaea and Euryarchaea employ the biWing protein Alba to shape the genome

by bridging and compacting the DNA (let@l. 2007, Gucet al. 2008, Laurenst al. 2012,
Zhanget al. 2012 ,Maruyamaet al. 2020)

Interestingly, althoughSulfolobusspp. lack canonical condensins, Bell and colleagues
recently described the higheasrder structuring of chromosomes i8. solfataricusand

S. islandicusTheir findings indicated th&ulfolobusshromosomes are organised into two
distinct compartments:the Acompartment harbours the threeSulfolobusreplication

origins and transcriptionally active genes, whereas treBipartment contains genes
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with lower levels of transcription. Moreover, thedmpartment was also enriched with
a novel SM&uperfamily protein dubbed coalescin, whose gene was found only in the
Sulfolobales order, which could function in largsale chromosomal organisation the

absence otondensin (Takematet al.2019, Takemata & Bell 2020).

DNA partition cassettes analogous to the bactep@lABSsystems described earlier have

also been found in archaea. A chromosome segregation system comprising two proteins
and a cetromere-like region was discovered . solfataricusOne protein, SegB is an
archaeaspecific factor, however it functions analogously to bacterial ParBs by binding as
a dimer to specific consensus sequences near to the partition cassette, sites whidh co

be centromeres or regulatory region3he other protein, SegA, is an orthologue of
bacterial, Walketbox ParA motor proteins, and was shown to assemble into polyimers
vitro when bound to ATP (Kalliom&anfordet al. 2012). ThisegABcassette was also
found to be widespread across archaeal species from both crenarchaeal and euryarchaeal
phyla, indicating possible conservation of this mechanism of chromosome segregation
(Barilla 2016)Intriguingly, during the course of writing thisesis, the crystal structures

of both SegA and SegB were publisi@@net al. 2021) SegA was fountb adopt a
RAFTFSNEYG RAYSNI O2yF2N¥IFGA2Y O2YLI NBR (2
Moreover, SegA did not require nucleotides in order tacbDNA, unlike other ParA
superfamily proteins (Yeat al. 2021). The structure of SegB also provided novel findings,
as it was shown to bind DNA via a RHH motif, whereas previously described chromosomal
ParB proteins utilise a HTH fold for DNA interactioBegB was also found to stimulate
SegA ATPase activity via its unstructuretkidinal tail, similar to other RHH CBPs (¥en

al. 2021).A summary of DNA organisation strategéesployed by selected archaeal phyla

is shown overleaf in Table 1.2.
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Tablel.2 Summary of DNA organisation methods in selected archaeal phyla

Phylum Histone- | SMC Other Reference
like
No? No Kamada andarilla
2018
DNA organisation proteins
Cren7 Guoet al. 2007
CC1 Luoet al.2007
Sul7/Sac7 McAfeeet al. 1996
Crenarchaea Alba Laurenset al. 2012
Coalescin Takemateet al.2019
Partition systems:
SegA, SegB KalliomaaSanfordet al.
2012
AspA, ParB, ParA Schumacheet al. 2015
Yes Nishida & Oshima 2011
Yes Soppa 2001
Euryarchaea DNA organisation proteins
Alba Maruyamaet al. 2020
HTa, MC1 Zhanget al. 2012
Lokiarchaeotg Yes Nishida & Oshima 2011

aHistones are absent from Crenarchaea except for species in g€atntvirga ThermofilumandVulcanisaetgNishida & Oshima

2017).

1.7.4 SulfolobusNOB8H2 and plasmid pNOB8

This study concerns the crenarchaé&allfolobusstrain NOB&8H2, isolated by Wolfram

Zillig from Japanese thermal springs (Schlegieal. 1995). The strain is of interest as it

accommodates a conjugative plasmid, pNOB8, which harbours a partition cassette

exhibiting similarity to bacterigbar systems.The pNOB8 sequence was determined, and

the products of two open reading frames (ORFs) were found to share homology with
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bacterial ParA and ParB family proteins, giving clues as to their potential function.
Furthermore, there is circumstantial evidenceggesting that theparBAcassette of this
plasmid encodes hona fidepartition system: when pNOBS is transferred by conjugation
or transformation into a differentSulfolobusstrain, the plasmid undergoes a genetic
rearrangement due to a single recombinatievent, which produces the deletion variant
pNOB833 (Sheet al. 1998). This plasmid presents a deletion af &8 kb region, that
results in the loss of thparBAcassette, and is not stably maintained (Stteal. 1998).
Furthermore, a third ORF was found to overlap the putapaeB gene, and the three
ORFs together (pNOB&f44, orf45/parBand orf46/parA) appeared to form a single
transcriptional entity. The product obrf44 did not display homology to hitherto

characterised segregation proteins.

The genetic arrangement of the putative pNOB8 partition cassette is therefore unusual as
it is tricistronic, rather than the bicistronmarABcassettes described earli@figure 1.17)
Interestingly, bioinformatic seahes revealed that this tripartite cassette was conserved
across both chromosomes and plasmids in different genera within the crenarchaeal
phylum (Schumacheet al. 2015). The protein product obrf44 was named AspA
(archaealsegregationprotein A), as biochemical and structural studies demonstrated that
AspA bound as a dimer to an upstream centromkgke palindrome, and that it displays a
winged helixturn-helix motif, similar to Type la ParB proteins, indicating that it may

function as acentromerebinding protein (Schumachet al. 2015).

The crystal structure was solve@bchumacheret al. 2015) and showed that AspA
comprises four alph#elices and two betatrands, with the wHTH module followed by a

GG SNXYAYLIt RAYS NRanajortydfyDNK [Sasefaid pldosphabeontacts are
mediated by the Nerminal heliceswhich demonstrated the ability to insert into both
YI22N) YR YAY2N) INRB2@Sas FyR 3fdzil YAYS
(Schumacheret al. 2015). AspA was also observed to extend its binding to regions
upstream of the putative partition cassette from the initial nucleation site at higher
concentrations, and form an extended superhelical complex on the DNA. The ability of
AspA to spread orhe DNA, groperty observed with bacterial ParBs, is also mediated by
GKS NBO23ayAilAz2y KSEtAES & I R2FOSyid RAYSN]
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into the same DNA major groove, thus generating a superhelicat@dtdin complex

(Schumacheet al. 2015).

Bacteria — TP228 Archaea — pNOB8

parH aspA B.S.

Figure 1.17. Partition cassettes harboured by bacterial plasmids and pNOBS8 segregation caSsgiteal
genetic organisation of a bacterial plasmid, heegFGHrom SalmonelldNewport TP228 (left) and pNOBS8

of SulfolobusNOB8H2 (right). Here, genes encoding functionally analogous proteins are represented in the
same colourAspA B.Ss the palindromic binding site for the AspA protein upstream of the cassette.

The protein encoded byrf45/parB was found to comprise two distinct domains
separated by a flexible linker: an-tskminal domain which shares homology with
bacterial ParB mteins, and a @erminus which is structurally similar to a eukaryotic
centromerespecific histone variant, CenpA (Schumackeral. 2015). The Nerminal
domain of a chromosomal ParB homologue fr@n solfataricus98:2 was used for
crystallographic anadys. The ParBl structure was found to be similar to that of the
bacterialThermus thermophiluBarB, Spo0J. However, crucially, whereas Spo0J harbours
a HTH motif consistent with its role as a CBP, Shesolfataricu®8:2 ParBN does not,
indicatng that it performs a role unrelated to DNAnding. Instead, ParB was
demonstrated to interact with AspA, and PatBwas found to bind to nespecific DNA,
whereas the flexible linker was implicated in ParA binding. These findings indicated that
ParB may therefore function as an adaptor protein within the partition complex
(Schumacheet al. 2015).
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Interestingly, the recentlgliscovered CTPase activity of bacterial ParB proteins described
earlier may be potentially shared by pNOB8 ParB. The structure of-tarmihal domain
of pPNOB8 ParB superimposes closely with ParB structuresBramubtilisand Myxococcus
xanthus(Sohet al. 2019, Osorid/alerianoet al. 2019). It appears that the C¥ihding
pocket/motif is highly conserved and present in pNOBS8 ParB, therefore it is possible that

this archaeal protein also possesses CTPase activity like bh&tarBs.

The third protein in the partition system, encoded @46, was found to possess a very
similar structure to that of bacterial Walkdrox ATPases such as PaaRd was thus
named ParAParA demonstrated nucleotide binding properties, and though the protein
formed dimers in both apoand nucleotidebound states, binding to ATP induced a
conformational change optimal for ATP hydrolysis. ParA also demonstrated the capability
to bind nonspecific DNA in an Aldependent manner, a property of bacterial ParA

proteins(Schumacheet al. 2015).

Thus, the pNOB8 segregation system, comprising AspA, ParB and ParA, fuses genom
partitioning elements from both bacterial and eukaryotic lineagBsiA contains a
bacterialWalkerbox fold, whilst ParB comprises two separate domains, one homologous
to bacterial proteins (ParBl), and the other structurally similar foroteins involved in
eukaryotic DNA segregation (PatB Schumacheet al. 2015) The crystal structures of

the three pNOBS8 partition proteins, AspA, ParB and ParA are shown befoguie 1.18

Figure 1.18. Structures of pNOBS8 partition proteins (following pagé)) (Top) The ap@spA dimer. One
monomer is in green, the other in orange (PDB code 4RS8). (Bottom) TheDA#pAtructure, showing
three AspA dimers (dark green/blue, red/yellow, sea green/pink) in complex withracB2DNA (PDB code
5K1Y).(B) (Top) ParBN structure, coloured according to secondary structure elements: alpdleces are

red, beta sheets are blue. The structure is derived from a chromosomal ParB homfitog S. solfataricus

98:2 (PDB code 5K5A). (Bottom) The Rar@mer, with one monomerh®wn in sea green, the other in
dark purple (PDB code 4RS()(Top) A superposition of pNOB8 ParA and ParF monomers from TP228,
demonstrating the structural similarity of the proteins. ParA is coloured light blue, ParF is maroon. (Bottom)
The ParAdimer bound to the ATP analog adenyiglidodiphosphate (AMBPNP). One monomer is coloured
light blue, the other coral, and AMPNP molecules are shown as cylinders (PDB code 5K5Z). All figures
were produced using CCP4AMG.
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(A) AspA dimer (B) ParB-N (ParA/ParF superposition

AspA-DNA complex ParB-C dimer
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1.7.5 Plasmidhost interactions and archaeal CRIS®R®tems

An additional property of the conjugative plasmid pNOBS is its ability to integrate into,
and excise from the NOB82 host chromosome, via an integragependent mechanism.
Episodes of plasmid insertions and excisions could therefore provide ansmiea
horizontal gene transfer and evolution of the genome (8hal 2004). Plasmids can be
thought of as invasive genetic elements, as they often impart a burden on the host cell,
therefore flux between plasmid and host chromosome and any resultingtgechanges

may be one mechanism employed by plasmids such as pNOBS8 to avoid host immunity
(Wang et al. 2015). Alternatively, the stable maintenance of the pNOBS8 in its
extrachromosomal form could indicate some intrinsic property of the plasmid that aids

evasion of host defence mechanisms.

Archaea, like bacteria, harbouCRISPRas Clstered Regularly Interspaced Short
Palindromic Repeats and CRISRRsociated proteins) defence systems against invading
genetic elements such as viruses and plasmids (Gudbersdotir 2011, Lillestgkt al.

2006). Indeed, it is estimated that CRISPR loci are found on 80% of archaeal genomes
(Makarowa et al. 2015b). CRISREas systems have been extensively reported in
Qrenarchaea includingulfolobusspp., with almost all species harbouring (alongside a
module for spacer acquisition) both a Type | and a Type lll system, which in some cases
grants inteference againsboth DNA and RNA (Makaroe# al. 2011, Denget al. 2013,
Penget al. 2015). To counter the host CRISPR defence mechanisms, invasive elements
have responded by evolving af@RISPR proteins, which were first identified in
bacteriophags, but have more recently been found encoded on bacterial plasmids and
archaeal viral genomes (Bonidenomyet al. 2013, Mahendreet al. 2020, Penget al.

2020). Currently, no examples of archaeal plasandoded antCRISPRs have been
reported. Therefore, sequencing th&ulfolobusNOB8H2 genome will permit a more 4n

depth characterisation of the interactions between plasmid and chromosome, and
possibly shed light on the mechanisms pNOB8 employs to permit its continued existence

within the hog cell.
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1.8. Project Aims

The accurate segregation of newly replicated genetic informati@réxjuirement for all
biological organismsSegregation systems, encoded on bacterial -tmpgy number
plasmids and chromosomes, act to ensure the precise compartmentalisation of the
replicated DNA prior to cell division. This process is lessundérstood inDomain
Archaea, although partition sysins analogous to those found in bacteria have been
discovered on archaeal chromosomes and plasmids. Thecdpy number plasmid
pNOBS8, which is stably maintained in the thermophilic crenarchaeal s8alfolobus
NOB8H2, harbours one such segregation gystcomprising three proteins, AspA, ParB
and ParA, and two centromeilike palindromic DNA sequences. Structural information is
available for the three proteins, and how they interact both with each other and with
specific and norspecific DNAas been characterisgchumacheet al.2015) However,

the precise molecular mechanism of how this segregation system works to transport
pNOBS8 within the cells currently unknown, therefore, this project aims to further
elucidate these processes, arnicreaseour understanding of genome segregation in

archaea.

Specifically, three main aims will be addressed, each comprising one data chapter of this

thesis:

1. AspA interactions at the first palindrome upstream of the partition cassette have
previously bea characterised. However, there is an identical palindrome
elsewhere on pNOBS8, and unpublished data established that AspA also binds here
in vitro. The affinity of AspA to the DNA, and its patterns of binding at the second
site will be evaluated, in ordeto formulate a hypothesis as to the functional
role(s) the protein plays at each palindrome. In addition, mutagenesis will be
performed to characterise the relationship between specific AspA residues and

function.

2. AspA is known to interact with th&-terminus of ParB, which is thought to

perform the role of adaptor protein. The crystal structure of RArB based on a
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closelyrelated chromosomal homologue. Therefore, thetédminal domain of
pNOB8 ParB will be delineated using bioinformatic aticture prediction
approaches, and a Pai construct will be used to define the binding interface

with AspA.

