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Abstract

Proper chromosome segregation is essential in all living organisms. In most bacteria, faithful
chromosome segregation is mediated by the ParABS system, consisting of the ATPase
protein ParA, the CTPase and DNA-binding protein ParB, and a centromere-like parS DNA.
ParB nucleates on parS before binding to adjacent non-specific DNA (spreading) to form a
multimeric nucleoprotein complex. ParA in turn powers the movement of the ParB-DNA
nucleoprotein complex to each daughter cell. In Firmicutes, another ParB-like protein, Noc,
nucleates onto NBS sites before spreading to form the membrane-associated nucleoprotein
complex that physically occludes the assembly of the divisome. However, the molecular basis
of ParB/Noc nucleation and spreading is unclear. Here, | elucidate the molecular basis for the
DNA-binding specificity of ParB and Noc. | show that specificity is encoded by four residues
at the protein-DNA interface, and a combination of permissive and specificity-switching
mutations is required to reprogram their DNA-binding specificity. Next, | demonstrate that
cytidine triphosphate (CTP) facilitates ParB escape from the parS site, enabling ParB to
spread by sliding along the non-specific DNA. Using X-ray crystallography, | elucidate the
structural basis for the transition of ParB from the nucleating state to the spreading state.
Furthermore, | show that, C. crescentus ParB does not condense non-specific DNA in vitro in
absence of CTP. Engineered C. crescentus ParB variants with enhanced DNA condensation
activity failed to display any increase in spreading ability in vivo. Overall, | propose that ParB
functions primarily as a CTP-dependent molecular switch. Finally, | report Noc as the first
example of a CTPase enzyme whose membrane-binding activity is directly regulated by CTP.
By in vitro reconstitution and X-ray crystallography, | show that CTP couples membrane-
binding activity of Noc to nucleoprotein complex formation. My findings suggest that CTP

switches may be more widespread in biology than previously appreciated.
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1.1 Global chromosome organisation

All living organisms require mechanisms for DNA compaction, as DNA length exceeds the
size of the cell by several orders of magnitude. In eukaryotes, chromosomal DNA is packaged
inside the nucleus into a repeating unit known as the nucleosome, originally described as
‘beads on a string’ (Olins and Olins, 1972). These structural units are composed of ~147 bp
of DNA that wraps around the core histone protein octamer (Luger et al., 1997). Bacteria,
however, do not possess such DNA-compacting mechanisms like eukaryotes. Instead,
bacterial cells utilise a range of DNA-folding factors, such as nucleoid-associated proteins and
DNA supercoiling, to ensure a proper chromosome organisation (Dame et al., 2019). Initially,
bacterial chromosomes were thought to encompass unstructured bodies of DNA dispersed
randomly within the cell. Since then, a combination of fluorescence microscopic analysis and
advances in genome-wide mapping and super-resolution microscopy techniques have shown
the bacterial chromosome is much more complex and is assembled into multiple higher order
structures that influence a myriad biological processes (Azam et al., 2000; Bakshi et al., 2012;
Fisher et al., 2013; Hadizadeh Yazdi et al., 2012; Le et al., 2013; Lewis et al., 2000; Viollier et
al., 2004).

Initial fluorescence in situ hybridisation studies revealed the Escherichia coli nucleoid is
organised into higher-ordered structures that are physically separated between one another
(macrodomains) (Valens et al., 2004). The E. coli chromosome is further divided into four
macrodomains, with the origin of replication (ori) at one end and the replication terminus (ter)
at the other (Duigou and Boccard, 2017; Valens et al., 2004, 2016). Two additional domains
(Left and Right) flank the Ter macrodomain while two non-structured regions are adjacent to
the ori. Nucleoid-associated proteins promote the establishment of these boundaries; the Ter
domain is the only region that contains matS sites that MatP specifically binds (Mercier et al.,
2008). Binding of MatP to matS results in MatP tetramerization that bridges distal matS sites
on the chromosome, thus condensing the Ter macrodomain (Dupaigne et al., 2012).
Additionally, the ori macrodomain is organised by the DNA-binding protein, MaoP, which
specifically binds to maoS to constrict the mobility of the ori macrodomain (Duigou and
Boccard, 2017; Valens et al., 2004).

While in Caulobacter crescentus, the tracking of fluorescently labelled chromosomal loci and
chromosome conformation capture assays in conjunction with deep sequencing (Hi-C, 5C)
have recapitulated organization of the chromosome. Whereby, the ori localises towards one
cell pole while the ter accumulates at the opposite cell pole (Figure 1C) (Le et al., 2013;
Umbarger et al., 2011; Viollier et al., 2004; Yildirim and Feig, 2018). The left and right

chromosomal arms run in parallel down the axis of the cell, generating the ori-ter configuration

3



(Le et al., 2013). Unlike E. coli, macrodomains have not been observed in C. crescentus,
instead Hi-C analysis revealed the C. crescentus chromosome is organized into ~23
chromosomal interaction domains, loops of supercoiled genomic DNA that are analogous to
topologically associated domains in eukaryotes (Dixon et al., 2012; Eser et al., 2017; Sexton
et al., 2012; Sullivan et al., 2009). Curiously, chromosomal interaction domains are not only
specific to C. crescentus as Hi-C analysis also revealed that the Bacillus subtilis chromosome
is organized into ~20 chromosomal interaction domains, while the E. coli chromosome and
Corynebacterium glutamicum chromosome is compacted into ~31 chromosomal interaction
domains and ~ 11 chromosomal interaction domains respectively (B6hm et al., 2020; Lioy et
al., 2018; Marbouty et al., 2015). It is therefore likely that chromosomal interaction domains
are a conserved feature in bacterial chromosome organisation. In both chromosomal
interaction domains and topologically associated domains, DNA loci displayed preferred
interactions with other loci in the same domain (Dixon et al., 2012; Eser et al., 2017; Le and
Laub, 2016; Nora et al., 2012; Sexton et al., 2012). The boundaries between such domains
are commonly associated with long and highly expressed genes (Le and Laub, 2016), with
other systems also promoting formation of chromosomal interaction domains boundaries,
contributing towards the formation of higher-order structures in the chromosome respectively
(B6hm et al., 2020; Lioy et al., 2018; Marbouty et al., 2015). As global chromosome
organisation in bacteria undergo arrangement at different stages of the cell cycle, bacterial
cells require a diverse range of regulatory components to ensure chromosomal rearrangement

is compatible with a myriad of biological processes.

1.2 Bacterial chromosome segregation

Faithful chromosome segregation is essential to ensure each daughter cell inherits a full copy
of the genetic information of the parent. Chromosome segregation is not a trivial process,
especially in bacteria, because DNA must be maintained in a compacted state to fit within the
limited volume of the cells, and chromosome segregation often occurs concomitantly with DNA
replication rather than being separated temporally, as in eukaryotes. Bacterial chromosome
segregation can be divided into multiple overlapping steps: (i) segregation of DNA proximal to
the origin of replication, (ii) segregation of the bulk of the chromosome, and (iii) segregation
of DNA near the terminus of replication. In this chapter, | focus on progress towards
understanding the molecular basis for segregating the origin-proximal region, specifically by

the tripartite ParA-ParB-parS system.

The par locus was first discovered in low-copy-number plasmids, and was shown to be
essential for their stable inheritance (Abeles et al., 1985; Austin and Abeles, 1983a, 1983b)

(Mori et al., 1986). A functionally equivalent par locus was later found to be important for

4



chromosome segregation in B. subtilis (Ireton et al., 1994; Lin and Grossman, 1998; Mysliwiec
et al., 1991). In C. crescentus, Hyphomonas neptunium and Myxococcus xanthus, genes
encoded in the parlocus (ParABS) were found to be essential for cell viability (Iniesta, 2014;
Jung et al., 2019; Mohl et al., 2001), whereas in other bacterial species engineered strains
lacking ParABS were viable but had an elevated number of anucleate cells owing to defects
in chromosome segregation (Bartosik et al., 2009; Charaka and Misra, 2012; Donczew et al.,
2016; Donovan et al., 2010; Du et al., 2016; Jecz et al., 2015; Kadoya et al., 2011; Lagage et
al., 2016; Lee and Grossman, 2006; Lewis et al., 2002; Li, 2019; Li et al., 2015; Minnen et al.,
2016; Santi and McKinney, 2015; Yamaichi et al., 2007; Yu et al., 2010). A comparative
genomic study suggested that the chromosomal ParABS system is conserved in two-thirds of
bacterial species (Livny et al., 2007). In most bacteria, one or multiple parS sites are commonly
found near the origin of replication (Livny et al., 2007). The parS site is the first DNA locus to
be segregated after chromosome replication (Harms et al., 2013; Lagage et al., 2016; Lin and
Grossman, 1998; Toro et al., 2008). ParB is a DNA-binding protein that nucleates on parS to
recruit additional ParB molecules to adjacent non-specific DNA to form a network of protein-
DNA complexes (Funnell, 2016). The ParB-DNA nucleoprotein complex stimulates the
ATPase activity of ParA, creating a gradient of ParA-ATP that drives the movement of the
origin-proximal region of the chromosome (and subsequently, the whole chromosome) along
this gradient to the opposite pole of the cell (Le Gall et al., 2016; Hwang et al., 2013; Leonard
et al., 2005; Lim et al., 2014; Mohl et al., 2001; Vecchiarelli et al., 2010, 2013a, 2014). ParB
also recruits the Structural Maintenance of Chromosomes (SMC) complex onto the
chromosome to reduce DNA entanglement, thereby promoting the individualization of
replicated chromosomes (Bohm et al., 2020; Gruber and Errington, 2009; Gruber et al., 2014;
Minnen et al., 2016; Sullivan et al., 2009; Tran et al., 2017; Wang et al., 2014, 2015).