. The plasmid pNOB8 is known to interact dynamically with the NQB8
chromosome. The NOB82 genome will be sequenced in order to further
understand the interplay between plasmid and host, with the aim of
understanding how pNOBS8 is stably maintained within the cell. Additionally,
sequencing of the NOB82 chromosome will provide insight into the position this

strain occupies in the phylogenetiee of Sulfolobus
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2.1 Bacterial strains and plasmids used

2.1.1 Bacterial strains

Strains ofE. coliused in this study were obtained from glycerol stocks already present in
the laboratory, stored at80°C. A sterile loop was used to streak out the glycerol stock
onto LuriaBertani (LB) agar, supplemented with antibiotics when required, and grown
overnight at 37°C. A single colony was taken from the plate and inoculated into 10 ml LB
(+/- antibioitics), and the culture grown overnight at 37°C. Bacterial strains are listed in
Table 2.1.

Table 2.1 List oE. colistrains used in this study

E. colistrain | Genotype Application Antibiotic selection
DHB F. yladzn a m acZo | Cloning,  plasmig -
argF)U169 ecAlendAl mini-prep, glycerol
hsdR17(k¢, mk") phoA stock storage.
su® n [thi-kgyrA96relAl
BL21(DE3) | FFompT hsd$rs® mgt) dcmt | Protein Chloramphenicol
Codon Plus | Tefgal< 6 5 9 oAHte S y]| overproduction
[argU ileY leuVCani]

2.1.2 Plasmids

Plasmids used during this work are described below in Table 2.2. Plasmids were either

available in the laboratory, or constructed during this study.

Table 2.2 List of plasmids used in this study
Plasmid Description Selection | Source

PETF22b(+) Overexpression plasmid containing t| Ampicillin | Novagen
T7 promoter, a MCS, and

Gterminal 6xHis tag.

PETFOrf44 (AspA)| pEF22b(+) containing the wiltlype aspA| Ampicillin | Barilklab
gene cloned betweenXhd and Ndd
restriction sitesGterminal 6xHs tag.

PETFASpAR49A | pEF22b(+) containing theaspAR49A| Ampicillin | Barilalab

mutant gene cloned betweerxhd and

Ndd restriction sitesGterminal 6xHis.
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PETFASpAAS3K | pEF22b(+) containing theaspAAS53K| Ampicillin | Barilglab
mutant gene cloned betweerxhd and
Ndd restriction sitesGterminal 6xHis.

PETASpAY41A | pETF22b(+) containing theaspAY41A| Ampicillin | This study
mutant allele.Gterminal 6xHis tag.

PETASpAQ42A | pET22b(+) containing theaspAQ42A| Ampicillin | This study
mutant allele.Gterminal 6xHis tag.

PETFASpALS52K | pET22b(+) containing theaspAL52K| Ampicillin | This study
mutant allele.Gterminal 6xHis tag.

PETFASpAES4A | pET22b(+) containing theaspAES54A| Ampicillin | This study
mutant allele.Gterminal 6xHis tag.

PETASpAL12G | pETF22b(+) containing theaspAL12G| Ampicillin | This study
mutant allele.Gterminal 6xHis tag.

PETFASpAIS5SG pETF22b(+) containing theaspAl85G| Ampicillin | This study
mutant allele.Gterminal 6xHis tag.

PETFASpAVB9G | pET22b(+) containing theaspAV89G| Ampicillin | This study
mutant allele.Gterminal 6xHis tag.

PETASpA PETF22b(+) containing thg Ampicillin | This study

I89GV89G aspAlI89GV89Gdouble mutant allele
Gterminal 6xHis tag.

pETFParB pETF22b(+) containing parB cloned| Ampicillin | Barilalab
between Xhd andNdd restriction sites,
Gterminal 6xHis tag.

pETFParBN pETF22b(+) containing the region thg Ampicillin | This study
encodes for the ParB-términus cloned
between the Xhd and Ndd restriction
sites.Gterminal 6xHis tag.

pEFParBN pETF22b(+) containing the region thg Ampicillin | Barilalab

& linker encodes for Nerminus plus flexible

linker region of ParB cloned between tl

Xhd and Ndd restriction sites.

Gterminal 6xHis tag.
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puUC18 Cloning plasmid containing thdac| Ampicillin | Barilklab
promoter, and a MCS located within tH

lacZgene.

pJA1200 pUC18 containing a 200 bp fragme Ampicillin | This study
from plasmid pNOB8 harbouring th
second aspA binding site, clonec
between the Pst and Ecdrl restriction

sites.

pJA21.7 pUC18 containing a 1.68 kbp fragmg Ampicillin | This study
from plasmid pNOB8 harbouring bo
aspA binding sites, cloned between th

Pst andEcdRl restriction sites.

2.2 Media and antibiotics used

2.2.1 LuriaBertani (LB)

Strains ofE. coliused in this study were grown in liquid LB broth (Fisher Scientific) or on
solid LB Agar (Fisher Scientific), supplemented with antibiotics when required. Media
$SNE LINBLI NBR | O0O2NRAY3I (2 GKS YI ydzZFl Ol dz
of powder to a particular volume of distilled water, e.g. 7.5 g LB broth per 300 ml water.
Media was sterilised by autoclave at 121°C. Antibiotics and/or induction compounds were
added after the media had sufficiently cooled. LB agar plates were poured in aatamin
flow hood, presterilised using 70% ethanol. The composition of LB media is listed in

Table 2.3.

Table 2.3 LuridBertani composition

Compound Concentration (g/L)
Tryptone 10

Yeast extract 5

Sodium Chloride 10

Agar (solid medium) 12
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222. NP Ol Qa4 YSRAdzy

Strains ofSulfolobusNOB8H2 used in this study were grown in the following medium,
after Brock (Brocket al. 1972). Individual components were sterile filtered using a
0.22 pm filter, and MillQ water was autoclaved prior taddition. The pH of the final

medium was adjusted by adding$0.

¢l ofS H MmediumbiBh}itri
Stock component and concentration| Volume added per 400 ml (final concentration

Brock | (1000 X) 0.4 ml (1X)
Brock 11 (100 X) 4 ml (1X)
Brocklll (200 X) 2 ml (1X)
20% Sucrose or glucose 4 ml (0.2%)
20% Tryptone 4 ml (0.2%)
2% Iron (I1) chloride solution 0.8 ml (0.004%)
Brock components (per 100 ml MilliQ water)
Brock | 7 g CaGl2H0O
Brock I 13 g (NH)2SQ
2.5 g MgS@7H:0
150 pl1:2 BSQ
Brock Il 5.6 g KEPQO
10 ml trace elements
150 pl 1:2 kSQ
Trace elements (1000 X) Per 1 L MiliQ water:
1.8 mg MnGl
0.22 mg ZnSPO
0.05mg CuCl
0.03 mg VOSO
0.01 mg CoSO
4.5 mg NaBsOy;

0.03 mg NaMo®@
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2.2.3 Antibiotics

Antibiotic stock solutions were prepared by dissolving the required amount of powder in
suitable solvent, filter sterilising with 0.22 um filters (Millipore), then storing aliquots at

¢20°C until use. Antibiotics used in this study are shown in Table 2.5

Table 2.5 Antibiotics used and relevant concentrations

Antibiotic Solvent Stock conc. (mg/ml) | Working conc. jig/ml)
Ampicillin Milli-Q water | 100 100
Chloramphenico| 100% ethanol | 34 34

2.3 Recombinant DNA techniques

2.3.1 Preparation ofcompetent cells

E.colid i NI A y & BBE2L(PE3)CodygniRIus are required to be chemically competent for
DNA uptake prior to transformation. Nesompetent cells were streaked from glycerol
stocks onto LB agar plates, and a single colony inoculated intd L8 ifplus antibiotics if
necessary) and incubated overnight 37°C with shaking at 200 rpm. 0.3 ml of the
overnight culture was inoculated into 60 ml LB broth, and grown at 37°C with shaking
until the optical density at a wavelength of 550 nm ¢@pwasbetween 0.4 and 0.6.
After reaching the required QEyvalue, the culture was incubated on ice for 10 minutes.
The culture was split into two 50 ml Falcon tubes, and centrifuged at 7,000 rpm for 5
minutes at 4°C to harvest the cells. The supernatant issadded, and cells resuspended

in 18 ml of buffer RF1 (Table 2.6), equivalent to 1/3 of the culture volume. The
resuspended cells were incubated on ice for 1 hour. The cells were again pelleted by
centrifugation at 7,000 rpm for 5 minutes at 4°C. The snp&@ant was discarded, and
cells were resuspended in 4.2 ml of buffer RF2 (Table 2.6), equivalent to 1/12.5 of the
culture volume. After incubation on ice for 15 minutes, the competent cells were

aliquoted and stored at80°C. Cells were tested for compete by DNA transformation.
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Compound RF1 (pH 5.8) RF2 (pH 6.8)
Glycerol 15% 15%

RbClI 100 mM 10 mM

MnCb 50 mM -
CHCQK 30 mM -
CaCl 10 mM 75 mM
MOPS - 10 mM

2.3.2 Bacterialtransformation

CompetentE. colid (i NI A y aBLEL(DE3)CodonBlus were thawed on ice. An aliquot of
100 ul of competent cells was used for each transformation. 1 ul of plasmid DNA was
added to the aliquot of competent cells, and an additional 100 pl aliquot without DNA
was used as a negative control. The cells plus plasmid mixture was incubated on ice for 4C
minutes, then subjected to heat shock by incubation at 42°C for 90 seconds in-a heat
block. The cells were then placed back on ice for 2 minutes, 400 pl of LB added, and the
tube incubated at 37°C for 1 hour with shaking, to allow expression of the mlasmi
encoded antibiotic resistance gene and subsequent translation into protarpically,

100 ul of cells were then spread on LB agar plates, plus relevant antibiotics, and

incubated overnight at 37°C.

2.3.3 Plasmid DNA extraction

E. coli51 ph OSftfta 6SNBE UGUNIyaFT2N¥SR gAGK LI
transformant colony was inoculated into a suitable volume (usually 5 or 10 ml) of sterile
LB, supplemented with the relevant antibiotic. The inoculum was grown overnight at 37°C
with shaking at 200 rpm. The cells were harvested the next day by centrifugation at
12,000 rpm for 5 minutes. The plasmid DNA was extracted using the MaeNags}
NucleoSpi®t f F a8 YAR YAYALINBLI {AGZ | OO0O2NRAYy3I (2
the cell pellet is resuspended, cells are subjected to alkaline lysis, and the lysate
neutralised to precipitate proteins, chromosomal DNA and cell debris. After
centrifugation,the lower molecular weight plasmid DNA remains in the supernatant, and
this is extracted by passing over a silica membrane. Isolated plasmid DNA is then eluted

into elution buffer or MilkQ water via centrifugation, and plasmid DNA is storee2@tC.
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2.3.4 Primer design

All forward and reverse primers used in this study are listed in Table 2.7. Primers were
used to amplify a required section of DNA via PCR, using a DNA template (either genomic
DNA extract or plasmid miniprep). Each oligonucleotide priwes between ~20 and ~30
nucleotides, depending on downstream application. Primers used for cloning purposes
AyOf dzZRSR GKS NBfS@OIyd NBaAaGNAOUGAZ2Y SyR2Yy
FRRAGAZ2YFE ¢ oL Wil At QX pforathfificalidh ®f DNSfari NA
dzaS Ay 9a{! laaleéea ¢gSNBE oA2idAyeftl adSR I
Sigmal f RNAOK hftA3I29@FfdzZ 62N aAaSzT G2 | aas.
GC%, run length of any repeated bases, and s#agnstructure and primer dimer
formation. Primers were manufactured by Sigikrich/Merck, and lyophilised primers

were resuspended in sterile Mil) water to a stock concentration of 1Q®/.

Table 2.7 List of primers used in this study

Primer name {SljdzSyO0S opQ (2 0Q0

AspA BS2 247 bp F [Btn]CTCTGGACTTACTTTGAATA

AspA 200 bp R CTTAATGTTCTCCGACATA

200 bp cloning F AAGGAGCTGCAGTAATACGTAAAAAACTGA
200 bp cloning R ATATATGAATTCCTTAATGTTCTCCGACATA
1.68 kb cloning F AAGGAACTGCAGCCTTCAGATAATACGTAA
1.68 kb cloning R ATATATGAATTCGCTTTAGCCTTACCTACC
AspAY41A F CACACAGATCCCAGCTCAAACCGTAATACAG
AspAY41A R CTGTATTACGGTTTGAGCTGGGATCTGTGTG
AspAQ42A F CACAGATCCCATATGCAACCGTAATACAGAAT
AspAQ42A R ATTCTGTATTACGGTTGCATATGGGRGTG
AsSpALS52K F GAATATTAGGTGGTTAAAAGCTGAAGGATATGT
AsSpAL52K R CTACATATCCTTCAGCTTTTAACCACCTAATATT
ASpAES4A F GGTGGTTACTAGCTGCAGGATATGTAGTAAAA(
AsSpAES54A R GCTCTTTTACTACATATCCTGCAGCTAGTAACC
AspAL12G F ACAAATACATCTTCGGAACTCCTAGAGCATA
AsSpAL12G R TATGCTCTAGGAGTTCCGAAGATGTATTTGT
AsSpAI85G F CGGAACTAGAAAAAGGTAGAAAATTAGTAGA
AspAI85G R TCTACTAATTTTCTACCTTTTTCTAGTTCCG
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AspAV89G F

AAATTAGAAAATTAGGAGAGGTGGTTCAATG

AspAVE89G R

CATTGAACCACCTCTCCTAATTTTCTAATTT

ParBFL F / ParBI cloning F

AAGGAACATATGAGTAAGCTGAAAGAGTAT

ParBFL R

AAGGAACTCGAG TAACTTCCCCTCCAAGAC

ParBN cloning R

AAGGAACTCGAGCCTCTGCAGTTTCTCTAG

126 bp BS2 F AGGTTCTCTTTACGTAAC

126 bp BS2 R CCCTCATATTATGCTCTA

1.6 middle F#2 TTACGAGATCCACTCATCTT
1.6 middle R#2 GGTTAACAATCTAATTGAGGC
C45 pNOB8 1 F CTCTTTGTTGCGCTGCTCTTC
C453R TCCTGGAGGCTTCCTGCTTC
P1Ref2F AGATCGAAGTAACTGGCGGAC
C45 pyrE F AGTAGGAATAGCCACTGGAG
C45 pyrER CCTCCACCGTTAAGAATCTC
pKEF9 Orf153 F ACGTGCTTATCGTCTCCCAA
pKEF9 Orf153 R TGCCAGAGAAAGTAAGGTCT
T7 Promoter F TAATACGACTCACTATAGGG
T7 Terminator R GCTAGTTATTGCTCAGCGG

M13 pUC18 F

CCCAGTCACGACGTTGTAAAACG

M13 pUC18 R

AGCGGATAACAATTTCACACAGG

2.3.5 Polymerase chain reaction (PCR)

DNA sequences were amplified by polymerase chain restriction (PCR) using an Eppendor

Mastercycler thermal cycling machine. A typical PCR reaction mixture, using GoTaq G2

polymerase, is outlined below in Table 2Alternative DNA polymerases were used

depending on the application. The total reaction volume wau6@nd was prepared on

ice. A working solution of each deoxynucleotide triphosphate (dNTP) at 5 mM was

prepared by diluting each dNTP from 100 mM stocks (Roche)eniesMill-Q water.

Template DNA was typically added to a final mass of 60 ng.
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Reaction Component Volume Final concentration/amount
5X GoTaq buffer 12l 1X

DNA template Xul 60 ng

dNTPs (5 mM) 2.4l (each dNTP) | 200uM

Forward primer (uM) 3ul 15 pmol

Reverse primer (fEM) 3l 15 pmol

Sterile MilltQ water to 60 pl -

GoTaqg G2 polymerase (5 ulj | 0.5ul 25U

PCR program parameters were altered depending on the calculated melting temperatures
of primers, the size of the DNA amplicon, and the DNA polymerase used. The number of
repeated cycles of denaturation, annealing and extension was generally 30 cycles. A

typical PCR program is outlined in Table 2.9.

Table 2.9 Typical PCR thermocycler program settings
Program step Temperature {C)

Time (minutes)

Initial Denaturation 95 3
Denaturation 95 1
Annealing 42 1
Extension 72 1

(Repeat x 29)

FinalExtension 72 6

Hold

2.3.6 Restriction endonuclease digest

Restriction enzyme (RE) digests were used primarily when cloning a DNA fragment insert
into the multiple cloning site (MCS) of a recipient vector. RE digests produced linearized
vector, inserts with complementary digest sites, and were also used in diagolagests

to confirm the inserts were cloned into the vector correctly. Typical RE digest reactions

using two different enzymes were performed in a total volume ofpB0as shown in

Table 2.10RE buffers were supplied by the manufacturer, and inctee of a double
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digest, a buffer suitable for both enzymes was used. Reactions were typically incubated at

37°C for 3 hours, and heat inactivated for 20 minutes if necessary.

Table 2.10 Typical restriction enzyme reaction components

Reaction component Volume {ul) and amount
Restriction enzyme 1 1(10UV)

Restriction enzyme 2 1(10 V)

Buffer (e.g. 10X) 3

DNA 20 (500 ng)

Milli-Q water 5

Total 30

2.3.7 Ethanol precipitation

DNA purification using ethanol (EtOH) precipitation was used eithegrtmve potential
contaminants from the DNA, or to concentrate the DNA following another process e.g.
restriction enzyme digestion, before use in downstream applications. The volume of DNA
(resuspended in e.g. MH water) was supplemented with 0.1 volumef 3 M sodium
acetate pH 5.2 and 2.5 volumes of-4oald 100% ethanol. 0.05 volumes of glycogen were
added to visualise the pellet unless downstream applications included sequencing. The
components were gently mixed, and incubated at eith20°C overnigt, or -80°C for

2 ¢ 4 hours. The precipitated DNA was collected by centrifugation at 13,000 rgfCat

for 20 minutes. The supernatant was carefully withdrawn, and the pellet resuspended in
500 pl of icecold 70% ethanol. The pellet was again céaged at 13,000 rpm at 4°C for

20 minutes. The resuspension in 70% ethanol and centrifugation were repeated a second
time. The supernatant was carefully removed, and the pellet left to air dry, usually for
5 ¢ 10 minutes at37°C to remove residual traces of ethanol. The pellet was then

resuspended in an appropriate volume of M@liwater and stored a20°C until required.
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2.3.8 Cloning protocol overview

Cloning of a gene, or partial gene, into a suitable expression plasms a multistep
process, involving PCR amplification of the gene of interest, restriction enzyme digestion
of the recipient plasmid and ligation of the amplified fragment into the plasmid. This was
followed by a diagnostic restriction digest, colony RPGo screen for positive
transformants and sequencing of selected clones to verify the correct insertion (and
orientation) of the gene of interest into the expression plasmid. The following is an
outline of the process used to clongarBN into pEF22b(+),and is representative of

other cloning experiments conducted during this study.

2.3.8.1 Restriction digest of pE22b(+) and PCR amplification p&rB-N

The plasmid pEZ2b(+) was digested witKkhd andNdd restriction enzymes as detailed

in Section 2.3.6. This produced a sufficient quantity of linearised plasmag{~® use in

the following stages. Concurrently, the section of the gene encoding tterminus of

ParB was amplified by PCR as outlinedacttion 2.3.5. Here, however, Phusion DNA
polymerase (ThermoFisher Scientific) was used due to its higher fidelity compared to
other polymerases (~50 Kaqpolymerase). 1 U of Phusion was used in the reaction. A
range of different DNA templates were usdghically either a genomic DNA extract, or a
large-scale plasmid prep, both of which contain the gene of interest. The annealing
temperature and extension time were optimised to give the greatest amount of PCR
product. TheparBN PCR product was run on an agarose gel and the correct band was
excised and purified as detailed in Sec#idh3.11 and 2.3.12. The purifiegarB-N
fragment was then also digestedith Xhd and Ndd restriction enzymes as detailed in

Section 2.3.6., and pified again by ethanol precipitation as outlined in Section 2.3.7.

2.3.8.2 Alkaline phosphatase treatment of DNA

The digested, linearised pER2b(+) was subjected to alkaline phosphatase treatment to
delJK2 ALK 2NBEFGS GKS LI I & YA Rhatg &0 phieM 2@ | f
re-circularisation. A typical reaction involved the digested plasmidp2010X alkaline
phosphatase buffer (10 ul), with the reaction adjusted to a total volume of sterile@illi
water. 0.5 pl of Antarctic phosphatase (NEB, 5 U/ul) was added to the reaction, and the

mixture incubated aB7°C for 30 minutes. Another 0.5 (il phosphatase was added, and
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the mixture incubated again é7°C for 30 minutes. Then, 10 pl of 200 mM ethylene
glycotdo A aminoethyl etherb ~ b Z-tettaac€lic acid (EGTA) was added to the
reaction, and the mixture incubated af5°C for 10 minutes. he linearised, de-
phosphorylated plasmid was then purified by ethanol precipitation as outlined in Section
2.3.7.

2.3.8.3 DNA ligation

The digested, linearised p22b(+) plasmid backbone and the digesttB-N fragment

were then combined in a ligation reaction to insert the fragment betweenXhd and

Ndd restriction sites. A typical reaction used between 1:1 and 1:5 molar ratios of vector
to insert (e.g. 100 ng vector and 50 ng insert gave a 1:3 molai.rddoDNA ligase (NEB,

5 Ulul) was used to ligate the insert into the linearised plasmid backbone. Two control
reactions were set up in parallel; one without the insert, and the second without either
the insert or T4 ligase, to test both the phosphatasé@cefncy and restriction digest
efficiency respectively. A typical set of ligation reactions are shown below in Table 2.11.
The reactions were incubated at room temperature for 3 hours, then feadtivated by
placing the reactions a65°C for 20 minutesThe ligation reactions, including controls,
were then transformed int&. cold G N> Ay 51 ph & RSOFAf SR AY

Table 2.11 Components of a typical DNA ligation reaction

Reaction Component | Real ligation (3:1) No insert No insert/no ligase
Insert Xul (50 ng) - -
Vector Yul (100 ng) Yul (100 ng) Yul (100 ng)
10X T4 DNA ligase buff 3l 3l 3l
Sterile MilltQ water to 30pl to 30ul to 30ul
T4 DNA ligase (5 W) 1l 1l -

2.3.8.4 Colony PCR amnghgnostic restriction digest

Colony PCR is a technique used to screen for positive clones, i.e. those that harbour the
cloned insert. Here, a PCR master mix was prepared in a single tube, containing enougt
reagents for 20 reactions, then divided into 26parate PCR tubes. The primers used
were the same as initially used to amplify the insert. The transformant colonies from the

previous step were used to provide the DNA template. A sterile pipette tip was used to
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take a small amount from a single colomyuched first to a separate LB agar plate (plus
antibiotics), then swirled in the PCR reaction mix to transfer the remaining bacterial
transformants to the tube. A control reaction was set up in parallel by taking a colony
FTNRY (GKS Wb2 A Vha SCRImograndwasdlihel sarheliaS anitially used to
amplify the insert. Colony PCR products were loaded onto an agarose gel as detailed in
Section 2.3.9., and those colonies that contained the correct size insert were used to grow
overnight cultures beforeextracting the plasmid as outlined in Section 2.3.3. As an
additional verification, the plasmids were then digested with the same restriction
enzymes originally used for the cloning, and the digested products run on an agarose gel.
Those plasmids positivier the insert after digestion were sent for sequencing to confirm

that the cloning was successfahd that the insert contained no mutations.

2.3.9 Agarose gel electrophoresis

Gel electrophoresis was used as a diagnostic tool to verify the succesg.oPCR
reactions, restriction enzyme digests, plasmid minipreps etc, or used to separate the
correct size DNA fragment before gel extraction and purification. The percentage of
agarose used (w/v) varied according to the size(s) of the DNA fragmentslbaded, but
typically was between 1 and 2%. The agarose gel was prepared by dissolving the
appropriate mass of powder in 50 ml (or 100 ml for larger gel casting trays) of 1X TAE
buffer (40 mM TridHCIl, 20 mM acetic acid, 1mM ethylenediaminetetraacetiad ac
(EDTA)). Once dissolved, SYBER Safe DNA gel stain (Invitrogen) was added at a 1 in 10,(
fold dilution, the agarose was poured into a casting tray, an agarose gel comb was
inserted, and the gel was left to set for ~30 minutes. The DNA sample to bedlogas

mixed with 1X final concentration of DNA loading dye (NEB), and loaded into the well. An
appropriate molecular weight DNA marker ladder was also loaded into another well to
enable the DNA fragmergizeto be accurately estimated. Typically, a GeneRd kb
(Thermo Fisher Scientific) or PCR marker (NEB) was used. The gels were loaded whils
submerged in running buffer in the tank, which was typically 1X TAE buffer (EMSA
agarose gels were made and run using 1X TBE @ffemM TrisHCI, 90 mM Boricdd,

2 mM BDTA), and run at 100 V for an appropriate time until the DNA fragment(s) had run
through % of the gel. DNA agarose gels were visualised usingRaBiGel Doc EZ imager,

or on an ultraviolet transilluminator (UV) if band excision was required.
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2.3.10DNAextraction from agarose gels and purification

DNA fragments such as PCR products that were to be used in downstream experiments
such as cloning required extraction from an agarose gel. After running the DNA on an
agarose gel as outlined in Section 2,3he DNA fragments of interest were visualised on

a UV transilluminator. A sterile scalpel was used to excise the band, taking care to remove
only the band and as little of the surrounding agarose as possible. The gel slice was placec
into a sterile, preweighed Eppendorf tube. The DNA was purified from the agarose using
a MachereyNagel PCR clearp and gel extraction kit. The gel slice was first weighed,
then 2 volumes of NTI buffer were added to the tube. The tube was incubated®@tf60

~10 minutes, wh periodic vortexing, until the gel slice was completely dissolved. The
solution was transferred to a NucleoSpin column and centrifuged at 12,000 x g for 1
minute. The flowthrough was discarded, and the column washed twice with 700 pl of
buffer NT2 (cordining ethanol) with centrifugation at 12,000 x g fominute. The flow
through was discarded and any residual ethanol removed by centrifugation at 12,000 x g
for 2 minutes. The NucleoSpin column was placed into a new, sterile Eppendorf tube, and
the DNAwas eluted by adding an appropriate volume (typicallyc280 ul) of MillkQ

water or TE buffer, incubating at room temperature for 2 minutes, then centrifuging at
12,000 x g for 1 minute. The extracted, purified DNA was assessed if required by

visualisinga small aliquot on an agarose gel.

2.3.11 Sitedirected mutagenesis using the QuikChange system

Sitedirected mutagenesis was performed to generate #sAmutants described in this
study, by substitution of specific DNA base(s) that encode the target amino acid. The
QuikChange Lightening Siberected Mutagenesis Kit (Agilent Technologies) was used to
construct mutants. Briefly, the principle of this techue is to use a wildype parental
plasmid as the DNA template. The template used was3#b(+) containing the wiltiype
aspAgene cloned between thXhd andNdd restriction sites. This plasmid is denatured,
and primers containing the mutation annealcaare extended via DNA synthesis as in a
normal PCR reaction. Forward and reverse primers for this protocol are typically designed
to be ~30 bp in length, with the mutation located centrally in each primer. The PCR

reaction then results in a new mutant glaid, which is present alongside the parental
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wild-type plasmid. Then the restriction enzyrpn is used to digest the methylated or
hemimethylated parental plasmid DNA, leaving behind the mutated plasmid. The mutant
plasmid is then transformed into therovided ultracompetent cells (XLA®Bold), purified,

and sent for sequencing to verify the mutation is present. A typical PCR reaction for the
mutagenesis protocol, and the thermocycler settings, are detailed below in Tables 2.12
and 2.13.

Table 2.12 Components of a typical QuickChange mutagenesis PCR reaction

Reaction Component Volume Final concentration/amount
10X reaction buffer 5l 1X

DNA template Xul 50 ng

dNTP mix (proprietary) 1l -

Forward primer (uM) 3ul 15 pmol

Reverse primer (fM) 3l 15 pmol

Quick solution 1.5

Sterile MilliQ water to 50l

QuikChange Lightning polymeral 1 pl -
(proprietary)

Table 2.13 Typical QuikChange mutagenesis PCR thermocycler program settings

Program step Temperature {C) Time

Initial Denaturation 95 2 mins
Denaturation 95 20 secs

Annealing 60 10 secs

Extension 68 3 mins (30 secs/kb)

(Repeat x 17)

Final Extension 68 5 mins

Hold 4 _

After the PCR reaction is completepRof proprietaryDpri was added, and the reaction
incubated for 10 minutes a87°C to digest the wildype parental plasmid. At the same
time, ultracompetent cellsE. coliXL10Gold strain) were thawed on ice, with 45 pl of

cells used for each reaction added to a prechill&édml Falcon tube2 ul of the supplied
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I -mercaptoethanol was added to the cells, to aid transformation efficiency. The cells
were incubated for 2 minutes on ice, before the addition2ofil of the PCR reaction
containing the mutant plamid, followed by a further incubation on ice for 30 minutes.
The suggested medium for the transformation is NBWoth, which was previously
prepared (per Litre; 10 g casein hydrolysate, 5 g yeast extract, 5 g NaCl, 12 mi MgCl
12 mM MgS@ 0.4% (w/v) glucose, pH 7.5). The NE"éth was preheated t@l2°C using

a water bath, then the ultracompetent cells were transformed by k&fack at42°C for
exactly 30 seconds. The cells were then incubated on ice forinites, 0.5 ml of
preheated NZYbroth was added, and the tubes incubated 3f°C for 1 hour with
shaking at 225 rpm. 100 pl of the cells were spread onto LB agar plates containing
ampicillin and incubated overnight &7°C. A number of colonies were therlected for
overnight growth in selective media and plasmid isolation, followed by sequencing to

confirm the presence of the mutation and absence of additional changes.