Since the discovery of the ParABS system over 35 years ago, tremendous progress has been
made towards answering some of the key questions about how this system works:
¢ What are the structure-function insights into ParB-mediated DNA organisation and
segregation? (discussed in chapter 1.3)
e How does ParB recruit tens to hundreds more ParB proteins to assemble a higher-
order nucleoprotein complex? (discussed in chapter 1.4)
¢ What is the molecular mechanism of ParA-mediated DNA segregation? (discussed in
section 1.5)
e How does ParB recruits SMC and other protein partners to coordinate chromosome

segregation with chromosome organisation? (discussed in chapter 1.5)



In the next subchapters, | summarise recent progress and compare the competing models for

addressing these key questions.

1.3 ParB-parS interaction and the assembly of a ParB-DNA higher-order nucleoprotein
complex

ParB binding to parS nucleates the recruitment of additional ParB molecules which associate
with neighbouring DNA, a process known as spreading, to form a higher-order ParB-DNA
nucleoprotein complex (Funnell, 2016). The purpose of this higher-order complex, whether to
strengthen the physical link between DNA and ParA or to provide a specific DNA topology to
facilitate DNA segregation, is still under debate. However, since bacterial strains harbouring
nucleation-competent but spreading-defective mutants of parB are either unviable or have
elevated number of anucleate cells, it is clear that a higher-order nucleoprotein complex is a
prerequisite for faithful chromosome segregation (Breier and Grossman, 2007; Kusiak et al.,
2011; Lin and Grossman, 1998; Song et al., 2017; Tran et al., 2018). In order to deduce the
molecular basis underpinning the assembly of the ParB-DNA nucleoprotein complex, a
detailed understanding of the domain organisation and structural features shared within the
ParB superfamily is required. In the next subchapters, | describe the domain architecture
shared by proteins in the ParB superfamily, and discuss the structure-function insights

obtained from various crystal structures of chromosomally encoded ParBs.

1.3.1 The ParB superfamily: domain organisation and shared features

Proteins that belong in the ParB superfamily generally display a modest sequence
conservation. Nevertheless, chromosomal ParB proteins share a common domain
architecture, consisting of an N-terminal domain (NTD), a central DNA-binding domain (DBD),
and a C-terminal domain (CTD) (Fig. 1.1A) (Funnell, 2016). A highly conserved arginine-rich
motif (GERRxRA) resides in the NTD and mediates protein-protein and protein-ligand
interactions (Fig. 1.1A) (Chen et al., 2015; Osorio-Valeriano et al., 2019; Soh et al., 2019).
The DBD contains a helix-turn-helix motif that enables ParB to specifically bind to parS. The
CTD, which is the least conserved domain among ParB homologs, contains a leucine zipper
motif that allows ParB to homodimerise (Fig. 1.1A). The CTD of B. subtilis ParB also has a
lysine-rich amino acid patch that provides additional non-specific DNA-binding and DNA

condensation activities (Fisher et al., 2017).

Currently, there exists no full-length structure of a chromosomal ParB. The flexibility of ParB,
endowed by amino acid linkers that connect consecutive domains, has hindered the effort to
crystallize and solve the structure of a full-length protein. Nevertheless, structure-function

insights have been gained from X-ray crystallography/NMR studies using a single domain or
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Figure 1.1 The crystal structure of the T. thermophilus ParBACTD (A) Chromosomal ParB
proteins share a common domain architecture, consisting of an N-terminal domain (NTD), a
central DNA-binding domain (DBD) and a C-terminal domain (CTD). The NTD harbours a
conserved arginine-rich motif (GERRxRA) that mediates ParB—ParB and ParB—cytidine
triphosphate (CTP) interactions. (B) The crystal structure of a C-terminal truncated (ACTD) T.
thermophilus ParB monomer with key features highlighted.



domain-truncated variants of ParB from various bacterial species (Chen et al., 2015; Fisher et
al., 2017; Leonard et al., 2004; Osorio-Valeriano et al., 2019; Soh et al., 2019). Structural
comparisons suggested that ParB, especially its NTD, can adopt multiple alternative
conformations that might facilitate the assembly of a higher-order nucleoprotein complex that
enables faithful chromosome partitioning (Chen et al., 2015; Leonard et al., 2004; Osorio-
Valeriano et al., 2019; Soh et al.,, 2019). In the next subchapters | describe the different

structures of chromosomally encoded ParB that are available.

1.3.2 The crystal structure of a C-terminal truncated (ACTD) Thermus thermophilus
ParB

The first structure of a chromosomally encoded ParB was a ACTD variant from T. thermophilus
(Leonard et al., 2004). The crystal structure was solved using selenomethionine SAD phasing
to a resolution of 2.3 A. The construct for the T. thermophilus ParBACTD variant contained
residues 1-222, whereas the full-length T. thermophilus ParB contains 269 residues. Although,
no electron density was observed for residues 1-22 and 210-222, suggesting these residues

were disordered in the crystal.

The asymmetric unit of the crystal contained eight copies of the ParB monomers, which
arranged into four dimers in the crystal (Leonard et al., 2004). The overall structure of the T.
thermophilus ParBACTD complex is shown in Figure 1.1B, with the T. thermophilus
ParBACTD variant containing both the NTD and the DBD. The secondary structure of the
ParBACTD is composed of 3B-pleated sheets and 11 a-helices, with the NTD consisting of
three B-pleated-sheets (B1-B3) and three a-helices (a1-a3), while the last eight helices (04-
a11) form the DBD of T. thermophilus ParB (Fig. 1.1B). In the N-terminal region of T.
thermophilus ParBACTD, a long linker containing a short a1 and a long a2 connects to 1.
The NTD is further composed of 2 and 3 which are separated by a3 (Fig. 1.1B). The DBD
is formed of the remaining a-helices observed in the crystal, whereby a long linker containing
a4 and a5 connects to the helix-turn-helix forming a6 and a7 that enables DNA binding (Fig.
1.1B). Helices a4-a11 then pack together to form a compact helical bundle, whereby helices
a6, a7, a9, a11 are positioned across helices 04, a5, a8 and a10 (Fig. 1.1B). In the T.
thermophilus ParBACTD, the NTD folds into a tight dimer, forming “open” conformation that

stabilises the overall structure (Leonard et al., 2004).

As no such obvious protein-protein ParB spreading interactions were observed in the T.
thermophilus ParBACTD crystal structure, Leonard et. al., (2004) proposed that the CTD of

ParB (that was absent in the crystal), likely mediated ParB spreading as a one-dimensional
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filament on the DNA. Nevertheless, the crystal structure of the T. thermophilus ParBACTD
provided structural evidence that chromosomal ParB contains a helix-turn-helix motif that

enables ParB nucleation to parS.

1.3.3 The co-crystal structure of Helicobacter pylori ParBACTD-parS complex

More than a decade after the structure of the T. thermophilus ParBACTD was reported
(Leonard et al., 2004), Chen et. al. (2015) solved the co-crystal structure of a chromosomal
ParB from H. pylori in complex with parS (Chen et al., 2015). Much like the T. thermophilus
ParBACTD structure, the H. pylori ParB variant was also truncated at the CTD, likely to reduce
the flexibility of the protein to favour crystallization (Chen et al., 2015; Leonard et al., 2004).
The crystal structure was solved using selenomethionine SAD phasing to a resolution of 3.1
A. The H. pylori ParBACTD variant contained residues 1-240, while the full-length H. pylori
ParB contains 290 residues (Chen et al., 2015). Noticeably, certain chains in the crystal
structure were more complete than others, with the most complete chain lacking electron
density was for residues 1-34 and 228-240, suggesting these residues were disordered in the
crystal (Chen et al., 2015). These observations further highlight the flexibility of ParB
molecules that enables these proteins to undergo the drastic conformational changes required

for their various functions.