2.3.12 DNA sequencing

DNA sequencing was used to verify mutagenesis and clonimgeSaequencing was
performed by Eurofins Genomics, Germany, after following the suggested samples
preparation guidelines. Aliquots of 1@ of sample were sent in a barcoded 1.5 ml
Eppendorf tube. The sample consisted of 5 pl of plasmid DNA @160 rg/ul), plus 5 yl

of the appropriate primer (at 5 uM). DNA sequence traces were analysed using SnapGene

software.

92



Chapter 2¢ Materials and Methods

2.4 Protein production and related techniques

2.4.1 Gene overexpression and protein overproduction

The 6xHigagged recombinant AspA and ParB proteins used in this study were all
overproduced using the same methodology. The expression plasmid2Zi&¥)
containing the gene of interest was first transformed into thecolioverexpression strain
BL21 (DE3)CodonPlus, using the standard transformation protocol, and spread onto LB
agar plates plus antibiotics. A number of colonieg (®) were taken from the agar plate
using a sterile loop, and used to inoculate 15 ml LB bpbaik antibiotics in a small conical
flask. The cells were grown for two hours afG#wvith shaking, or in some cases overnight

if the overexpression was to be carried out the next day. After two hours, the inoculum
was decanted into a 2 L conical flaskntzining 300 ml autoclaved LB broth, plus
antibiotics. The culture was grown for@34 hours until the OB reached 0.8- 0.9. A

100 pl aliguot was taken and kept as an uninduced control. Overexpression of the gene of
interest from the pETR2b(+) plamids was then induced by adding 1 mM of

L a 2 LIN:B-1-fldidgalactopyranosid€IPTG) an analogue of allolactose, to the culture.
The culture was grown for an additional 3 hours3&tC with shaking. At hourly inteals,

a 100 pl aliquot was taken to test for overproduction levels of the protein. These aliquots,
along with the aliquot taken before induction, were centrifuged at 11,000 i@, for

1 minute, the supernatant removed, and the pellets resuspende@Gnul of binding
buffer (see table 2.14). To assess overproduction levels, the resuspended pellet was
mixed with 20 ul of 2X SDS loading buffer (Table 2.17) and analysed {BASEBS The
remaining 300 ml culture was removed froBY°C after 3 hours, and splinto two
centrifuge bottles. The culture was centrifuged at 12,000 A°@,, for 25 minutes in a
Sorval higkspeed centrifuge. The supernatant was discarded and the pellets stored at

-20°C until required.
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2.4.2 Protein solubility assay

After overproduction trials of the mutant protein, the remaining cell culture (~14 ml) was
pelleted, and resuspended in 1 ml binding buffer (20 mM Tris pH7.5, 500 mM NacCl,
10 mM Imidazole). 14 pl of lysozyme (10 mg/ml was added) and thereailsated for 15
minutes at 30°C. The suspension was sonicated (6 x 15 secs on, 30 secs off), ther
centrifuged for 30 minutes at 14,000 RPM, 4°C. 500 pl of the supernatant was removed,
the rest discarded, then the pellet was resuspended in 500 pl of kgnbuffer. 20 pl of

the supernatant and pelleted fractions were mixed with 20 pl 2X SDS loading buffer
(Table 2.17)denatured, and analysed by SPAGE.

2.4.3 Protein purification by Ni* affinity chromatography

The 6xHigagged recombinant Asp and PgpBoteins used in this study were all purified
using the same methodology. Theo flasks ofcell pellets collected in Section 2.4.1 were
thawed at room temperature, therachresuspended in 11.25 ml binding buffer (total
22.5 ml binding buffer). A list @l buffers used in this protocol is shown in Table 2.14.
150 ul of lysozyme (10 mg/ml) and 1 tablet of protease inhibitor cocktail (Roche) were
added to each 11.25 ml suspension. Tablets were crushed inside a sterile Eppendorf tube
using a sterile pipettdip, then dissolved in the cell suspension. Both suspensions were
thoroughly mixed, then transferred to a 50 ml Falcon tube. The suspension (~23 ml) was
incubated at30°C for 15 minutes, anothe50 pl of lysozyme (10 mg/ml) was added, and

the suspension incubated &0°C for a further 15 minutes. The cells were then lysed by
sonication; 7 times for 30 seconds at 40% power, separatedrindte pause intervals
between each sonication step. The cghdte was then centrifuged at 10,000 rpafC,

for 40 minutes. Meanwhile, the column used for purification (C10 chromatography
column, GE Healthcare) was assembled. 5 ml of 509Bikfisresin slurries (Merck) were
pipetted into the column, and washed with column volumes (CVs) of filtered M@

water (all solutions used in the purification, including the cell lysate, werdfipeeed

using a 0.22 um syringe filter). Solutions were passed over the column using a peristaltic
pump, typically at flow rate®f 3.5 ml/min. The resin was then charged with 5 CVs of
50 mM NiS@ then equilibrated with 6 CVs of binding buffer. Prior to passing the cell

lysate over the column, 800l aliquot was taken for later analysis.
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The cell lysate was passed ovee column and recirculated for 2¢ 3 hours to allow an
optimal quantity ofHistagged protein to bind to the resin. 200l aliquot of lysate flow
through was taken at the end of the circulation. Then, the column was washed with 6 CVs
of binding buffer followed by 10 CVs of wash buff@00 pl aliquots were taken at the

end of each stage and kept for later analysis. The protein was then eluted from the
column using 3 CVs of elution volume, and 12 x 1 ml fractions were collected. The
concentrations othese fractions were estimated via Bradford Assay, using 10 pul aliquots
of protein. The six most concentrated fractions were kept for buffer exchange (Section
2.4.4) and the rest discarded. THEO pl aliquots taken from each stage of the
purification wereanalysed by SDISAGE.

Table 2.14 Protein purification buffers used in this study

Buffer

AspA proteins

ParB proteins

Binding buffer (1X)

20 mM TrisHCI, pH 7.5
500 mM NaCl

10 mM Imidazole

20mM TrisHCI, pH 8.0
500 mM NacCl

10 mM Imidazole

Wash buffer(1X)

20 mM TrisHCI, pH 7.5
1 M NacCl

60 mM Imidazole

20mM TrisHCI, pH 8.0
500 mM NacCl

20 mM Imidazole

Elution buffer(1X)

20 mM TrisHCI, pH 7.5
500 mM NacCl
400 mM Imidazole

20 mM TrisHCI, pH 8.0
500 mM NacCl
400 mM Imidazole

Storage buffer

50 mM HEPES, pH 7.5
50 mM KClI

20mM HEPES , pH 7.0
150 mM NaCl

2.4.4 Buffer exchange

After purification, the AspA and ParB proteins were immediately bwgkmhanged into
storage buffer using a 5 ml HiTrap Desalting column (GE Healthcare). The column was
initially washed with 5 CVs of sterile, filtered Miliwater, followed by equilibraan with

5 CVs of storage buffer. Then, 1.5 ml of protein fraction was passed over the column,
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followed by 2 ml of storage buffer, collecting the fldlarough in volumes of 1 ml. This
process was repeated until all protein fractions had been passed tbeecolumn. The
column was then stripped with 4 CVs of Strip buffer (20 mM-H@$ pH 8.0, 100 mM
EDTA, 50 mM NacCl), washed with 4 CVs of filtered-Qilkater, and stored in 20%
ethanol at 4C. The column was reused for the same protein if furtherfigation and

buffer exchange was required. The concentration of the buéferhanged protein
fractions was again measured by Bradford assay, and the six most concentrated were
aliquoted into sterile Eppendorf tubes in 100 pl volumes, fifiskzen in liquidnitrogen,

and stored at; 80°C until required.

2.4.51 Protein concentration measurement by Bradford assay

After purification of a protein, it is necessary to measure its concentration before use in
downstream applications. The Bradford protein colorimetric assay was used for this
purpose. Here, a standard curve was first constructed using 2 mg/ml Bovine Gamma
Globulin (BGG, Thermo Scientific). The BGG was diluted to a stock solution of 0.2 mg/mi
in 0.9% NacCl solution. Seven reactions were then prepared in triplicate in a 1ml cuvette,
as shown inTable 2.15 with 200 ul of Bradford reagent dye (BioRad) used edafe,

such that the total reaction volume was 1 ml. All reactions were vortexed and left to
stand for 5 minutes. The mean optical densities at 595 nmsdfpdor each BGG
concentration were then plotted as a function of BGG concentration. This produced a
linear plot, with the equation of the straight line in the form y = mx + c; a typical plot is
shown inFigure 2.1 After acquiring the equation of the standard curve, the concentration

of the protein of interest was measured by adding |il0of protein to B0 ul of MillkQ

water, plus200ul of Bradford dye, in triplicate, and again the meabsos was calculated.

This value was then input into the equation above (where y is the OD value), and solving

the equation for x gave the concentration of the protamnng/ml.
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Table 2.15 Bradford assay reaction components

BGG 0.2 mg/miyl) | Milli-Q water ul) | Bradford dye [l) BGG massuQ)
0 800 200 0
2 798 200 0.4
5 795 200 1
10 790 200 2
20 780 200 4
30 770 200 6
50 750 200 10

0.4 -
E 0354
£ 03-
Lo
= 0.25 -
o y = 0.0349x + 0.0096
S 02 R2 = 0.9954
©
o 0.15 4
é L 4
2 01 -
< 0051
0 L] L] L] L] 1
0 2 4 6 8 10
Concentration (mg/ml)

Figure 2.1Typical Bradford assay standard curvEhe equation of the straight line, along with thé\Rlue,
is shown.

2.4.52 Protein concentration measurement bV spectrophotometry

For some cular Dichroismexperiments, protein concentrations were measunedh a
Jasco V560 spectrophotometer usibgm path lengtlcuvettesat absorbance of 280 nm
The programSEDNTERP3 was used to calcytatéein extinction coefficients based on
the amino acid sequengeand these data used to calculate the UV absorptiased

concentration. These measurements were penfied by Dr Andrew Leech.
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2.4.6 Sodium Dodecyl SulphatBolyacrylamide Gel Electrophoresis
(DSPAGE)

2.4.6.1 Gel preparation and electrophoresis

SD$olyacrylamide gels were prepared by mixing the components listed in Table 2.16.
Resolving gels were typically 15%, but other percentage gels were used when
appropriate. Stock solutions of T##Cl and SDS were used, however the ammonium
persulphate (RS) was always made fresh on the day of gel casting. Components were
added to a 50 ml Falcon tube in the order shown in the table, with APS and
tetramethylethylenediamine (TEMED) added immediately prior to casting the gel, as
polymerisation starts to occuon their addition. The gel solution was pipetted between
the two glass plates, and ~5Q0 of isopropanol was pipetted on top of the gel to seal it
from the air. The resolvingel typically took ~30 minutes to set, after which the
isopropanol was removedy wicking using Whatman filter paper. The stacking gel
solution was prepared, pipetted on top of the resolving gel, and a comb was placed into
the stacking gel. The gel was left for ~30 minutes to polymerise, after which time the
comb was carefully rem@d. The gel was either used immediately, or kepda inside
paper towels soaked with 1X SDS running buffer, and wrapped in cling film. If using the
gel straight away, it was transferred to the gel tank (MMROTEAN Tetra, Htad) and
submerged in 1>6DS running buffer. Running buffer was pipetted into the gel wells to
remove excess acrylamide. Before loading, protein samples were mixed with an equal
volume of 2X SDIBading dye (Table 2.17) and denatured by incubation at 95°C for 10
minutes. The volme of sample loaded depended on the size of the glass plates used;
typically, this was either 20 or 40 pl. Samples were loaded alongsidel® pl of
PageRuler Plus prestained molecular weight marker (Thermo Scientific). Typically, gel
electrophoresis waperformed at 150 V for 25 minutes, then 190 V for ~30 minutes, until

the molecular weight marker had reached the bottom of the gel.
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Table 2.16 Components used to prepare a typical $SIA&E gel

Component 15% resolving g€ 5% stacking gel (4 ml)
(10 mI)

Milli-Q water 2.3 ml 2.7

30% acrylamide:bisacrylamide (29:1| 5.0 0.67

1.5 M TrisHCI pH 8.8 2.5 -

1 M TrisHCI pH 6.8 - 0.5

10% SDS 0.1 0.05

1% APS 0.1 0.05

TEMED 0.004 0.004

Table 2.1Buffers used in SDBAGE
Buffer Components

10X running buffer (1X workin 144 g Glycine
concentration) 30.3 g Tris base

10 g SDS

2X SD®AGE loading dye (1 100 mM TrisHCI, pH 6.8

working concentration) 4% (w/v) SDS
20% (vGlycerol
0.2% (w/v) Bromophenol Blue

200 mMi -mercaptoethanol

2.4.6.2 SDPAGE gel staining

After gel electrophoresis had completed, the gel was carefully removed from between
the glass plates. The gel was placed in a plastic box, and covered with Geoblas

stain (Table 2.18). The gel was stained for ~1 hour with gentle shaking. The Coomassie
blue was siphoned off, and could be reused with another gel. The gel was then covered
with de-stain solution (Table 2.18), for several hours, or overnight. dekstain solution

was changed periodically. The gel was removed frorstdan solution when it appeared
mostly transparent, and the protein bands were clearly visible. Gels were photographed

using the Gel Doc EZ Imager (B&d) and associated Image Lab.# software.
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Glacial acetic acid

Distilled water

Solution Components Amount
Coomassie blue stain | Coomassie blue 0.1% (w/v)
Methanol 5% (v/v)

10% (v/v)

To required volume

Destain

Methanol

Glacial acetic acid

5% (v/v)
10% (v/v)

Distilled water

To required volume

2.4.7 Dialysis of proteins

Proteins were dialysed using SnakeSkin dialysis tubing with a MKD@O olecular
weight cutoff, Thermo Scientific). The dialysis tubing was cut to an appropriate length
using sterilised scissors, then soaked in the filtered buffer that would be usdilyse

the protein against. One end of the dialysis tubing was sealed with clips, and the protein
aliquot(s) were pipetted into the tubing. The other end of the tubing was sealed with a
clip, and the tubing placed in a beaker filled with 500 ml filtebedfer. The beaker was
placed on a magnetic stirrer and the protein was dialysed°&t for 2 hours at medium
stirring speed. After two hours, the buffer was replaced with 500 ml fresh buffer and
dialysed overnight a#°C using medium stirring speed. Tha¢ldwing day, the protein
solution was withdrawn from the dialysis tubing using a pipette and transferred to a
sterile Eppendorf tube. The protein concentration was measured by Bradford assay and

compared with the pralialysis concentration to assess therpentage of recovery.

2.4.8 SizeExclusion ChromatographWulti Angle Laser Light Scattering
(SEEMALLS)

SEEMALLS provides aobust method fordetermining the molecular weight (Mw) of
proteins and protein complexes in solution, which may be vitammiecular biology
research, e.g. to ensure the protein of interest has been produced dtyreSize

exclusion chromatography alone may be useéstimate theMw of a protein however
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this is a imprecisetechnique as it relies on elan volume, and Mw values may be false

if e.g. a protein sample displays néavourable column interactions (Sonet al. 2019).
Combining SEC with mu#thgle laser light scattering and differential refractive index
(dR) and/or UV detectors results ianabsolute measurement of Mw, due to the known
relationship between molar mass, scattered light amount, and sample concentration. The
resultant Mw value is independent of the elution volume, and not affected by column
interactions (FolteStogniew & William4999).SEEMALS can alsmeasuremolecular size
(given as root means square radius or radius of gyratig)),and determine if eluting
peaks are homogenous or heterogeneous, giving information about the behawfour

molecules in solutiofSomeet al. 2019)

Here, protein samples that had previously been purified were used for-BECLS.
Samples were typically provided at concentrations 68 2ng/ml, as measured by
Bradford Assay. 12Ql of sample was provided, of which 1Q0 was injected into a
Superdex S200 10/30BL column (GE Healthcare). The column waseqtalibrated with
running buffer; for AspA samples this was 50 mM HEPES, 200 mM KCI, pH 8.0, for Par
samples it was 20 mM HEPES, 150 mM NacCl, pH 7.0. Buffers were filtered usipgia 0.2
syringe filter beforeuse. The sample flow rate over the column was 0.5 ml/min, with the
run lasting 60 minutes. The SEALLS system comprised a Wyatt HELE@fItrangle

light scattering detector and a Wyatt rEX refractive index detector linked to a Shimadzu
Highperformarce liquid chromatography (HPLC) systdihe refrative index increment
(dn/dc) was normalised using BSA as a calibration standdwel UV absorbance detection
was at 280 nm, and data were analysed using Astra V softwasiagthe Zimm fitting
modelwith a fit degree of 1All SEQIALLS experiments were conducted by Dr Andrew

Leech.

2.4.9 Circular Dichroism (CD)

Circular Dichroism (CD) is a spectroscopic technitpat is commonly used to assess
protein structure, ast gives information abousecondary structure elements. This is due
to particular secondary structure elementuuch as alphdnelices and betaheets

differentially absorbing left and rigHtanded circularly polarised light, resulting in

characteristic CD spectra for eastnucturalelement (Micsonaget al. 2015).
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This differential results in light being elliptically polarised afi@sorption, where the
ellipticity (measured in millidegrees) at a certain wavelengttiicates the amount of
absorbance difference, odichroism. Different secondary structure elements have
characteristic CD spectra, e.g. alpha helices have negative peaks at 208 and 222 nnm
(Greenfield 2006)Purified protein aliquots were used for CD. The samples were diluted
from storage buffer to 0.3 ah0.1 mg/ml samples, as measured by Bradford Assay, using
CD buffer (10 mM HEPES, 50 mM KCI, pH 7.%un0.fltered). A400 ul sample volume

was used, and sample collection was performeda 1mm patHength quartz cuvette
using a Jascelb00 spectrometerwith a temperature control setting of 2G. The data

were collected over a wavelength of 190 to 260 nm, at 0.5 nm intewidifisa bandwidth

of 1.00 nm The scanning speed was 50 nm/mamd each spectrum was the result of 5
repeat accumulations. The CD buffer spectrum was also collected and subtracted from
sample spectra. The data were analysed using Jasco Spectra Manager v2 satwlare
additional analysis of secondary structyseoportions was performed using th&eStSel
secondary structure predictiorserver (Micsonaiet al. 2018) by uploading CD data

(wavelength and measureallipticity (mdeg) to https://bestsel.elte.hu/index.php

2.4.10DMP chemical crosbnking

The crosdinking reagent Dimethyl pimelimidate (DMP) was used to assess the
oligomerisation properties of AspA, and the interactions between AspA and ParB. DMP
was freshly prepared before use by diluting énosslinking buffer (50 mM HEPES,
50 mM KCI, 5 mM }Ch, pH 8.5) to a working concentration of 20 mM. Proteins were
diluted in either crosdinking buffer or storage buffer, or buffezxchanged into cross
linking buffer, depending on the experent. DMP was serially diluted such that final
concentrations typically ranged from 0.1 to 10 mM. 10 pl of DMP at the required
concentration was added to 10 pl of protein. The reaction was incubated &t 8% one
hour, then quenched by the addition of dl 0.5 M TrisHCI, pH 6.8. Samples were mixed
with 20 pl 2X SDS loading dye, heated &®¥%or 5 minutes then analysed by SEXSGE,
typically using a 15% acrylamide gel. Parameters such aslicrkisg temperature, mass

or molar ratio of protein used, peentage of gel, presence/absence of DNA were

sometimes altered, anthisis mentioned in the text.
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2.4.11 BS3 chemical croisking

The crosdinking reagent bis[sulfosuccinimidyl] suberate (BS3) was also used in some
experiments. Here, a typical reaction was similar to when using DMP. The 2 mg aliquot of
BS3 was dissolved in @0of crosdinking buffer(50 mM HEPES, 50 mM KCI, 5 M)C,
pH85i 2 LINRPJARS | pn Ya ai201] azftdzZiAzys I a
recommended to be used at between 20 and-f6@ molar excesses for protein
concentrations of <5 mg/ml, and at final concentrations of 025 mM. The specii
concentrations andfold molar excess used in each experiment is mentioned in the text.
The mass and molar concentrations of proteins and DNA used for individual experiments
are noted in the text. The reactions were typically incubate8GC for 30 miates, then
qguenched by adding 50 mM T##CIl, pH 7.5Samples were mixed with 20 pl 2X SDS
loading dye, heated at 9& for 5 minutes then analysed by SP¥SGE.

2.5 DNAProtein interaction assays
2.5.1 Electrophoretic Mobility Shift Assay (EMSA)

2.5.1.1 Sample preparation and gel electrophoresis

EMSA assays were used to assess the interaction between AspA and the seconc
palindromic site. In EMSA, the labelling of DNA fragments is required to visualise DNA,
therefore a 247 bp fragment harbouritige second palindrome centrally was amplified

08 t/wX dzaAYy3d LINAYSNER 2F UKAOK GKS TFT2NBI
reverse primer was not modified. After PCR, the products were run on a 2% (w/v) agarose
gel, extracted, and purified am Bection 2.3.10DNA concentration was measured using

the Qubit 3 Fluorometer (Invitrogen), and diluted to the required stock concentration in

Milli-Q water.

EMSA reactions were set up as follows: Biotinylated DNA fragments at a final
concentration of 0.12 nM were mixed with 10X binding buffer (100 mMH@EpH 7.5,
500 mM KCI, 10 mM DTT), glycerol-40Pand MgGl The synthetic polymer Poly(dIC)
(Poly(deoxyinosinideoxycytidylic) acid, Thermo Fisher) was added as a competitor DNA

to reduce nonspecific interactions. One reaction contained DNA only, and the others
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contained the AspA protein at increasing concentrations, e.g. from 10 to 500 nM. The

final reaction volume was 20 pl, and a typical set of reactions is shoWatbie2.19.

Reactions were incubated at 50°C for 30 minutes, during which time an agarose gel
[typically 1.2% or 2% agarose dissolved in 0.5X TBE (40 mM Tris pH 8.3, 45 mM Boric Aci
1 mM EDTA)] was pmin in 0.5X TBE at 100 V, 4°C. After incubation, theticeecwere

f2FrRSR 2yi02 GKS |3FINRAS 3Sts> gAGK GKS IR
only reaction. The gel was run at 100 V, 4°C typically for ~2 hours at which point the blue

dye had migrated to near the bottom of the gel.

Table 2.19Typical components of an EMSA reaction

Component DNA |10 20 40 50 100 200 500
(final concentration) |only | nM nM nM nM nM nM nM
) ) ) )| (D)
Milli-Q water 874 | 290 | 290 | 290 | 144 | 1.44 | 1.44 | 1.44
Binding Buffer (1X) 2 2 2 2 2 2 2 2
Glycerol (2.5%) 1 1 1 1 1 1 1 1
MgCh (5 mM) 1 1 1 1 1 1 1 1
NR40 (0.05%) 1 1 1 1 1 1 1 1
Poly(dtdC) (1 pg) 1 1 1 1 1 1 1 1
DNA (0.12 nM) 526 | 526 | 526 | 526 | 526 | 526 | 5.26 | 5.26
Protein - 584 | 584 | 584 | 730 | 7.30 | 7.30 | 7.30
Final volume 20 20 20 20 20 20 20 20

2.5.1.2 DNA transfer onto positively charged membrane

Whilst running the gel, a piece of positivallgarged nylon membrane (Roche) and four
pieces of Whatman 3 mm filter paper were cut to the size of the agarose gel. The
membrane and filter paper were soaked for at least 10 minutes in 0.5X TBE. When
elecropl NBaAa KIR FTAYAAKSREI | WalyRgAOKQ gl
within the gel to the positivelgharged nylon membrane. The sandwich comprised of

some folded blue paper towel, then two pieces of s@aked filter paper, then the nylon
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membrane. The gel was placed carefully on top of the membrane, and pressed down to
ensure equal contact and remove air. Then, two more pieces of filter paper, followed by
more blue paper towel were placed on top, completing the transfer sandwich. The
transfer was aided by placing heavy weights (e.g. lab books/autoradiographic cassettes)
on top of the sandwich to ensure effective transfer. Transfer took place overnight at room
temperature. The next day, the sandwich was disassembled and the membrane carefully
wrapped in cling film. It was then exposed with DNA fdogn to 302 nm UV light for

5 minutes ona U Transilluminator(Jena Analyti; covalently crostinking the DNA to

the positivelycharged nylon membrane.
2.5.1.3Detection of DNA on Xay film

A LightShift Chemiluminescent kit (Thermo Scientific) was used to detect the membrane
bound biotinylated DNA. The buffers listed below in Table 2.20 were provided in the Kkit,
or prepared separately when necessagpsuring that they were syringi@tered using a

0.22 um filter. Buffers were kept at 4°C, therefore the blocking and wash buffers were
placed in a water bath at ~40°C to dissolve precipitated I&@e use.The membrane

was transferred to a clean tray, sing sterilised forceps at all times to avoid
contamination. All following steps were performed at room temperature. The membrane
was incubated for 15 minutes in 20 ml blocking buffer with gentle shaking. The blocking
buffer was discarded, and the membrameubated with 10 ml blocking buffer plus 35 ul
stabilised streptavidifhorseradish peroxidase conjugate for 15 minutes with shaking. The
blocking buffer was discarded, and the membrane washed four times with 20 ml of 1X
wash buffer with shaking. The mérane was transferred to a new clean box, and
incubated with 30 ml equilibration buffer without shaking for 5 minutes. Meanwhile, the
detection solution was prepared by mixing together 2 ml of luminol/enhancer and 2 ml
stable peroxide solutions. The menalme was drained using Whatman filter paper, and
placed in a new clean box. The detection solution was carefully poured on top of the
membrane, ensuring complete coverage, and incubated for 5 minutes. The membrane
was again drained on filter paper, and wheny, placed inside an autoradiographic
cassette, and left for § 10 minutes to increase the signatensity. The membrane was

then exposed onto Xay film for a time dependant on the intensity of the signal.
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Table 2.20. Buffers used in EMSA and D&lafootprinting detection

Solution Components

Blocking buffer 100 mM TrisHCI pH 7.5, 5% SDS, 1% (w/v) BSA
1X wash buffer 100 mM TrisHCI pH 7.5, 5% SDS

Equilibration buffer 100 mM TrisHCI pH 7.5

2.5.14 Data quantification and analysis

To derive ligandinding curves, theelative band intensities of unbound DNA bands were
measuredO2 YLI NBER (2 ( K Susing 5hb GeD@&cyahde I@agef Laly £0.1
software (BieRad) The fraction of DNA bound was plotted against protein concentration,
and the apparentlissociation constant calculated using the esite binding equation:

I OD!
0 I OD!
whereY is the fraction of DNA bounBmax is the maximal binding is the equilibrium

dissociation constant and [AspA] is theotein concentraion.The Microsoft Excel plugin

Solver was used to fit the data using a Horear regression by maximisitige R value.

2.5.2 DNase | Footprinting

A MaxamGilbert sequencing ladder, in which purines are chemically modified, was made
by adding 50ul of formic acid to 12ul of 30 nM DNA (the same 247 bp biotinylated
fragment used in EMSA), and incubated for 2.5 mins at 22°C. The reaction was stopped by
adding 200ul of 300 mM sodium acetate, pH 7.0, followed by ethanol precipitation. The
dried pellet was resuspended in 10 of 1 M piperidine, and incubated for 30 mins at
90°C. 1Qul of 3 M sodium acetate, pH 7.0 was added, followed by ethanol precipitation.
The dried pellet was resuspended in @Dof loading buffer (95% formamide, 20 mM
EDTA, 0.05% bromophenol blue, 0.06¢fene cyanol), and denatured for 10 mins at 99°C
before loading Sul on the sequencing gel. Footprinting reactions were set up using the
same conditions as EMSA, except using a final DNA concentration of 5 nM. The reactions
were incubated for 20 mins &0°C, then DNase | (1.2 U) was added, and incubated for 70

secs at 25°C. The digestion reaction was stopped by addingl 208top solution
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(10 mM EDTA, 300 mM sodium acetate), then the reactions were subjected to
phenol:chloroform extractiondilowed by ethanol precipitation, with the addition ofjd

of glycogen to visualise the pellet. Pellets were dried and resuspended jith |bading
buffer, denatured, and %l loaded on a pravarmed 6% acrylamide sequencing gel. The
gel was run in XTBEat 60 W for ~2.5 hrs. DNA fragments were transferred to a positively
charged nylon membrane, covalently crosslinked using UV, and detected using the
Lightshift chemiluminescence detection substrate followed by exposure onto film. The
same protocol as outled in Sections 2.5.1.2 and 2.5.1.3 was followed, except in the use

of different volumes of solutions due to the larger size of membrane.