The asymmetric unit of the H. pylori ParBACTD-parS complex consisted of four ParBACTD
monomers and two copies of the parS DNA (Chen et al., 2015). In the co-crystal complex,
each ParB monomer binds to half a parS site and array on the opposite sides of the parsS site,
with the parS DNA duplex forms the pseudo-continuous filament that stabilizes the complex
(Chen et al., 2015). The overall structure of the H. pylori ParBACTD-parS complex is shown
in Figure 1.2A, with the H. pylori ParBACTD variant containing both the NTD and the DBD.
The secondary structure of the ParBACTD-parS is composed of 10 a helices and 3 B-pleated
sheets, with the NTD consisting of three a-helices (a1-a3) and three B-pleated-sheets ($1-
B3), while the last seven helices (a4-a10) make up the DBD of the H. pylori ParB (Fig 1.2A).
In the NTD, a linker region consisting of a1 connects to 1. A short linker then connects 1 to
B2, which is then followed by a longer region containing a2 that connects 2 to B3 ParB (Fig
1.2A). The NTD is further composed of a3 which connects to the remaining helices that form
the DBD of H. pylori ParB (Fig 1.2A). The DBD is then followed by a4 which links to the helix-
turn-helix motif forming a5 and a6 that docks into the major groove of the parsS site (Fig 1.2A).
a6 then links the remaining helices which pack to form a compact bundle in the structure,

whereby helices a7 and a9 are positioned across helices a8 and a1 (Fig 1.2A).
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Figure 1.2 The crystal structure of the H. pylori ParBACTD-parS complex (A) The
structure of the H. pylori ParBACTD monomer with key features highlighted. (B) The co-crystal
structure of H. pylori ParB in complex with parS, within the crystal, four H. pylori ParB
molecules form a tetramer, a cartoon representation is shown on the left, where N: N-terminal
domain, D: DNA-binding domain and C: C-terminal domain (C) ParB-ParB in cis (spreading),
the arginine patch shown to the right mediates the adjacent interactions (D) ParB-ParB in trans
(bridging) interactions. The arginine patch shown to the right mediates the traverse
interactions.
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Interestingly, the co-crystal structure of the H. pylori ParBACTD-parS complex demonstrated
ParB oligomerisation in the presence of parS (Fig. 1.2B-D). Indeed, ParB was shown to
interact with an adjacent ParB on a pseudo-continuous DNA in the crystal lattice (in cis
interactions) (Fig. 1.2C). Additionally, ParB was also shown interact with an adjacent ParB
monomer on a disconnected DNA duplex (in trans interactions) (Fig. 1.2D). The arginine rich
motif (GERRxRA) required for ParB spreading in vivo (Breier and Grossman, 2007; Graham
et al., 2014; Tran et al., 2018) mediated the NTD-NTD interactions observed in the crystal
(Fig. 1.2C-D). From comparing the H. pylori ParBACTD-parS monomer and the T.
thermophilus apo-ParBACTD structure, Chen et. al. (2015) proposed that the nucleation of
ParB to parS induces the conformational change at the NTD that enables the arginine rich
motif to participate in these NTD-NTD interactions (Chen et al., 2015; Leonard et al., 2004).
While the NTD of T. thermophilus apo-ParB adopts an “open” conformation, the NTD H. pylori
ParBACTD-parS complex adopts an “extended” conformation that exposes the arginine-rich
patch. Furthermore, the DBD of either an apo- or parS bound ParB shared a similar subunit
arrangement. It is therefore likely that apo-ParB exists in a nucleation-competent conformation

that favours parS binding.

1.3.4 The NMR structure of the C-terminal domain (CTD) of B. subtilis ParB

Although both structures of chromosomally encoded ParB from T. thermophilus and H. pylori
greatly improved our understanding of ParB, both structures were solved in absence of the
CTD that mediates ParB dimerisation (Chen et al., 2015; Leonard et al., 2004). Interestingly,
in B. subtilis the CTD also possess non-specific DNA condensation activity in vitro (Fisher et
al., 2017; Madariaga-Marcos et al., 2019; Taylor et al.,, 2015). To better understand the
structural determinants of this non-specific DNA condensation activity, Fisher et. al., (2017)
solved the structure of the CTD only of B. subtilis ParB by solution NMR (Fisher et al., 2017)
(Fig. 1.3A). As expected, the reported structure formed a dimer, with each monomer consisting
of two a-helices and two 3-sheets, and is arranged in an a1-$1-B2-a2 arrangement (Fig. 1.3A).
The dimerisation interface is formed by B-sheets and domain swapping between the two a-
helices, whereby a leucine rich zipper is formed between a1 and o2 (Fig. 1.3A-B).
Interestingly, the NMR structure of the CTD revealed a highly positively charged surface
composed of lysine residues that facilitates the non-specific binding/condensation activity of
B. subtilis ParB (Fig. 1.3C) (Fisher et al., 2017).

1.3.5 The co-crystal structure of B. subtilis ParBACTD-CDP complex
More recent studies have uncovered a new co-factor of ParB. Various plasmid- and

chromosome-encoded ParB and ParB-like proteins have been found to bind and hydrolyse

12



C K256

Figure 1.3 The solution NMR structure of the B. subtilis ParB C-terminal domain (CTD).
(A) Two copies of the B. subtilis ParB CTD are shown with one copy in purple and the other
in grey with key features highlighted. (B) The leucine-zipper interaction between the two CTD
monomers are shown with the leucine residues being represented as sticks. (C) The lysine
rich surface that mediates the DNA condensation activity of B. subtilis ParB is shown with the
lysine residues being represented as sticks.
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cytidine triphosphate (CTP) to cytidine diphosphate (CDP) and inorganic phosphate (Osorio-
Valeriano et al., 2019; Soh et al., 2019). Indeed, Soh et. al., first reported the co-crystal
structure of the B. subtilis ParBACTD-CDP complex, where a molecule of CDP was observed
in the arginine-rich patch at the NTD of a ParB monomer (Soh et al., 2019). As CTP and Ca?*
were included in the crystallisation process, it is likely that CTP was hydrolysed to CDP during
crystallisation (Soh et al., 2019). The B. subtilis ParBACTD-CDP co-crystal structure was
solved using selenomethionine SAD phasing to a resolution of 1.8 A (Soh et al., 2019). The
B. subtilis ParBACTD construct contained residues 21-218, while the full-length B. subtilis
ParB contains 282 residues (Soh et al., 2019).

The asymmetric unit of the crystal contained four copies of the B. subtilis ParB monomers (two
dimers) and four CDP molecules (Soh et al., 2019), with each ParBACTD chain being
associated with a CDP molecule and two coordinated Ca* ions (Soh et al., 2019). The overall
structure of the B. subtilis ParBACTD complex is shown in Figure 1.4A, with the B. subtilis
ParBACTD variant containing both the NTD and the DBD. The secondary structure of the B.
subtilis ParBACTD-CDP is composed of 5 B-pleated sheets and 10 a-helices, with the NTD
consisting of five B-pleated-sheets (1-B5) and two a-helices (a1-a2) while the last eight
helices (a3-a10) form the DBD of B. subtilis ParB (Soh et al., 2019) (Fig. 1.4A). In the NTD,
1 and B2 are connected by a short linker, which is then followed by a longer a1 containing
linker region that connects to 3. Another short linker connects 33 to 4 before a longer linker
region containing a2 connects to 5. Both 2 and a2 in the NTD packs into the DBD of B.
subtilis ParBACTD, which is formed of the remaining a-helices observed in the crystal (Fig.
1.4A). The DBD is then followed by a long linker region containing a3 and a4, which then
connects to a5 and a6 that forms the classical helix-turn-helix motif that enables DNA binding
(Fig. 1.4A). a6 then links the remaining helices which pack to form a compact bundle in the

structure, whereby helices a7 and a9 are positioned across helices a8 and a10 (Fig. 1.4A).

Noticeably, two CDP molecules are then sandwiched between the two NTD of the B. subtilis
ParB, generating a new self-dimerisation interface (Fig. 1.4B) (Soh et al., 2019). Additionally,
residues G77 and R80 in the arginine rich motif interacts with the - phosphate group of CDP
(Fig. 1.4B) (Soh et al., 2019). Indeed, previous mutations in this motif prevented ParB
spreading in vivo, thus implying the loss of ParB spreading is caused by a defective CTP
binding/hydrolysis (Breier and Grossman, 2007; Tran et al., 2018). A three way structural
comparison between B. subtilis ParBACTD-CDP complex, the H. pylori ParBACTD-parS and
the T. thermophilus apo-ParBACTD displayed that both the NTD and the DBD of B. subtilis
ParBACTD harboured a different orientation between the NTD and DBD of either the T.
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thermophilus ParBACTD or the H. pylori ParBACTD-parS complex (Chen et al., 2015; Leonard
et al., 2004; Soh et al., 2019, Jalal et al., 2019). While the NTD of T. thermophilus ParBACTD
adopts an ‘open’ conformation and the NTD of H. pylori ParBACTD-parS is in an ‘extended’
conformation, the NTD of the B. subtilis ParBACTD-CDP exists in a ‘closed’ conformation,
whereby CDP-interactions results in NTD self-dimerisation (Fig. 1.4B) (Chen et al., 2015;
Leonard et al., 2004; Soh et al., 2019). Furthermore, the DBD of the CDP bound B. subtilis
ParBACTD adopts a conformational change at the central DNA-binding domain that is
incompatible with parS binding (Fig. 1.4A) (Chen et al., 2015; Soh et al., 2019), as it became
clear that one DBD from the adjacent B. subtilis ParBACTD monomer clashes with the parS
DNA. Thus, from these findings it was proposed that CTP-interactions result in a
conformational change that promotes ParB spreading by sliding on the DNA as a lateral clamp
(see 1. 4.4 Model 4 - Lateral sliding of a ParB-CTP clamp on DNA).

1.3.6 The structure of the Myxococcus xanthus PadC (ParB-like domain)-CTP
complex
Almost at the same time as Soh et. al. (2019), Osorio-Valeriano (2019) solved the first crystal
structure of the ParB-like protein, PadC from M. xanthus (Osorio-Valeriano et al., 2019; Soh
et al., 2019) The co-crystal complex contained the ParB-like protein PadC in complex with
CTP and was solved using selenomethionine SAD phasing to 1.7 A resolution (Osorio-
Valeriano et al., 2019). The ParB-like domain (PLD) of PadC construct lacked the first 281
residues, however no electron density was observed in the first 8 residues at the N-terminus
and the remaining 422-489 at the C-terminus, suggesting these region was flexible in the

crystal (Osorio-Valeriano et al., 2019).

The asymmetric unit of the crystal contained two copies of the PadC (PLD) monomer and two
molecules of CTP. With each PadC (PLD) chain being associated with a CTP molecule and a
coordinated Mg* ion (Osorio-Valeriano et al., 2019). The overall structure of the M. xanthus
PadC (PLD)-CTP complex is shown in figure 1.4B. The secondary structure of the M. xanthus
PadC (PLD) consists of four B-sheets (31-p4) and six a-helices (a1-a6) (Osorio-Valeriano et
al., 2019) (Fig. 1.4C). Each chain consists of a globular N-terminal PLD domain contain (-
sheets, with 1 and B2 being connected by a long flexible loop containing a short a1 and a2,
while 3 and B4 are connected by a3 (Fig 1.4C). The N-terminal PLD is then followed by a
linker region which contains a4, followed by a linker region that linkers the remaining two
helices a5 and a6 observed in the crystal. Noticeably, the two PadC (PLD) molecules cross
over in this linker region causing a5 and a6 to be oriented in a juxtaposed to a4 in the adjacent

PadC (PLD) monomer to stabilise the dimer in a closed conformation (Fig 1.4D) (Osorio-
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Figure 1.4 The co-crystal structures of the B. subtilis ParBACTD-CDP and M. xanthus PadC
(PLD)-CTP complex. (A) The structure of the B. subtilis ParBACTD monomer with key features
highlighted. (B) The co-crystal structure of B. subtilis ParB-CDP complex, the nucleotide
binding pocket is shown to the left, GxxRxxA residues are highlighted in bold. One ParB
monomer is shown in blue while the other ParB monomer is shown in grey (C) The structure
of the M. xanthus PadC (PLD) monomer with key features highlighted. (D) The co-crystal
structure of M. xanthus PadC-CTP complex, the nucleotide binding pocket is shown to the left.
One PadC (PLD) monomer is shown in bronze while the other PadC (PLD) monomer is shown

in grey.
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Valeriano et al., 2019).

As observed in the B. subtilis ParBACTD-CDP complex, two CTP molecules are sandwiched
between the two PLD of M. xanthus PadC, generating a new self-dimerisation interface (Fig.
1.4B, 1.4D) (Osorio-Valeriano et al., 2019; Soh et al., 2019). PadC harbours a similar arginine
rich patch (GxxRxxA) motif to ParB, and is shown to form the CTP binding pocket in the M.
xanthus PadC(PLD)-CTP co-crystal structure (Fig 1.4B). Indeed, a structural comparison
between the PadC (PLD) structure with T. thermophilus ParBACTD and H. pylori ParBACTD
and B. subtilis ParBACTD structure demonstrated that the NTD of M. xanthus PadC shares
a high structural similarity with the arginine rich motif containing NTD of the solved ParBACTD
proteins (Chen et al., 2015; Leonard et al., 2004; Osorio-Valeriano et al., 2019; Soh et al.,
2019). Thus, these findings demonstrate that CTP-binding promotes a new protein-protein
interface that enables the self-dimerisation of PadC, and that CTP-interactions are likely

conserved feature of the ParB-family of proteins.

The existence of these various crystal structures of ParB have shed light into the various
models of the higher order ParB-DNA nucleoprotein complex assembly. In the next
subchapters, | assess the evidence for and against each model, before highlighting
outstanding questions and challenges for fully understanding the ParABS system and

chromosome segregation in bacteria.

1.4 Multiple models of ParB-DNA nucleoprotein complex assembly

1.4.1 Model 1 - One-dimensional filamentation of ParB

The earliest evidence of a higher-order ParB-DNA nucleoprotein complex came from studies
of a plasmid-borne ParB. Overexpression of an F-plasmid ParB protein (ParBr or SopB) was
observed to repress the expression of antibiotic resistance genes several kilobases away from
the parS (sopC) site on the plasmid (Lynch and Wang, 1995). Moreover, ParBe
overexpression also prevents DNA gyrase and restriction enzyme access to DNA regions
neighbouring the parS site (Lynch and Wang, 1995). Similarly, a P1-plasmid ParB (ParBp1)
also silences expression of genes adjacent to parS in both directions for several kilobases,
with the efficiency of gene silencing decreasing as the genomic distance from parS increases.
A direct association of ParBps with the silenced DNA was demonstrated by chromatin
immunoprecipitation PCR (ChIP-PCR) assay (Rodionov et al.,, 1999). Based on these
observations, it was proposed the growth of a filament of ParB proteins nucleated at parS and
then spread outward to neighbouring DNA (Fig. 1.5A) (Rodionov et al., 1999). This model was
further supported by the observation that a site-specific DNA-binding protein, RepA, could
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attenuate the ParBps-mediated gene silencing effect, presumably by acting as a roadblock to
partially stop the filamentation of ParB (Fig. 1.5A) (Rodionov et al., 1999). Multiple
chromosomal ParBs have subsequently been observed by ChIP-chip/seq to associate with an
extended DNA region beyond parS (Béhm et al., 2020; Breier and Grossman, 2007; Donczew
etal., 2016; Graham et al., 2014; Lagage et al., 2016; Minnen et al., 2016; Murray et al., 2006;
Tran et al., 2018), hence chromosomal ParBs were also thought to oligomerize to form a
nucleoprotein filament. The highly conserved arginine-rich patch (GERRxRA) at the NTD has
been implicated in mediating ParB filamentation, as mutations in this region impair the ability
of ParB to associate extensively with DNA beyond parS (Breier and Grossman, 2007; Graham
et al., 2014; Kawalek et al., 2018; Tran et al., 2018). This early model of ParB spreading is
straightforward and attractive, however later studies have argued that the intracellular
concentration of ParB is too low to support such an extensive 1D filamentation in vivo.
Moreover, at native expression levels, B. subtilis ParB (Spo0J) does not silence genes
adjacent to parS, suggesting that the ParB-DNA nucleoprotein complex might be more

dynamic than can be explained by the 1D filamentation model (Breier and Grossman, 2007).

1.4.2 Model 2 - Bridging and condensing DNA

A combination of quantitative immunoblotting and immunofluorescence microscopy
approaches led to the estimate that ~20 ParB dimers are associated with each parS site in B.
subitilis, allowing for maximally ~500 bp of DNA to be covered by a continuous filament of ParB
(Graham et al., 2014). This is substantially lower than the ~10-20 kb of ParB-bound DNA
observed by ChIP-chip, arguing against the 1D filamentation model (Breier and Grossman,
2007; Murray et al., 2006). Instead, a new model was proposed based on the observation that
B. subtilis ParB can bridge different segments of DNA (Fig. 1.5A). In a single-molecule
microscopy-based assay, bacteriophage A DNA (~50 kb) was tethered at one end to a
microscope slide and stretched out by a buffer flow (Graham et al., 2014). The introduction of
purified B. subtilis ParB compacted the flow-extended DNA, demonstrating that ParB can form
bridges and condense bound DNA (Graham et al., 2014). Moreover, mutations in the arginine-
rich patch which eliminate the extensive in vivo ChlP-seq profile of B. subtilis ParB also impair
in vitro DNA-bridging activity (Graham et al., 2014).

ParB-mediated DNA bridging was also observed using magnetic-tweezers assays (Fisher et
al., 2017; Madariaga-Marcos et al., 2019; Taylor et al., 2015). The additional non-specific
DNA-binding activity owing to a surface-exposed lysine-rich patch at the CTD of B. subtilis
ParB was found to be essential for this function (Fisher et al., 2017). Mutations in these lysine
residues eliminate DNA bridging and condensation in vitro and reduce ParB-DNA

nucleoprotein formation in vivo, as assessed by the less extensive ChIP-qPCR profile and by
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the dimmer and fuzzier appearance of fluorescently labelled ParB foci (Fisher et al., 2017). It
is important to emphasize that interactions among NTD of B. subtilis ParB are also necessary
for bridging DNA (Fig. 1.5B); neither CTD alone nor ParB with mutations at the arginine-rich
patch (at the NTD) can condense DNA in vitro (Fisher et al., 2017; Madariaga-Marcos et al.,
2019). The non-specific DNA-binding activity of the CTD is thought to provide multiple anchors
on DNA that can be brought spatially close together by the NTD-NTD interactions (Fig. 1.5B).
Insights into the molecular mechanism of NTD-NTD interactions were provided by the co-
crystal structure of a CTD-truncated H. pylori ParB in complex with a parS DNA duplex (Chen
et al., 2015). This structure shows H. pylori ParB interacting with an adjacent ParB on a
pseudo-continuous DNA in the crystal lattice (in cis interactions or 1D filamentation) and also
with ParB on a disconnected DNA duplex (in trans interactions or 3D bridging) (Fig 1.2B-D),
with the arginine-rich patch at the core of the NTD-NTD interaction interface (Chen et al.,
2015). By comparison with the T. thermophilus apo-ParB structure, it was proposed that the
nucleation of ParB onto parS induces a conformational change at the NTD that exposes the
arginine-rich patch for the NTD-NTD interactions (Chen et al., 2015; Leonard et al., 2004).