2.6 Atomic Force Microscopy

Atomic force microscopy (AFM) igrcroscopy technique that, due to its high resolution

of less than a nanometre, can be employedatmuire information about a wide variety of
materials and sample types, both ndéological and biological, e.gmolecular
interactions between DNA and prate The AFM apparatus consists of a cantilever, on
the end of which is a tip or prob&hich contacts the sample surface, and which typically
has a radius on the order of nanometres. On contact with the surface, the cantilever is
deformed or bent, and the amount of émation is measured by reflecting a laser off

the cantilever into a detetor, thus providing information about the sample (e.g. height of

a molecule above the sample swf. Various scanning modes exist, such as contact
mode, in which the tip is dragged across the sample surface. However for biological or
sensitive samplesP (0 | LILJA Y3 Q Y2RS& | NBE FTNBIljdsSyidte dz
contacts with the surface, thus reducing force and lessen damagkformation to the
sample. The proprietary PeakForce Tapping mode (Bruker) has provided significant
advancesapplicableto the life sciencesfor example enablingesolution of individual

major and minor grooves in plasmid DNA (Pghal. 2014).

2.6.1 Sample preparation

A typical AFM sample reaction contained either the 200 bp or 1.68 kbp linear fragments,
or the 4.4 kbp circular plasmid. The DNA concentration was measured using the Qubit 3

Flourometer, and was diluted in filtered Mil) water. The final concentration tie DNA
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was typically 0.5 ngi. Filtered AspA (between 50 and 300 nM final concentration) and
M¢Chk (10 mM final concentration) were added in a total reaction volume ofpbO

Reactions were incubated at 7 for 20 minutes. Meanwhile, 9.9 mm mica discs (Agar
Scientific) mounted ometal support discs were stripped of ~5 top surface layers using
tape, ensuring that the surface appeared flat.|[2@f reaction volume was pipetted onto

the disc using filter pgs, and incubated at room temperature for 5 minutes. The discs
were washed with 1 ml filtered M#Q water and gently dried using air passed through a

0.22um filter before microscopy.

2.6.2 Microscopy and image analysis

A Bruker BioScope Resolvacroscope fitted with a ScanAsyAtr-HR cantilever probe
(Bruker) was used to scan the samples using @M (quantitative nanomechanical
mapping in air scanning moylérhe probetip has a radius of 2 nm and a spring constant

of 0.4 N/m. Typicalscanningparameters included; peak force amplitude 20 nm, peak
force setpoint 50 pN, scan rate 1.21 Hz, and samples per line 1024. These and other
parameters were adjusted to achieve the best image. The scanning area size depended on
the size of the DNA Iy imaged, but was typically between 0.5 andu@ square.
Gywddion software was used to process AFM images. Data processing including image
flattening, mean plane subtraction and correction of horizontal scarring was performed
prior to analysis. The heigbf the DNA and AspBNA complexes above the mica surface

g & YSIFadz2NBR o0& dzaAy3d (K Sectiv & a Mdledule; thisNS F A
visualised using the scale bar which changes colour as a function of height above the mica

surface.
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2.7 Bioinformatics methods and tools

2.7.1 Sequencing and assembly of the NOB& chromosome

SulfolobusNOB8l H ¢l a 3INR Y Ay . NRO1Qa YSRAdzY ¥
isolation.30 ml of culture was grown at 76 with agitation untithe ODQo reached 0.3

0.5. Cells were pelleted at@O0 xg for 10 minutes at°’@. The pellet was resuspended in

1 mlMilli-Q water, transferred to a fresh 1.5 ml Eppendorf éutand pelleted again at
12,000 xg for 1 minute at room temperatur@enomic DNA was isolated using the Sigma
GenElute Genomic DNA Kit F2f t 2gAy 3 GKS Y yOXRAlFv@2s dzNX
sequenced sing the MinlON Flongle sequencer, and the resulting sequence was
assembled using Canu. The genomic DNA was also sequenced via lllumina, whict
produced ~60x of coverage, and both sequencing data sets were combined to produce a
polished assembly of the chmosome of ~2.81 Mbp. The genome was compared to
publishedSulfolobuggenomes using the MASH program (Ondov 2016). Prokka (Seemann
2014) was used to annotate the genome, and Artemis (Rutherford 2000) used to visualise
the annotated sequence. Basic Local Alignment Search Tool (BLAST) was used t
identifythe multiple insertiois of the pNOB8 plasmid within the NOB& chromosome,

and DNA Plotter (Carver 2009) used to depict the circular genome.

2.7.2 Phylogenetic analysis

2.7.2.1 Single gene tree

MEGAX (Hall 2013) was used to construct the phylogeny based on the 16S rRNA gene.
Homologous sequences were retrieved from NCBI using the Megablast parameter against
the nucleotide collection. Sequences from 26 strains were used to build the phylogeny,
including that ofSulfolobusNOB8H2. Sequences from complete genomes were used in

all cases, except for one sequence. Once imported into MEGA, sequences were first
aligned using the MUSCLE alignment algorithm, aligning by codons. Once aligned,
phylogenetic trees were constructed using Maximiikelihood (ML), Maximum
Parsimony and Neiglaoir-Joining methods, each giving similar topologies. For ML trees,
0KS WFAYR 0Said Y2RStQ FSFGdzZNB 41 & dzaSR |
GNES® ¢KS WDlFLJAkaAadaaAy3ad 5FaGF ¢NBFIYSYyidQ
sequence infly F GA2Yy o611 ff HAamMoO® C2NJ WeSad 2F t
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the reliability of the tree, with the number of bootstrap replicates set to 1000. To root the
tree, Metallosphaera sedulavas used as the outgroup, as it belongs to the samelyam

the Sulfolobaceae, &ulfolobus
2.7.2.2 Concatenated phylogenetic tree

The Comparative Genomics function at

http://www.genoscope.cns.fr/agc/microscope/home/index.phywas used to perform an
analysis of the pan/core genome 8ulfolobususing the genomes of five species from
the order Sulfolobales that were available in the database. This produced a core genome
of 96 genes, of which ten were chosen to construct the phylogenetic (ffable 2.21)

The ten core genes were found in tisalblobusNOB8H2 strain with BLAST, using the
closely related strair. solfataricu®8/2 for the query gene sequences. The NGES
sequences were then BLASTed against all of the other strains that were used to construct
the 16S rRNA phylogeny, with the exception of three more distaethted strains which

did not produce any BLAST hits. The BLASTn (somewhat similar sequencels) sea
algorithm was used. In total, 23 strains were used to construct the concatenated
phylogeny. The ten gene sequences were concatenated into a single fasta file using

http://www.bioinform atics.org/sms2/combine_fasta.html ensuring  synteny  was

preserved. These were then imported into MEGA, and aligned using MUSGetoras
Here, the best Maximum Likelihood model was GTR+G+l, and this was used to construct
an ML tree with 1000 bootstrap replicates, again using Partial DeletMatallosphaera

sedulawas used as the outgroup to root the tree.

Table 2.21. Genes used aoncatenated phylogenetic tree

Gene Accession number

(S. solfataricu®©8:2)
30S ribosomal subunit protein S11 161207|25034276|ACUK _v1 260022
HTHtype transcriptional regulator LysM 229438|25035296|ACUK_v1_ 111002
Superoxide dismutase [Fe] 232659|25035455|ACUK _v1_ 111018

Putative transcriptional regulators, CopG/Arc/M¢ 235122|25034193|ACUK_v1_230047
family

ORC1type DNA replication protein 3 277507]|25036425|ACUK_v1 250005
TATAbox-binding protein 306259|25036602|ACUK_v1 269008
Proteasome subunit alpha 306371|25035920|ACUK_v1_180020
Elongation factor 2 306395|25035910|ACUK _v1 180019
DNA repair and recombination protein RadA 311342|2505388|ACUK v1 1110113
DNAdirected RNA polymerase subunit B 1377733|25035366|ACUK _v1 11100
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2.7.3Sulfolobuswvhole genome comparisons

DNADNA hybridisation was originally a wéddab techniquein which DNA from two
different organismsis mixed, and the amount of hybridisatiobetween the two
measured. fioughusedless frequentlynow, it was once a do standard technique for
defining distinct prokaryotic species, based on a DDH score%fbéing the boundary for
species delineation (Meigkolthoff et al. 2013).The wet-lab approachhas become less
popular with the advances in whegenome sequencing, and naw silicoDDH methods

are available, sah as the online Genom® Genome Distanc&alculator (GGDCin

which pairwise alignments between two genomes dransformed ininto a genometo
genomedistance valug¢Meier-Kolthoffet al. 2013).DNADNA hybridisation (DDH) values
were computed byuploadng selected Sulfolobame genome FASTA DNA files to the
Genometo-Genome Distance Calculator 2.1 located at http://ggdc.dsmz.de/, using the
default settings.Blast Ring Image Generator (BRIG, Alikhaal. 2011) was used to
visualise the NOBBI2 chromosome and compare it to otheequenced genomes of the
family SulfolobaceaeThe NOB842 chromosome was used as the reference sequence,
and all other genomes used were downloaded from NCBI and set as the query sequences.
The most recent version of BLAST (BLAST+ version 2.10.0) was installed to enable loc
sequence alignments. Genomes wa@mpared using BLASTn, using nucleotide identity

values of 100%, 90% and 70%.
2.7.4 COG Analysis

The COG databaseas designed to classify proteins, which may have an undefined
functional role, based on theirrthology, asorthologous proteins typically possess the
samefunction and domain structure (Tatuse¥ al. 2000).The 26COGunctional classes
contain previously assigned orthologues, therefore a mailstrongly indicative of
orthology (Galperinet al. 2019) COG originally stood fé#/ f dza G SNBE 2 F h NI K
2F t NPGSAgheeO S ST dzIBEENBEY RSR | 4 W/ f doaréfl€cNAR 2
the greater complexities inherent in the evolutionaryelationships between genes
(Galperinet al. 2019). he COG database has expandsace its inception to cover over
5,000 COG groupsind archaeaspecific searches arenow possibleusing the arCOG
database (Makarovat al. 2015a).Here the annotated SulfolobusNOB8H2 Genbank file

was converted to a protein sequence FASTA file using the tools at
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https://rocaplab.ocean.washington.edu, then uploaded to the web server WebMGA
(http://weizhong-lab.ucsd.edu/webMGA/WebMGA annotates input peptidsequences
against the NCBI COG database usingBRRSTWu et al. 2011) The COG and Pfam
orthologous protein group databases were used to assign protein functions to the
annotated genome. For COGs, proteins were assigneshéoof 25 categories, excluding

the recently added Mobilome category X (Galpetral. 2019).
2.7.5 NOB&H2 CRISPR spacer analysis

The first stage of the CRISEBRs adaptive immunity response is the adaptation phase, in
which shortDNA sequencesrdm the invading elemerfs) (e.g. virus or plasmidare
incorporated into the host CRISPR array as sgdbdgikarovaet al. 2015b).The spacers

are inserted in a linear fashion, amuovide the host with a record of past encounters
that can be accessdd prevent future invasion. Obtaining informati@bout the invasive
elements to which the spacers wederived is usefuln an ecological contexgs it details

past encounters with mobile genetic elements, botthe corext of this study, may
provide clues as to how the conjugative plasmid pNOBS8 is stably maintained within
SulfolobusNOB8H2. To analyse the NOB82 spaces, a list of those viruses and
plasmids which are known to interact with crenararchaea was derived from a recent
thesis onSulfolobusextrachromosomal genetic elemengsiuthesis2015). The accession
numbers of these 53 elements were used in a BLAST search against spacers of the twc
CRISPR arrays, with the top three hits for each spacer returned. Matches with a bit score
of >30 were deemed as significant, givinrgatues of <0.0hnd % coverage of >8&60ode

for this BLAST search was writteyn Dr James Robson.
2.7.6 pNOB8 analysis

The pNOB8 plasmid has previously been sequenced (accession nN@b@d6493)with
potential functions assigned to ~20% of the 52 gene products 6alke1998) Therefore,

the Genbank file for the plasmid was usexm conduct BLASTp searches for each ORF
manually, using the BLASTp algorithm. COG analysis was performed in the same way a

for the NOB8H2 chromosome.
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2.8 Structural analysisoftware and tools

Molecular structures were visualised using CCP4MG (McNickbkds2011) and PyMOL
(DeLano 2002). For protein superpositions, the SSM (secondary structure matching)
method of CCP4MG was used.

To delineate the pNOB8 ParB domsjithe PSIPREBnalysis Workbench was used to
predict secondary structureSecondary structure is based on positgpecific scoring
matrices, andhas a prediction accuracy of 84% (Buchan & Jones 2019). The server is

available athttp://bioinf.cs.ucl.ac.uk/psipred/ ThelURed3 web interface was also used

to identify putative disorderedregions, based on the assumption thamino acids
comprising disordered regiya OF yy 24 T2 N)X T @2 dzNIzédyiS A\

2020). The server isavailable athttps://iupred.elte.hu/. The amino acid sequence of

pNOB8 ParB wasgploaded to both PSIPRED and IUPred3 servers, using default settings.

The Phyre2 server can be used feedict proten structures based ormcquisition of
homologous sequences and comparisaith known structures(Kelley et al. 2015)
Protein models are generated usirg four-stage method: (i)gathering homadgous
sequences and using PSIPRED toipregcondary structure, (iltonversion to a hidden
Markov model (HMM) and alignent againstHMMs of known ®uctures to create a
crude backbone model, (iiilpop modelling to resolve any insertions or deletions in the
backbone model, (iv)side chain fitting, placing side chains inetimost probable
conformation thatavoid steric clashet create a final mode(Figure 2.2,Kelleyet al.
2015) Phyre2 caralso prelict the effect of mutations of a particular amino acid, ahd
likelihood of any phenotypic effect due to the mutatioBhyre2wasusedA y Wy 2 NI
mode to modelthe structure ofpNOB8 ParI.
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Figure 22 Phyre2 algorithmic workflow Thefour stages of the Phyre2 pipeline in normal modelapted
from Kelleyet al. 2015.

The latest iteration of theneural networkbased structure prediction modeAlphafold
was released during the writing diis thesis. Alphafold generates structures with atomic
accuracy even in the absence of homologous $tmas, with accuracy across all atoms of
1.5 A (Jumpeet al. 2021).The network processesput sequencesn a novel way by
embedding multiple sequence alignments (MSAsY pairwise features using a neural
network block named Evoformeirheoutput structure is refined in an iterative manner
by recursively feedingutputs back into the networkmaking incremental enhancements
until the structure cannot be improved-igure 2.3 Jumperet al. 2021).The Alplafold
v2.1 source code is available, but hetbge web-basedAlphaFold Colab server was used
to model pNOB8 ParB from its amino acid sequence using default paraméberserver
uses a simplifiedrersion of AlphaFold2/1, however accuracy is nementical for most

targets.