In sum, it has been proposed that DNA-bridging activity allows a limited number of ParB
molecules to bring regions of DNA that are several kilobases apart together in 3D space to
form a compacted nucleoprotein complex (Fig. 1.5B). Nevertheless, a computational
modelling study has suggested that a combination of both 1D filamentation and 3D bridges
are required to recreate the condensed ParB-DNA nucleoprotein complex observed in vivo
(Broedersz et al., 2014). Thus, while the DNA-bridging model is an important step towards
understanding the assembly of the ParB-DNA nucleoprotein complex, it is unlikely to be the
final say. The main caveat is that B. subtilis ParB can bridge to condense DNA in vitro
regardless of the presence of parS (Fisher et al., 2017; Graham et al., 2014; Taylor et al.,
2015). This contradicts in vivo data showing parS is absolutely required for the clustering of
fluorescently labelled ParB molecules into a tight focus (Erdmann et al., 1999; Graham et al.,
2014). Moreover, the lysine-rich patch (at the CTD of B. subtilis ParB) is not highly conserved;
for example, ParB from C. crescentus lacks the equivalent lysine residues and does not
bridge/condense DNA in vitro. As such, it is not yet clear how prevalent DNA-bridging activity

is among chromosomal ParB homologues.

1.4.3 Model 3 - Caging ParB and DNA

A model broadly similar to bridging and condensing DNA that aims to better explain the
observed parS-dependent confinement of ParB in vivo has been proposed (Sanchez et al.,
2015). In this nucleation and caging model, the parS site acts as a ParB nucleation centre,

while weak but synergistic protein-protein and protein-DNA interactions cage ParB spatially
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into a confined volume inside the cells (Fig. 1.5C) (Sanchez et al., 2015). Supporting this
model, single-molecule super resolution microscopy demonstrated that the binding of ParBr
to parS results in a very high local concentration of protein in vivo, where greater than 90% of
ParBr in the cell are confined in clusters at parS (Sanchez et al., 2015). Similarly, the local
concentration of C. crescentus ParB near parS has been estimated to reach ~500 uM (500
times more concentrated than typically used for in vitro experiments) (Lim et al., 2014). Despite
ParBr (or C. crescentus ParB) having expectedly low-affinity interactions with non-specific
DNA, these interactions may occur stochastically at very high frequency, especially at the
extreme local concentration of ParB in vivo, to create a cage of dynamically exchanged ParB-
DNA complexes (Fig. 1.5C). Fluorescence recovery after photo-bleaching (FRAP)
experiments have shown that ParBr molecules rapidly exchange between different clusters,
further highlighting the dynamic nature of cages of ParB-DNA in vivo (Debaugny et al., 2018).
The nucleation and caging model has also been shown applicable to the Vibrio cholerae
chromosomal ParB-parS system, suggesting that this dynamic self-assembly mechanism

might be conserved from plasmids to chromosomes (Debaugny et al., 2018).

1.4.4 Model 4 - Lateral sliding of a ParB-CTP clamp on DNA

Recent studies have uncovered a new co-factor of ParB (Jalal et al., 2020; Osorio-Valeriano
et al., 2019; Soh et al., 2019). Various plasmid- and chromosome-encoded ParB and ParB-
like proteins have been found to bind and hydrolyse cytidine triphosphate (CTP) to cytidine
diphosphate (CDP) and inorganic phosphate (Jalal et al., 2020; Osorio-Valeriano et al., 2019;
Soh et al., 2019) A co-crystal structure showed CDP binding to the arginine-rich patch at the
NTD of B. subtilis ParB (CTP was hydrolysed to CDP during crystallization). At the same time,
a co-crystal structure showed a M. xanthus ParB-like protein (PadC) in complex with CTP.
CTP (or CDP) is sandwiched between two NTDs, thus promoting a new NTD self-dimerisation
interface that has not been observed previously (Osorio-Valeriano et al., 2019). Employing
site-specific cross-linking assays and single-molecule imaging, it was demonstrated that CTP-
induced self-dimerisation creates a clamp-like ParB that entraps DNA within its central cavity
(Fig. 1.5D). A comparison between the B. subtilis ParB-CDP structure and the H. pylori ParB-
parS structure suggested that CTP binding induces a conformational change at the central
DNA-binding domain that is incompatible with parS binding (Chen et al., 2015; Soh et al.,
2019). Studies with C. crescentus and M. xanthus ParBs further showed that CTP binding
reduces ParB nucleation at parS and/or liberates pre-bound ParB from parS, thereby
facilitating the escape of ParB from a high-affinity nucleation site to a low-affinity neighbouring
DNA (Jalal et al., 2020; Osorio-Valeriano et al., 2019). Therefore, CTP most likely serves to
switch ParB from a nucleating to a sliding mode (Fig. 1.5D). Overall, it was suggested that

ParB clamp can self-load at parS, without the need of a dedicated loading factor, and spreads
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Figure 1.5 The assembly of a higher-order ParB—-DNA nucleoprotein complex. (A) Model
1: ParB spreading by a one-dimensional filamentation. (B) Model 2: ParB spreading by
bridging and condensing DNA. (C) Model 3: ParB spreading by caging DNA. (D) Model 4:
ParB spreading by sliding on DNA. ParB switches from an open to a closed clamp upon
binding to CTP (orange). ParB and parS are coloured green and magenta, respectively. The
arrows above the ParB-CTP complexes indicate their progressive sliding on DNA. A tight
DNA-binding protein (grey) can unidirectionally block the one-dimensional filamentation or the
sliding of ParB on DNA.
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by sliding to the neighbouring DNA while still entrapping DNA (Fig. 1.5D) (Jalal et al., 2020).
The interpretation of a sliding ParB-CTP clamp on DNA is further backed up by several lines
of evidence: (i) tight DNA-binding proteins, such as a catalytic-dead EcoRI (E111Q) variant or
TetR, can block the spreading of B. subtilis and C. crescentus ParB-CTP on DNA in vitro (Fig.
1.5D), and (ii) C. crescentus ParB only accumulates on DNA that has both ends blocked (by
a bulky biotin-streptavidin complex) to prevent a run-off (Jalal et al., 2020). However, it is not
yet clear whether the translocation of ParB-CTP on DNA is entirely a passive 1D diffusion
process or whether it is facilitated by unknown interactions between the protein and DNA. CTP
hydrolysis is unlikely to provide energy for ParB translocation since its hydrolysis rate is
extremely low, ranging from ~3 to ~36 CTP molecules per hour. Moreover, ParB in complex
with a slow-hydrolyzable CTPyS analogue can still self-load and accumulate on DNA, albeit
with a reduced stability. It has been speculated that CTP hydrolysis might contribute to
recycling of ParB between the nucleation and translocation modes (Soh et al., 2019). Mutant
proteins (N112S and N172A of B. subtilis and M. xanthus ParB, respectively), which bind CTP
but are deficient for hydrolysis, fail to form tight foci inside the cells; however this is weak
evidence for the in vivo role of CTP hydrolysis since B. subtilis ParB (N112S) is already
impaired at forming a protein clamp (Osorio-Valeriano et al., 2019; Soh et al., 2019). A better
understanding of the CTPase mechanism that enables the design of a mutation at the catalytic
site to eliminate CTP hydrolysis while allowing NTD self-dimerisation is likely to provide a key

insight into the role of CTP hydrolysis.

Whether CTP plays a regulatory role in chromosome segregation, in addition to being a co-
factor of ParB, is also unknown. The concentration of nucleoside triphosphate (NTP) ranges
from ~0.3 to ~3 mM inside bacterial cells (Buckstein et al., 2008). Their concentrations can
decrease by ~tenfold as cells enter the stationary phase but it is unlikely to impact ParB-CTP
binding significantly (Buckstein et al., 2008). Indeed, foci of a fluorescently tagged ParB do
not disappear when C. crescentus cells enter the stationary phase or during starvation (Britos
et al., 2011). For these reasons, | speculate that the assembly of ParB-DNA nucleoprotein
complex is not regulated by varying the intracellular concentration of CTP. However, there is
a formal possibility that other NTP-related small molecules, whose diversity has only been
realized recently, could have a regulatory impact (Whiteley et al., 2019). Future work will
undoubtedly continue to provide important new insights into the assembly of the ParB-DNA

nucleoprotein complex and its roles in chromosome segregation.

1.5 ParB-DNA interaction with ParA and segregation of the origin-proximal

chromosomal region
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ParA is a deviant Walker A ATPase protein that enables a directional movement of ParB-
bound DNA (Koonin, 1993). Early studies of plasmid and chromosome segregation proposed
a mechanism for DNA-pulling by either a linear or a helical ParA filament (Adachi et al., 2006;
Ebersbach and Gerdes, 2004; Ebersbach et al., 2006; Fogel and Waldor, 2006; Hatano et al.,
2007; Pratto et al., 2008; Ptacin et al., 2010; Ringgaard et al., 2009), akin to the mitotic spindle
apparatus in eukaryotes. According to this model, ParA-ATP polymerizes into a filamentous
structure along the cell length, with the edge of the filament capturing the ParB-DNA
nucleoprotein complex. ParB binds ParA and stimulates its ATPase activity to hydrolyse ATP,
thereby depolymerizing the ParA filament and concomitantly pulling the ParB-DNA complex
(hence, the plasmid/chromosome) along the retracting filament to the opposite cell pole
(Gerdes et al., 2010; Ptacin et al., 2014; Ringgaard et al., 2009). While purified ParA from
various bacterial species could self-aggregate into filament-like structures in the presence of
ATP/ADP (Barilla et al., 2005; Bouet et al., 2007; Dunham et al., 2009; Ebersbach et al., 2006;
Havey et al., 2012; Hui et al., 2010; Leonard et al., 2005; Lim et al., 2014; Machoén et al., 2007;
Pratto et al., 2008; Ptacin et al., 2010), no such continuous polymer was seen in recent co-
crystal structures of ParA with DNA, even at the high concentration of protein and DNA used
to generate crystals. Furthermore, the spatial distribution of an F-plasmid ParA and C.
crescentus ParA in vivo is inconsistent with a continuous filamentous structure, instead they
form small patches or a cloud-like gradient of sparsely distributed molecules inside the cells,
as observed by super-resolution microscopy (Le Gall et al., 2016; Lim et al., 2014). As such,

it is uncertain whether a DNA-pulling mechanism by a ParA filament is operating in vivo.

It has been proposed that a ParA filament is not necessary for DNA segregation, and that a
diffusion-ratchet mechanism can also explain the directional movement of segregating DNA
(Hu et al., 2017; Hwang et al., 2013; Vecchiarelli et al., 2010, 2012, 2013a, 2014)(Fig. 1.6A-
B). In this model, ParA binds ATP to homodimerize and to associate with non-specific DNA.
X-ray crystallographic and hydrogen/deuterium exchange mass spectrometry analysis of ParA
with nucleotides and DNA have revealed the dimerisation interface and a multifaced DNA-
binding surface (Chu et al., 2019; Corrales-Guerrero et al., 2020; Zhang and Schumacher,
2017). ParB, via its N-terminal peptide, binds ParA directly and stimulates the ATPase activity
of ParA, thereby dissociating ParA dimer into individual monomers that no longer bind DNA
(Barilla et al., 2007; Leonard et al., 2005; Vecchiarelli et al., 2013b; Volante and Alonso, 2015)
(Fig. 1.6A). This stimulation in the ATPase activity creates a local gradient of ParA-ATP with
the least DNA-bound ParA-ATP near the ParB-DNA complex (Fig. 1.6A). The ParB-DNA
complex then diffuses up the gradient, by Brownian motion, to rebind ParA-ATP, resulting in
a net movement of the ParB-anchored DNA (Fig. 1.6A). The initial movement of the ParB-

DNA complex in one chosen direction enforces the continued movement in the same direction,
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Figure 1.6 ParA drives the movement of ParB-bound DNA to segregate plasmids and
chromosomes. (A) A diffusion-ratchet model for ParA-mediated transport of ParB-bound
DNA. A ParB-DNA complex (green) interacts with ParA-ATP (violet) to tether to the nucleoid
(grey), and to stimulate the ATPase activity of ParA. ParA-ATP dimers (violet) bind the
nucleoid non-specifically. After ATP hydrolysis, monomers of apo-ParA/ParA-ADP (light
brown) no longer bind DNA, thus creating a zone of depletion of ParA-ATP surrounding the
ParB-DNA complex. By thermal fluctuation (wavy lines), the ParB—-DNA complex moves to the
edge of the zone of depletion to rebind ParA-ATP. The initial movement of the ParB-DNA
complex in one chosen direction enforces the continued movement in the same direction,
resulting in a long-range directional movement of the DNA (see b). The released apo-
ParA/ParA-ADP (light brown) rebinds ATP but cannot immediately bind DNA (the dark brown
hexagon) until a transition occurs in the ParA-ATP structure. (B) The segregation of the origin-
proximal region of the chromosome by the ParABS system. For example, in C. crescentus,
one ParB-DNA complex remains at the pole after chromosome replication, while the other
moves along the gradient of ParA-ATP, via the diffusion-ratchet mechanism, to the opposite
cell pole. The polarly localised proteins (e.g. PopZ, orange) contribute to maintaining the ParA-
ATP gradient by sequestering apo-ParA/ParA-ADP away from the nucleoid and to regenerate
them at the pole. (C) Other variations of the diffusion-ratchet model have been proposed to
include an element of DNA elasticity (i.e. the DNA-relay model) or high-density DNA regions
(HDR) (i.e. the hitch-hiking model). A wavy arrow indicates the directional movement of the
partition complex.
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resulting in a long-range directional movement of the DNA (Fig. 1.6A-B). The released
monomeric apo-ParA/ParA-ADP can rebind ATP to homodimerise and later regains its non-
specific DNA-binding activity (Fig. 1.6A). It is worth noting that the released apo-ParA/ParA-
ADP can rebind ATP but cannot immediately bind DNA until a transition occurs in the ParA-
ATP structure (Fig. 1.6A); this transitional state presumably introduces a time delay
mechanism to ensure the existence of a ParA-ATP gradient surrounding the ParB-DNA
complex (Vecchiarelli et al., 2010; Zhang and Schumacher, 2017). Without this delay,
regenerated ParA-ATP will instantly rebind DNA in the same location, thus dissipating the
gradient. Other organism specific factors, for example, the polarly localised proteins PopZ and
TipN in C. crescentus, may also contribute to maintain the ParA-ATP gradient by sequestering
apo-ParA/ ParA-ADP away from the nucleoid and to regenerate ParA-ATP only at the cell pole
(Ptacin et al., 2014; Schofield et al., 2010) (Fig. 1.6B). Based on computational modelling it
has been argued that the shortrange diffusion of a ParB-DNA complex up the gradient of ParA-
ATP might not be sufficient to explain a robust unidirectional segregation of chromosome
towards the new cell pole (Fig. 1.6B) and that the diffusion-ratchet model should be extended
to incorporate a component of DNA elasticity. In this model, DNA-bound ParA-ATP complexes
can harness the elastic dynamics of the chromosome to relay the partition complex over a
long distance from one DNA location to another (Lim et al., 2014) (Fig. 1.6C). Similarly, it has
also been proposed that partition complexes can also hitchhike from one high-density DNA
region to another on the chromosome to move the ParB-bound DNA progressively (Fig. 1.6C)
(Le Gall et al., 2016). High-density DNA regions have been observed in B. subtilis and E. coli
by super-resolution microscopy and may represent highly compacted domains of the
chromosomes (Le Gall et al., 2016; Marbouty et al., 2015). The preferred association of ParA-
ATP with high-density DNA regions, via its non-specific DNA-binding activity, might create the

required directional bias in the movement of the ParABS complex (Fig. 1.6C).

The diffusion-ratchet model emphasizes the crucial role of ParB in stimulating the ATPase
activity of ParA to create the ParA—ATP gradient. However, an alternative view on the ATPase-
stimulating role of ParB, at least for the F-plasmid ParAB system (SopAB) suggested that the
stimulation of ParAF ATPase activity mainly serves to spatially separate F-plasmid clusters
following replication and to prevent them from re-forming later (Ah-Seng et al., 2013). The
directional movement of replicated F plasmids might depend on a basal ATPase activity of
ParAF but does not need further stimulation by ParBF (Ah-Seng et al., 2013).

1.6 The ParB-DNA and SMC coordinate chromosome segregation with chromosome

organisation
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In addition to its role in DNA segregation, ParB also participates in other biological processes
such as chromosome organisation, nucleoid occlusion, regulation of DNA replication initiation
and regulation of gene expression (Attaiech et al., 2015; Dubarry et al., 2019; Gruber and
Errington, 2009; Kadoya et al., 2011; Maurya et al., 2016; Mercy et al., 2019; Minnen et al.,
2011; Murray and Errington, 2008; Nourikyan et al., 2015; Piéro et al., 2019; Schofield et al.,
2010; Sullivan et al., 2009; Szafran et al., 2013; Thanbichler and Shapiro, 2006; Toro-
Nahuelpan et al., 2019; Yamaichi et al., 2012). The wide range of ParB-interacting partners
reflects (i) the central role of the ParB-DNA nucleoprotein as a hub to couple chromosome
segregation with other biological processes and (ii) the capacity of ParB to evolve additional
functions. For a further discussion, | refer the reader to recent reviews (Kawalek et al., 2020;
Piéro and Jakimowicz, 2020). In this section, | instead focus on the interaction between ParB
and the SMC complex that is directly relevant to the segregation of the origin-proximal region
of the chromosome. A canonical bacterial SMC is composed of an ATPase domain (the head),
a dimerisation domain (the hinge) and an extended antiparallel coiled-coil region in the middle
(Nolivos and Sherratt, 2014) (Fig. 1.7A). Two SMC monomers homodimerize together with
the accessory proteins (ScpA and ScpB) to form a ring like protein complex that can bring
distal DNA segments close together spatially to organize the chromosome (Mascarenhas et
al., 2002; Nolivos et al., 2016; Soppa et al., 2002) (Fig. 1.7A). This entrapment of DNA has
been shown for B. subtilis SMC (Wilhelm et al., 2015) and for eukaryotic SMC homologues
such as cohesin and condensin (Cuylen et al., 2011; Haering et al., 2008; Murayama and
Uhlmann, 2014). Application of chromosome conformation capture assays (Hi-C/ 3C-seq) to
cells from a range of bacterial species lacking SMC have revealed a reduced interaction
between opposite arms of the chromosome, suggesting that SMC entraps and tethers the two
chromosome arms together (Béhm et al., 2020; Le et al., 2013; Marbouty et al., 2015; Val et
al., 2016; Wang et al., 2017) (Fig. 1.7B). SMC is recruited onto the chromosome by ParB at
the origin-proximal parS sites (Minnen et al., 2011)(Béhm et al., 2020; Gruber and Errington,
2009; Sullivan et al., 2009; Tran et al., 2017) (Fig. 1.7C).