TheAlphaFoldserverisavailable at

https://colab.research.google.com/qgithub/deepmind/alphafold/blob/main/notebooks/Al
phaFold.ipynb
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Figure 23 AlphaFold model architecture.The AlphaFold neural network structure prediction pipeline
Adapted from Jumpeet al. 2021.

The ClusPro server was used for protpmtein dockingand to model the interface
between AspA and PaB. ClusPro is a direct docking method, whigdeks themost
energetically favourable structurdirst by sampling billions of structure comfmation,
then clustering of the lowestenergy structures based on rocateansquare deviation,
followed by energy minimsation refinement(Kozakowet al. 2017).ParBN was specified
as the receptor molecule, and AspA as the ligaant) a number of docking iterations
were run with parameters such atractive residues were altered to approximate the
derived SAXS model for the interaction (Schumadteal. 2015). The ClusPro server

available ahttps://cluspro.bu.edu/home.php
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Chapter 3

Probing AspADNA interactions at the second palindrome

3.1. Introduction

TheSulfolobusstrain NOB&8H2, isolated from hot springs at Noboribetsu, Japan, harbours
a 41 kb conjugative plasmid, pNOBS8, which contains about 50 genest(&h&998). The
plasmid contains a partition or segregation cassette, similar in genetic organisation to
those found on bacterial plasmids and chromosomes (Hayes &&82606a, Schumacher
2008, Schumacher 2012, Waagal. 2013. The partition cassette contains three genes
arranged in a tricistronic operon (pNOBSs 44, 45and 46), and although theaspAparbB-

parA cassette is found on other crenarchaeal plasmids and chromosomes, a bicistronic
partitioning system is more commonplace in bacteria, and this arrangement also
comprises the chromosomalegA cassette ofS. solfataricugKalliomaaSanfordet al.

2012) The amino acid sequences of two of the proteins were found to be similar to the
bacterial partition proteins ParA and ParB (pNABBFs46 and 45 respectively), which
perform an important role in the active partitioning of plasmids, ensuring their correct
dissemination to future cellular generationBgxter & Funnell 2034 This similarity to
ParA and ParB provided a clue to the possible function of ORFs 45 and 46 as segregatio
proteins, potentially involved in the correct partitioning of pNOB8. The thmatein in

the partition cassette, ORF 44, did not display any similarity to previously characterised
segregation proteindSchumacheret al. 2015) The protein encoded bwrf 44 was
demonstrated, via banghift and DNase | footprinting assays, to bingalindromic
sequence of 23 bp, immediately upstream of the partition cassette, and was dubbed AspA
(Archaealsegregationprotein A, Schumacheet al. 2015. AspA binds to the palindrome

as a dimer, and has high affinity for this sequeimceitro. Moreover, AspA demonstrated

the ability to form an extended protet®NA superhelical structure, capable of spreading
along the DNAFigure 3.1XSchumacheet al. 2015) Here then, AspA performs the role

of site-specific DNAinding protein (also known as centromebending protein, or CBP)

that is more usually the function of ParB in bacterial segregation systems.
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Figure 3.1. AspA binding and spreading on DIS&uctural and biochemical data show AspA to be dimeric.
Shown are three AspA dimers: coloured blue/green, cyan/purple and red/yellow. Dimer 1 (blue/green)
interacts with the palindromic sequence upstream bé&tcassette, but at increasing concentrations, AspA
dimers can spread along the DNA in both 5' and 3' directions, generating a pEtnsuperhelical
structure. Adjacent AspA dimers can each insert alpha helix 3 into the same major groove, facilitating
spreading.The third alphéhelices from adjacent dimeinsoth occupying the same major groove is shown
Adapted from Schumacher 2015 using CCP4MG (PDB entry 5k5q).

The crystal structure of AspA has previously been solved, in bothaqub DNAbound
states,and show the protein has a winged hetixn-helix (WHTH) component, known to

be a DNAbinding motif across the three domains of life (Aravieidal. 2005), plus a
Gterminal helix involved in dimerisation. Both analyticdiracentrifugation (AUC) and
sizeexclusion chromatographyg multi-angle laser light scattering (SEALLS) showed
AspA to be predominantly dimeric. This dimerisation of bacterial ParB CBPs has previously
been demonstrated to facilitate binding to thei2ecdy I 6 S 5b! &S| éez8ly OS 3
2002, Schumacher & Funnell 2005, Schumaehat 2010).
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Spreading of AspA from the palindromic sequence upstream of the partition cassette is
facilitated by its third alpha helix, as adjacent dimers caninseé& o o KSt AE S|
same major groove of the DNA, allowing multiple dimers to bind DNAspenifically in a
contiguous fashiorand enabé the generationof a proteinDNA supdmelix (Figure 3.1)

This nonspecific binding and resultant spreading pattern from the centromere has
previously been observed with multiple bacterial ParB CBPs (Lynch & Wang 1995,
Rodionowet al. 1999, Breier & Grossman 2007, Tedral. 2017), with the protein able to
spread tens of kilobases in some cases (&dlal. 2021). This spreading is thought to have

a structural basis, where the formation of extended partition complexes increases
interactions with both the ParA motor protein and other more distal PRANBA
assemlies (Schumacher 2012, Grahahal. 2014, Sancheet al. 2015, Funnell 2016,
Songet al. 2017). However, in addition, ParB spreading along the DNA may act to repress
the transcriptional activity of neighbouring genes (Bartadikl. 2004, Kusiakt al. 2011).

CBP proteins are also known to autoregulate expression of their own operon, in this way
controlling the cellular concentration of both the CBP and motor proteins (Caretelb

2005, Schumacher 2008).

Aside from the palindrome upstream of trespAparBparA cassette, there is another
identical sequence found on pNOBS, located approximately 1.5 kb évigyre 3.2) and
unpublished footprinting experiments the Barilh group have established that AspA
binds to this second siten vitro. The existence of this second identical palindrome on
pNOBS is intriguing, raising questions about its role in plasmid segregation, and how AspA
interacts at this location. The AspA structure bears similarity to th&aafR superfamily
transcription factors found in bacteria, which possess both wWHTH atern@nal
dimerisation domains, and interact with palindromic DNA sequences to control gene
expression(Fibriansalet al. 2012, Parlet al. 2017). Therefore, it is hypwesised that in
SulfolobusNOB8H2, AspA could perform a dual function similar to bacterial ParBs. The
existence of two identical palindromes on pNOB8 may support this, as perhaps AspA
performs different functions at each palindrome. Understanding theilanities of
binding properties and spreading behaviours of AspA at each palindromic sequence may

provide clues as to the functionality of the protein at each site.
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ORFs of 2" AspA palindromic binding site
unknown .

function AspA binding

sites

;
|
TGC,TCT,ATG, TTA, ATC,ATA, GAG,CA
A ACG,AGA, TAC, AAT, TAG, TAT, CIC, GT
I
/ |
1
]

”
Partition
cassette L TGC, TCT,ATG,ATT, AAC,ATA, GAG,CA

ORFs of ACG,AGA,TAC,TAA,TTG, TAT,CTC,GT
pNOBS unknown \
function I
41 kb aspA 1t AspA palindromic binding site
parB
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Figure 3.2. Map of pPNOB8 and position of partition cassette and AspA binding site(s). Caftpon of
pNOBS.(Right) Expanded view of partition cassette and palindromes. Positionaspfl parB and parA

genes on pNOBS8 are shown as red arrows. The position of the first 23 bp palindromic binding site of AspA is
indicated just prior to the start of thaspAgene; red dashed lines indicate the palindrome centre of
symmetry. The additional palindromic bindieije of AspA is located approximately 1.5 kb upstream of the
partition cassette. The palindrome at site 2 is an inverted form of that at site 1 (see 5 bp highlighted in red),
and is upstream of three genes of unknown function (green arrows). Adapted f&ma (998), and
(Schumacher 2015).

3.1.1 Aims

Thischapter will aim to detail the interactions of AspA at the second palindromic site on

pNOBS8, using a variety of vitro experimental techniques.
These main aims will be addressed:

1) Whether AspA binds to the second palindrome, and if so, does it bind with an affinity

similar to that observed for the first palindrome?

2) Which amino acids are important for DNA binding and spreading activity, and does

mutating theses residues result inpattern distinct from the wildtype?

3) What is this pattern of spreading from the second palindrome compared to the first,

and does this give any indication as to the function of the protein at each site?
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3.2 Results
3.2.1 AspA binds to the second palindromic site

3.2.1.1 WT AspA overproduction and purification

In order to assess the ability AiSpA to bind the second palindromic site on pNOBS, the
protein first wasfirst overproduced and purified to homogeneity. AspA was available in
the laboratory collection, with th@aspAgene previously cloned into the multiple cloning
site of the pET22b(+) vector used for overexpression. The p&S[2R construct contains
aspAcloned inframe with a @erminal hexaHis tag, and is located downstream of a T7
promoter andlac operator. The vector was transformed into the host expression strain
E. colBL21CodonPlus (DE3) competent cells, and expressioaspfAwas induced byhe
addition of IPTG, an analogue of allolactose (see Materials and Methods 2.4.1). Sufficient
overproduction of the protein was measured by taking aliquots from the culture medium
immediately before the addition of ITPG, then at hourly intervals for thoeesecutive
hours afterwards. The AspA protein began to be produced after one hour, and after three
hours, was produced at sufficient levels to allow the protein to be purified usify Ni
affinity chromatography. The protein can be purified in this wag do the affinity of
imidazole sidechains on each histidine of the hekls tag to the nickel column. After
purification and collection of six 1.5 ml fractions of AspA, the concentration was
measured by Bradford assay, and aliquots of the four most cdrated fractions were

run on a 15% SB®lyacrylamide gel, along with samples taken from the column-flow
through at each purification stage. The results of the AspA overproduction and
purification are seen ifrigure 3.3 The protein fractions ranged fromQB to 2.83 mg/ml,
giving ~12 mg of AspA from 300 ml of culture, and the protein appeared homogeneous
and of sufficient purity on the resulting SDS gel. The protein appeared to be the correct
size, as AspfdHis}y is approximately 11.7 kDa, as calculatednir the amino acid

sequence using the Expasy online tool.
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Figure 3.3. Overproduction and purification of AspfA) Presence of the overproduced AspA protein

(Mw 11.7 kDa including 6xHis tag) was monitored in uninduced culture, then 1, 2 and 3 hours after IPTG
induction, with the results seen via SBAGE.(B) SDS gel showing the results of purification of AspAgusin

Ni2* affinity chromatography. Lanes marked Cell Extract, Sample F/T, Binding F/T and Washing F/T contain
aliquots taken from various stages of the purification; Cell Extract is the crude lysate prior to
chromatography, Sample F/T is after circulation rottee column for 23 hours, and Binding F/T and
Washing F/T after two washing steps with binding buffer and wash buffer respectively. The final four lanes
are aliquots taken from eluted fractions of AspA. Bands representing AspA are indicated with hiack ar

The Mw ladder used in both cases is PageRuler Plus prestained protein ladder (Thermo Scientific).
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3.2.1.2 Generation of a biotinylated DNA fragment for EMSA studies

In order to assess AsgANA binding interactionm vitro via electrophoretic mobility shift
assay (EMSA), a fragment of DNA was required that contains the second AspA
palindromic binding site. The fragment should be large enough to allow potential
spreading of several AspA dirseirom the palindrome, a phenomenon seen at the first
palindrome upstream of thaspAparB-parA cassette (Schumacher 2015). Thus, primers
were designed to amplify a 247 bp region of the plasmid pNOBS8 that contained the
second palindrome central on the fragnt, in addition to the start orf4l and its
promoter region either side(Figure 3.4A) Primers were ordered from Sigma

' f RNAOKkaSND]1=Z 6AGK GKS FRRAGAZ2YLFE pQ OA
assays. A list of primers used in thisdstus given in Table 2.7, Materials and Methods.
The 247 bp biotinylated fragment was amplified by PCR, typically using 60 ng of either a
NOB8H2 genomic preparation, or mini/magrep plasmid isolation as template DNA. The
amplified fragment was verifieds being the correct size by agarose gel electrophoresis
(Figure 3.4B)before gel extraction, purification and quantification of DNA concentration

using the Qubit Fluorometer (Invitrogen).

(A) (B)
Ladder PCR reactions
bp
766
247 b
'—p| 500
2nd AspA 150

OREFS of unknown function binding site

50

Figure 3.4. Amplification obiotinylated DNA fragment for EMSA assay@\) Schematic showing the
location of the 247 bp fragment to be amplified on plasmid pNOB8. The second AspA palindromic binding
site is upstream of three genes of unknown function. The binding site is central in the amplified fragment.
(B) Typical 2% agarosgel of the 247 bp biotinylated PCR products, showing distinct bands of the correct
size. Bands were excised from the gel and purified before use in subsequent assays.
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3.2.1.3 AspAR49A and AspA53K overproduction and purification

In addition to the WTAsSpA protein, the laboratory also possessed two AspA mutants that
could be used in EMSA experiments as controls and/or to assesgptbeertieswhen
binding and spreading from the second palindromic binding site. The first of these
mutants, AspAR49A, was previously shown to be incapable of binding to DNA. From the
crystal structure of AspA bound to DNA, it was shown that arginine 49 makes contact
purely with the phosphate backbone of the DNA (Schumacher 2015). The side chain of
arginine is positivelgharged, whilst the phosphate groups of the DNA are negatively
charged, resulting in a strong charge interaction between the DNA and AspA.
Interestingly, mutation of this single amino acid to alanine completely abrogated-DNA
binding activity, indicating that R49 is a crucial residue for correct protein function, and
allowing AspAR49A to be used as a negative control in EMSA assays. A second AspA
mutant, AspAA53K, has DNA binding activity but its ability to spread is abrogated, due to
steric restriction of adjacent dimers occupying the same DNA major groove, caused by the
replacement of the small alanine side chain by the more substantial ly$ims.was
demonstrated by DNAsel footprinting assays showing a lack of spreading from the
palindrome for the A53K mutant when compared @I AspA (Schumachest al. 2015)

Both mutants were already available pET22 constructs, and were overproduced and
purified by Ni*affinity chromatography, resulting in a similar yield of protein as seen for

WT AspA (data not shown).