After loading, SMC redistributes directionally away from parS towards the replication terminus
(ter) while maintaining the tethers between the parS-proximal regions of the chromosome
arms (Tran et al., 2017; Wang et al., 2017) (Fig. 1.7C). Given that parS sites are often found
near the origin of replication, parS-loaded SMCs preferably condense newly replicated DNA
to package them into individual entities and away from each other (Fig. 1.7B). This DNA-
unlinking activity is independent of topoisomerase |V, at least in B. subtilis, and might help to
prevent catenation between replicated chromosomes at the replication fork or promote their
resolution behind the fork (Gruber et al., 2014; Wang et al., 2014). If replicated chromosomes

are not resolved, their entanglement might hinder movement of individual chromosomes to
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Figure 1.7 The ParB-DNA nucleoprotein complex recruits SMC to coordinate
chromosome segregation and chromosome organisation. (A) Components of the
bacterial SMC complex. (B) SMC (grey) tethers the two arms (blue and orange) of a circular
chromosome together. An SMC-ScpA-ScpB complex can either hold both the left and the
right arm of the chromosome within its lumen or two SMC complexes, each encircles one
chromosome arm, can handcuff to tether both chromosome arms together. For simplicity, only
SMCs entrapping both chromosome arms are shown. SMC probably packages sister
chromosomes into individual entities and away from each other, thus minimising DNA
entanglement between replicating chromosomes. (C) A schematic model of how SMC is
loaded at parS by ParB and translocates on the chromosome towards the replication terminus
(ter). For simplicity, alternative conformations of SMC (ring or rod) are not illustrated; the SMC
complex is shown as a generic ring that entraps DNA. Schematic pictures are not drawn to
scale.
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opposite cell poles by the ParABS system. In C. crescentus, segregation of origin-proximal
DNA occurs in two steps; the duplicated origins are released from the pole and separate
slightly from one another first before one of the origins is moved unidirectionally by ParABS to
the opposite cell pole (Shebelut et al., 2010). While the initial separation does not require
ParA, it might be facilitated by the DNA-unlinking activity of SMC (Shebelut et al., 2010; Taylor
et al., 2017).

Precisely how SMC translocates on the chromosome is not yet clear; several models have
been proposed, and | refer the reader to a recent review for an in-depth discussion (Yatskevich
et al., 2019). How ParB loads SMC onto the chromosome is also not fully understood; the
weak and transient interaction between ParB and SMC has made efforts to study their
interactions by traditional methodologies (such as bacterial two-hybrid or co-
immunoprecipitation) difficult (Bohm et al., 2020; Sullivan et al., 2009; Tran et al., 2017).
However, it was suggested that DNA-bound ParB probably interacts directly with SMC to
recruit it to the DNA (Gruber and Errington, 2009). Indeed, a ParB-interacting area has been
identified in the neck region in between the ATPase head domain and the coiled coil of B.
subtilis SMC (Minnen et al., 2016), while mutations that eliminate SMC recruitment have been
mapped onto the N-terminal domain of B. subtilis ParB (Gruber and Errington, 2009; Wang et
al., 2015). Those same mutations also impair the ability of ParB to assemble into a higher-
order nucleoprotein complex, hence it is tempting to speculate that either (i) a high local
concentration of DNA-bound ParB is necessary to recruit sufficient SMC molecules or (ii) the
DNA-bridging/ clamping activity of ParB ensures SMC entraps DNA correctly at the loading
step. Future experiments, particularly a cell-free reconstitution of a ParB-dependent SMC
recruitment and translocation, will provide further insights into the mechanism of actions of

bacterial SMC and its contribution to chromosome segregation.

1.7 ParB interactions with other protein partners to establish cell polarity

The spatiotemporal organisation of cells are dependent on the accurate and distinct
localisation of proteins and protein complexes. As such, the establishment of cell polarity is
essential in various processes, including chromosome organisation and segregation. In rod-
shaped bacteria, cell poles act as hubs for the intracellular localisation of proteins, nucleic
acids and lipids (Surovtsev and Jacobs-Wagner, 2018). When cell division is initiated, a new
cell pole forms at the site of the division plane, polar organising proteins play a role in ensuring
the newly divided chromosome migrates towards the appropriate cell pole. Polar organisers
display variability in primary structure and function across various bacterial lineages (Laloux

and Jacobs-Wagner, 2014; Surovtsev and Jacobs-Wagner, 2018). In this section, | focus on
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the polar organising proteins that interact directly or indirectly with components of the ParABS

system.

During cell division in C. crescentus, the polar anchoring protein, PopZ localises towards the
new cell pole (Bowman et al., 2008, 2010) (Fig 1.8A). PopZ is inherently disordered and in C.
crescentus, PopZ also accumulates at the old cell pole, where it self-aggregates into a
proteinaceous matrix that interacts with ParB to tether the ori-proximal parS sequence (and
hence the non-replicating chromosome) (Fig 1.8A) (Bowman et al., 2008, 2010; Holmes et al.,
2016). Concomitantly, the polar localisation of PopZ towards the new pole captures the new
ParB-parS complex and tethers the replicated chromosome towards the newly diving cell
(Bowman et al., 2008). By doing so, the PopZ-ParB-parS complex ensures the directional
movement of the replicating chromosome towards the new cell pole in C. crescentus. PopZ
has also been shown to interact and recruit ParA towards the cell pole via its NTD, hence
regulating the dynamics of ParA during chromosome segregation (Ptacin et al., 2014). Ptacin
et. al. (2014) demonstrated that PopZ binds and sequesters an inactive population of ParA
monomers towards the original cell pole and regenerates ATP-bound ParA which can then
associate with the nucleoid again to start the next chromosome segregation cycle (Ptacin et
al., 2014). Although PopZ is not well conserved between other bacterial species, homologues
of PopZ have been reported in Brucella abortus and Agrobacterium tumefaciens (Deghelt et
al., 2014; Ehrle et al.,, 2017). In A. tumefaciens, PopZ also anchors the chromosome
centromere towards the cell pole through its interaction with the A. fumefaciens ParB
homologue, ParBI (Ehrle et al., 2017).

In the Gram-negative y-proteobacteria Vibrio cholerae, a transposon-based screening of
mutants impaired in mobility identified the polar landmark protein, HubP (Yamaichi et al.,
2012). HubP is a multi-domain protein, that anchors the V. cholerae chromosome to the cell
pole through its interaction with ParA-like proteins (Fig. 1.8B). HubP contains a LysM domain
in the NTD that allows its interaction with peptidoglycan, allowing non-covalent interactions
with the bacterial cell wall, whilst its large cytoplasmic domain interacts with three ParA-like
ATPase spatial regulators (ParA1, FIhG and ParC) (Mesnage et al., 2014; Yamaichi et al.,
2012). It is likely that ParA1 interacts with ParB1, which in turn nucleates onto the parS site
located towards the ori region (Fig. 1.8B). Direct interactions were shown between ParA1 and
FIhG, while HubP and ParC interact indirectly (Yamaichi et al., 2012). In Vibrio alginolyticus,
HubP through its polar anchoring of FIhG regulates the formation of flagellar biogenesis
(Takekawa et al., 2016). In the y-proteobacterium Sewanella putrefaciens, HubP also
contributes in polar anchoring but in a FIhG- independent manner. Fluorescent microscopic

analysis of S. putrefaciens cells displayed co-localisation between ParB and HubP, suggesting
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Figure 1.8 The protein-based systems that anchors specific DNA regions in C.
crescentus and V. cholerae. (A) Schematic illustration of the polar anchoring complex in C.
crescentus. PopZ (purple circle) self-aggregates into a proteinaceous matrix towards the old
cell pole and directly interacts with ParB (green circle), which in turn tethers the ori-proximal
parS sequences (white circle and yellow oval respectively). (B) Schematic illustration of a
polar anchoring complex in V. cholerae. HubP (purple circle) anchors the ori of the large
chromosome Chr1 to the cell pole through directly interacting with ParA1 (brown circle) which
likely interacts with the ParB1-parS sequences tethered towards the Chr1 ori.
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that HubP anchoring of the chromosome is dependent on ParB-parS ori interactions
(Rossmann et al., 2019).In bacteria lacking PopZ, such as those in the actinobacteria and
firmicutes clade, the establishment of cell polarity is mediated by the peripheral membrane
protein, DivIVA that binds to the concave curvature of the bacterial membrane (reviewed in
Hammond et al., 2019). Much like PopZ, DivIVA also anchors at the chromosomal origins
located at the cell poles. In Streptomyces coelicolor, DivIVA is essential and localises towards
the tips of the aerial hyphae to promote the synthesis of peptidoglycan at the cell poles (Flardh,
2003; Hempel et al., 2008). Fluorescence microscopy experiments in S. coelicolor displayed
colocalisation between DivIVA, Scy and FilP (Ditkowski et al., 2013; Fuchino et al., 2013;
Holmes et al., 2013). Colocalisation of Scy with DivIVA serves as molecular assembly to
assemble the polarisome (Holmes et al., 2013). Scy then recruits ParA towards the cell tips of
aerial hyphae as sporulation is initiated allowing the chromosome to be equally partitioned into
spores. A direct interaction between S. coelicolor DivIVA and ParB was seen when
heterologous expressed in E. coli (Donovan et al, 2012). In the actinomycete
Corynebacterium diphtheria, DivIVA is also essential and functions by tethering the
chromosome towards the cell pole (Hempel et al.,, 2008; Ramos et al., 2003). A direct
interaction between ParB and ParB in complex with parS was observed with DivIVA when
expressed in E. coli, suggesting that DivIVA tethering to the cell pole is also dependent on
ParB-parS-ori interactions (Donovan et al., 2012). In Firmicutes such as B. subtilis DivIVA
interacts with ParA, ParB and RacA, a protein that binds sites near ori. During sporulation,
DivIVA accumulates towards the old cell pole where interaction with RacA and ParA/ParB
tethers the ori-proximal regions of the chromosome to one side of the cell pole (Ben-Yehuda
et al., 2003).