3.2.1.4 AspA binds to the second palindromic site with high affinity

Prior to conducting EMSA experiments with DNA and protein, the assay requires some
optimisation to define the optimal DNA concentration that produces a clear and distinct
band after transfer to the positively charged nylon membrane, and detection and
exposire to film (Materials andMethods 2.5.1.2). An example of this is shown in

Figure 3.5Awhere a range of final DNA concentrations between 0.03 and 0.06 nM all
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produced distinct bands on-pay film. hitially, EMSA experiments were carried out using

a native (nordenaturing) acrylamide gel. The 247 bp biotinylated fragment was
incubated with increasing concentrations of WT AspA (50 to 500 nM). A shift to a higher
molecular weight complex, indicating protein binding to the DNA, was observed at 50 nM
concentration(Figure 35B). Due to the high affinity of AspA to the DNA and the resultant
immediate bandshift at 50 nM, a further EMSA was carried out using a range of
concentrations from 10 nM upwards, in order to obtain a more precise measurement of
the AspA concentration at whicbinding starts to occur. It was decided to use agarose
gels rather than acrylamide gels at this point, as agaeygeearedto give better quality
data. Subsequent EMSA images in this chapter all depict agarose gels. The final DN/
concentration was agaioptimised for use with agarose gelseé Apendix 1), with a

concentration of 0.02 ng, or 0.12 nM used in all subsequent EMSA assays.

(A) (B)
N g
[DNA final] (nM) S [AspA] S
0.06 0.05 0.04 0.03 A ik
1 AspA-DNA
u'-“' “Hd'. < complex
<« Free DNA

Figure 3.5. Optimisation of EMSA conditiar{®) Initial determination of the amount of biotinylated 247 bp

DNA fragments to use in subsequent EMSA assays. The DNA was loaded onto a 6% native acrylamide g
using a total volume of 2@l at the final concentrations showr(B) Initial EMSA with wildype AspA
incubated with the 247 bp DNA fragment. This image shows reactions loaded onto a 4% native acrylamide
gel. The gel shift indicative of AspA binding to the DNA occurs immediately at 50 nM final protein
concentrations. AspA concentrations used were Q,Af) 100, 125, 150, 175, 200, 250 and 500 nM.
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Using a range of protein concentrations from 10 to 500 nM allowed the point of binding
to be observed more clearly. At 20 nM, two distinct bands appear, indicative of the
formation of low molecular weight AspBNA complexegFigure 3.6A) Complex 1 is
presumably the initial nucleation event at the palindrome by a single AspA dimer. At
increasing concentrations of protein above 200 nM, the unbound DNA disappears, and at
the highest concentration of 500 nM a supshift of a higherorder complex is visible,
where it is likely that AspA has completely spread along the DNA fragment. It should be
noted that previous data revealed an AspA:DNA stoichiometry of 3 dimers pereB2
(Schumacher 2015), therefore the 247 bp fragment used in these assays could potentiall
accommodate ~23 AspA dimers. The A#H3K mutant, capable of binding but not
spreading along the DNAisplayed a distincshift pattern to that of the WT protein. The
formation of protein:.DNA complexes occurred slightly later at 40 nM concentration, and
none of the DNA fragments became fully bound, indicating that spreading was indeed
abolished(Figure 3.6B)The AspAR49A mutant did not bind to the DNA, as evidenced by
no observed shift on the gel, indicating that protein:DNA complexes are not formed
(Figure 3.6C)

EMSA is a senguantitative method of analysing the affinity of a protein to the DNA,
allowing an estimation of binding affinity by calculating the apparent dissociation
constant Ksapp). This was done by measuring the intensity of the unbound DNA bands
using a GeDoc and associated Image Lab 4.0.1 software-R@id). Relative band
intensities weN\BE lj dzZ YGAFASR O2YLI NBR (G2 (GKS W5b!
experimental replicates used. The liganithding curve was derived by plotting the
fraction of bound DNA against AspA concentration, Egmpp calculated using the one

site binding equatn:

1 OP!
0 I ODb!

whereY is the fraction of DNA bounByax is the maximal bindingKs is the equilibrium
dissociation constant and [AspA] is tipeotein concentréion. The onesite specific
binding model was used due to the initial nucleation evprdsumably comprising one

AspA dimer binding to the palindrome, before additional dimers bind and occupy the DNA
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at higher concentrationgFigure 3.6A) A limitation of this modelis that it does not
incorporate nonspecific binding which may decrease the accuracy of the derivad
Additionally, if the protein binds cooperatively, incorporating the Hiéftioient (h) would
indicate this with h > 1.0 indicating positive cooperativifihe Ksapp of WT AspA was
calculated as 2% 0.77 nM, indicating high affinity to the DNA, and in close agreement to
the previously derived affinity at the first palindr@n(~50 nM). AspAA53K showed
reduced affinity with asapp of 98t 4.5 nM(Figure 3.6D)

9 9 98 0 &8 ) 99 0 08 & ¢
NV Y5 NV Y @GS & 8 [AspARIA]

Q
Q
(A) v S [AspAWT] (¢
N e (V) I PRm— )

"
e

< Higher order
complex

3Complex 2
e - s ananen e
compen. <« Free DNA

® WT AspA = A53K

100 4 . .

(8]
(8) SV S S S aspanssk] (D) /“’/
DNA ___ (nM) 801
|/

Complex2 _ / K,app: 21 nM £ 0.77
Complex 1 K,app: 98 nM + 4.5
Free DNA 0

0 100 200 300 400 500
[AspA](nM)

=2
o
L

B
o
"

DNA bound (%)

N
o

Figure 3.6.EMSA ofAspA at the second binding site(A) Representative EMSA in which WT AspA was
incubated with thebiotinylated 247 bp DNA fragment containing the second binding site. The DNA was
used at a final concentration of 0.12 nM, with AspA used at the final concentrations indicated. Free DNA
indicates unbound fragments, Complex 1 indicates the formation ofrst higher molecular weight
AspA:DNA complex, and the Higher order complex indicates a supershift in which all DNA i{BpyGy.

The AspAA53K and AspR49A mutants were also assayed under the same conditions-ASBK is able to

bind DNA but is dé&fient in spreading, whereas Asfi®9 is unable to bind DNA and was used as a negative
control. All gel images depict reactions loaded onto a 1.2% agaroséel.igand binding curve for the
AspA WT and AspA53K proteins. The percentage of DNA bounasvealculated by measuring pixel
intensities of unbound DNA using the BioRad-Bat and Image Lab 4.0.1 software, and a mean taken from
three experimental replicates. The appareiit was calculated with Microsoft Excel (with the additional
Solver pluginysing the onesite specific binding model equation. Error bars represent the standard error of
the mean.
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3.2.2 Identification of further AspA residues important for function

3.2.2.1 Rationale for mutant creation

To further probe the interactions of AspA with the DNA at the second palindromic site,
four novel mutant proteins were created. The-crystal structure of Asp®NA has
already been solved (Schumacher 2015), and was used to determine which residues make
contacts with the DNAFigure 3.7 top). Glutamines at positions 42 and 46 from each
monomer contact single bases, and tyrosine 41 contacts DNA bases in half of the
monomers in the structure (thremonomers: yellow, green and cy&ngure 3.7 middle),

along with several contacts with the phosphate backbone. An alignment of the AspA
protein against other homolages in the genusSulfolobuswas produced using Clustal
Omega(Figure 3.7 bottom). Tyrosine 41 was conserved in all strain§ofslandicuand

S. solfataricusised in the alignment, and glutamine 42 was conserved in half the strains.
The 'mutational sensitivity' feature of Phyre2 was used to determine which amino acid
substitutions would be predicted to leave the mutant protein structure unaffected (Kelley
2015). Alanine was chosen as the replacement residue; it isbntky due to its side
chain not extending beyond the betarbon and therefore is not expected to cause steric
interference or considerable conformational change (Ziolkowska 2006). Alanine
ddzoaldAlGdziA2yd ORdz00 SR WwWaolOl yyAy3 YdBarigaSy
lab when investigating the function of the sispecific DNAinding protein ParG (Barge
thesis 201%, and has been used as a strategy to characterise the functional residues of a

Bacillus thuringiensioxin (Howlader 2010).

To further assess AsgBNA interactions, two AspA residues were chosen for mutation
that are hypothesised to be involveith dimerdimer interactions, and thus facilitate
spreading of the protein on the DNA (Schumacher 2015). The negathadged glutamic

acid 54 of one dimer interacts with positivatiharged lysine 59 of the adjacent dimer,
whilst hydrophobic residues leine 52 and alanine 53 from adjacent dimers are subject

to van der Waals interactions. The Clustal Omega alignment shows that E54 is well

conserved at this position, and L52 is conserved in about half the s{famsee 3.7)
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Dimer 3

Dimer 1 (blue/green)

Dimer 2 (cyan/purple)
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S. tokodaii MINMLKQKRYLLFSPEGE-ILIFLYKNPGFHNIDEISESTRIPRSTISQKIPELQIYELT 59
M. sedula MINMLKQKRYLLFSPEGE-ILIFLYKNLGFHNIDEISEITRIPRSTISQKIPQLQIYQLI 59
S. islandicus LD85 MVGER----DPKGIPM-YRILAFLKKKKEAKTITEISEEADIPYNTVRDNIYKLLALGATI 55
S. solfataricus 98/2 ———————- MDRLLEPEIQ-ILLNL--SKGKKKRIEIAKECNIPYTTLIYLIPKLEAEGLV 49
S. islandicus M1627 = -———————- MDRLLEPEIQ-ILLNL--SKGKKKRIEIAKECNIPYTTLIYLIPKLEAEGLV 49
S. islandicus LS215 = -———————- MDRLLEPEIQ-ILLNL--SKGKKKRVEIARECNIPYTTLIYLIPKLEAEGLV 49
NOB8H2 pNOB8 AspA -MGKISTDKYIFLTPRAYIIVHLL--KVGKAKASEISENTQIPYQTVIQNIRWLLAEGYV 57
S. islandicus YG57 -MGKISTDKYIFLTPRAYIVIYLL--KVGKAKASEIAESTQIPYQTVIQONIRWLLAEGYV 57
S. islandicus YN15 -MGKISTDKYIFLTPRAYIVIYLL--KVGKAKASEIAESTQIPYQTVIQONIRWLLAEGYV 57
S. islandicus M164 -MGKISTDKYIFLTPRAYIVIYLL--KVGRAKASEISESTQIPYQTVIQONIRWLLAEGYV 57

Figure 3.7. AspA mutational analysi§Top) The AspADNA structure showing three dimers bound to
32-mer DNA. PDBK5Q. (Middle)Schematic of ASpRNA interactions at the palindromic sequence. Shown

is the DNA 32ner that accommodates three AspA dimges depicted irFig 3.1 Glutamine (Q) 42 and
tyrosine () 41 residues contacting DNA bases are highlighted in red and orange, respectively. Adapted from
Schumacher 2015.(Bottom) Clustal Omega protein sequence alignment of AspA. Sulfolobus M =
Metallosphaera Residues in positions 41, 42, 52 and 54 are highlighted in bold, conserved glutamines and
tyrosines are in red, leucines and glutamic acids in blue.
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E54 was mutated talanine, both to negate any charge interactions and due to its- non
bulky sidechain. L52 was mutated to lysine, due to its much lower hydrophobicity, and
the Phyre2 mutational sensitivity feature was again used to predict a more likely
observable phenotyig effect. The hypothesis here was that these mutations would not
reduce AspA binding affinity for the DNA, but may reduce the ability of the protein to
spread, demonstrating the importance of these residues for didiarer interactions.
Here, forward andeverse primers were designed to insert the desired base changes, and
AspA mutants AspX41A, AspM42A, AspA 52K and AspE54A were constructed using
the QuikChange Lightning Sibérected Mutagenesis Kit (Agilent Technologies). The
locations and varioumiteractions of these amino acids within the AspA:DNA structure are

shown inFigure 3.8
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Dimer 10

Figure 3.8. Location of mutated residues within thesspADNA crystal structure(Top)AspA:DNA structure showing three AspA adjacent dimers covering the DNA. Red boxes indicate
the third alpha helices in three of the monomef8ottom) As per the schematic iRig 3.7 residues Q42 and Y41 make DNA base @rabphate backbone contacts via hydrogen
bonding (black dotted lines, left, middle). Interactions between adjacent dimers are strengthened via electrostatic orisrantl van der Waals forces (right). This is shown by a red
dotted line between E54 of gier 1 and K59 of dimer 2; also note the proximity of L52 and A53 between adjacent dimers. In all images, dimers areasoiouhexdabove structure,

DNA bases are yellow, and the DNA backbone is orange. Relevant resides and the alpha helices dré&igbedlgenerated using CCP4MG and PDB file 5K5Q.
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3.2.2.2 Overproduction and purification of AspA mutants

The correct mutations in th@spAgene were confirmed by sequencirfgigure 3.9A
TheaspAmutant alleles were overexprességigure 3.9B and the overproduced protein
purified using nickel affinity chromatography as previously described, yielding fractions of
between 10 and 18 mg for each protein from 300 ml of cult(feggure 3.9¢ Before
undertaking EMSA experiments with the mutants, various assays were employed to
ensure that the mutants behaved similarly to the wijghe AspA protein. Firstly, protein
solubility assays were conducted, as mutagenesis can increase or decrease the solubility
of a protein, even when there is no underlying structural change (Mavetedl. 1999).
Therefore, the solubility of the mutants was assessed by-FSRXSE before use in
downstream assays. This was done by pelleting the culture from a -soaddi
overexpresion (~14 ml of culture) 3 hours after induction with 1 mM IPTG. After cell lysis,
the cell suspension was centrifuged, and an equal volume of supernatant and
resuspended pellet compared by loading onto a 15% SDS gel (Materials and Methods
2.4.2), alongsia aliquots from the overexpression. The majority of the recombinant
protein was present in the soluble fraction, compared to the resuspended pellet, as seen
by comparing the lower band in the two lanes marked S afBidgure 3.9B)The higher
observed bandepresents another endogenous protein. All other endogenous proteins

are removed after affinity chromatograplfizigure 3.9C)

Table3.1 Summary of AspA mutantproducedin this section

Mutant Description Source
AspA R49A | DNA binding iabrogated Barila lab
AspA A53K | Can bind palindrome but unable to spread Barila lab

AspA Y41A | Y41 contacts bases and phosphate backbone floeee Thisstudy
assessing DNBinding capacity. Q42 contacts bag
AspA Q42A | therefore assessing DN#nding

AspA L52K | L52 and E54 are hypothesised to be involved in dinf This study

dimer interactions and aid spreading of AspA on the D

AspA E54A | Mutants assess for spreading capabilities.
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(A)

(B)

(©)

Figure 3.9. Overproduction and purification of AspAutants. (A) The correct mutations were confirmed

by sequencing(B) The mutant AspA proteins were overproduced via IPTG induction as previously
described. The mutants were assessed for their solubility; lanes marked P and S indicate the amount of
protein present in the pelleted and soluble fractions, respectively, aftérlgsis.(C) The mutant proteins

were purified usingNi* affinity chromatography, with binding to the column assessed via-FSR&EE as
described for the WT AspA protein. The four most concentrated protein elution fractions were also loaded
onto the same %% polyacrylamide gel.
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