Although ParB plays a crucial role in ensuring faithful chromosome segregation, ParB
participates in a wide range of biological activities outside chromosome segregation that are
beyond the scope of this review, in B. subtilis for example, ParB (and ParA) regulate
chromosome replication through their interaction with DnaA (reviewed in Kawalek et. al., 2020)
(Ireton et al., 1994; Kawalek et al., 2020; Murray and Errington, 2008; Schofield et al., 2010).
Remarkably, evolution has repurposed various ParA and ParB proteins with novel functions.
In the next sections | discuss the existence of ParA-like and ParB-like proteins that function in

protecting the nucleoid during cell division.

1.8 Bacterial cell division
Cell division represents a fundamental biological process that enables the proliferation of both

prokaryotic and eukaryotic cells (Adams et al., 2014). Crucial to cell division is the formation
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of a complex of proteins that forms the division machinery (divisome). The assembly of the
divisome however must be spatially and temporally regulated to ensure that the replicated
daughter cells are of equal size and have both inherit an equal amount of genetic information.
Most bacteria divide by binary fission which involves the formation of the division septum at
the midcell through the polymerisation of FtsZ (Z-ring) (Bi and Lutkenhaus, 1993). FtsZ
however is not only found in bacteria, as it is an ancient protein that mediates cell division in
multiple archaea, chloroplasts and primitive mitochondria (Adams et al., 2014; Bi and
Lutkenhaus, 1991; Margolin, 2005; McQuillen and Xiao, 2020). The assembly of the Z-ring
acts as the scaffold that leads to the dynamic recruitment of more than 30 proteins to assemble
of the divisome (McQuillen and Xiao, 2020). The fully matured divisome then forms the septal
ring complex that interacts with the septal and intermembrane peptidoglycan precursors to
facilitate cytokinesis (McQuillen and Xiao, 2020). The core components of the divisome
include peptidoglycan remodelling proteins (such as peptidoglycan synthases and
peptidoglycan glycosyltransferases), proteins that stabilizes the Z-ring (such as ZapA) (Pichoff
and Lutkenhaus, 2002), proteins involved in chromosome segregation (FtsK) (Wang and
Lutkenhaus, 1998) and proteins that regulate the activity of septum peptidoglycan enzymes
(McQuillen and Xiao, 2020). Indeed, with exception to MapZ in Streptococcus pneumoniae,
the localisation of all these proteins are dependent on the positioning of the Z-ring at future
division sites (Fleurie et al., 2014; HoleCkova et al., 2014). In rod-shaped bacteria such as B.
subtilis and E. coli, division site selection occurs at the midcell, which lies at the midpoint of
the rod, perpendicular to the long axis of the cell (Adams et al., 2014). Nevertheless, to better
understand bacterial cell division, further studies using differently shaped non-model

organisms that undergo complex lifecycles are required (Eswara and Ramamurthi, 2017).

1.9 FtsZ and Z-ring assembly

Initial insights into the genes that control cell division came from a study probing temperature
sensitive cell division E. coli mutants (Hirota et al., 1968). One particular mutant retained its
ability to replicate and segregate the chromosome, but was impaired in constricting the cell
envelope at the division site (Hirota et al., 1968). Later Bi and Lutkenhaus mapped the
mutation of this strain to a single gene termed ftsZ (filamentous temperature sensitive gene)
(Bi and Lutkenhaus, 1990, 1991). Immuno-electron microscopy approaches demonstrated
that FtsZ localises towards the midcell and self-assembles into a ring-like structure to initiate
cell division (Bi and Lutkenhaus, 1991). A few years later, the first crystal structure of FtsZ
from the archaeon Methanococcus jannaschii was solved (Lowe and Amos, 1998).
Intriguingly, although FtsZ shares very little sequence identity with tubulin, the crystal structure
of FtsZ shared a similar secondary and tertiary structure to tubulin and was proposed to the
tubulin homologue (Erickson, 1995; Léwe and Amos, 1998; Oliva et al., 2004). Since then,
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various studies have demonstrated that FtsZ functions as a GTPase protein and polymerises
in a GTP binding-dependent manner (De Boer et al., 1992; Bramhill and Thompson, 1994;
Mukherjee et al., 1993; Nogales et al., 1998; RayChaudhuri and Park, 1992).

FtsZ proteins generally share a similar domain architecture where they are composed of a
short typically disordered N-terminal region, a globular tubulin-like domain, followed by a
flexible linker and the C-terminal tail (Léwe and Amos, 1998; Lowe and Van den Ent, 2001).
The globular domain of FtsZ binds to GTP, resulting in the generation of a continuous linear
protofilament, hence causing FtsZ to polymerize to form a septal ring-like structure known as
the Z-ring (McQuillen and Xiao, 2020). The Z-ring then acts as a scaffold resulting in the
dynamic assembly of the divisome that mediates cell division. The initiation of the Z-ring
assembly begins by the targeting of FtsZ monomers towards the cell membrane. Depending
on the species of bacteria, a variety of proteins can be involved in this process. In model
organisms such as E. coli, C. crescentus and B. subtilis FtsA tethers FtsZ to the bacterial
membrane through its conserved C-terminal amphipathic helix (Din et al., 1998; Jensen et al.,
2005; Pichoff and Lutkenhaus, 2002). Additionally, in both E. coli and C. crescentus the
transmembrane protein ZipA localises FtsZ towards the cell membrane (Mosyak et al., 2000;
Osorio et al., 2017; Pichoff and Lutkenhaus, 2002). While no homologue of ZipA exists in B.
subtilis, instead SepF interacts with the C-terminal tail of FtsZ to direct FtsZ towards the cell

membrane (Duman et al., 2013).

Interestingly, across various bacterial species, the intracellular levels of FtsZ remains constant
throughout the cell cycle and generally exceeds the concentration required for Z-ring assembly
(Erickson et al., 2010; Lutkenhaus et al., 2012; Schumacher, 2017). Other determinants must
therefore mediate the correct positioning of the Z-ring to ensure a proper cell division. These
proteins can act either directly or indirectly interact with FtsZ to inhibit FtsZ polymerisation, or
conversely to promote the assembly and maturation of the Z-ring. Fascinatingly, the existence
of such effectors are extremely diverse in bacteria, highlighting the natural variation that exists
between bacterial species (Huang et al.,, 2013; Schumacher, 2017). Additionally, these
proteins generally interact with different regions of FtsZ, explaining the prevalence of such
effectors in bacteria. Whereas, these proteins are not essential and bacterial strains depleted
or lacking such factors only display impaired cell division under certain conditions (such as
being DNA replication deficient). The diversity of these effectors therefore suggests that they
are only needed in specific conditions that may not be faithfully reconstituted in the laboratory.
Moreover, recent evidence have demonstrated that cell metabolism itself regulates the
activities of FtsZ, as cell size is dependent on nutrient availability. Such studies have

demonstrated that metabolic enzymes can either directly or indirectly inhibit FtsZ activity. In
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B. subtilis, UgtP, an enzyme that catalyses the transfer of glucose from UDP-glucose to a
diacylglycerol-containing sugar acceptor directly inhibits FtsZ polymerisation in a UDP-
glucose dependent manner (Weart et al., 2007). While in E. coli, regulation of Z-ring assembly
is mediated by another UDP-glucose utilizing enzyme, OpgH (Hill et al., 2013). Furthermore,
in C. crescentus, under conditions of nitrogen limitation, the NAD-dependent glutamate
dehydrogenase GdhZ and the oxidoreductase-like KidO act in conjunction to promote FtsZ
disassembly (Beaufay et al., 2015). While such FtsZ regulators function in response to
particular cues, other protein-based complexes function to specifically inhibit Z-ring
polymerisation at the cell poles and over the replicating nucleoid. Indeed, one of the first and
most characterised protein based machinery (Min system) was first identified in E. coli (de
Boer et al., 1989; De Boer et al., 1990).

1.10 The Min system

Over 50 years ago, Adler et. al., (1967) discovered small, anucleate E. coli cells that they
termed minicells (Adler et al., 1967). Noticeably, these cells failed to divide and contained
much less DNA than the WT E. coli cells, yet remarkably these cells remained metabolic active
for several hours (Adler et al., 1967). Although minicells could easily be separated from WT
cells through the use of a sucrose gradient centrifugation, the factors causing this striking
phenotype was not fully understood. Moreover, the formation of these minicells were not
specific to E. coli, as a few years later minicells were also reported in B. subtilis (Reeve et al.,
1973). Subsequent studies proposed that minicells are the result of pre-mature cell division,
due to mispositioning of the division apparatus (Taheri-Araghi et al., 2015). Bacterial cells
must therefore possess regulatory mechanisms that ensures cell division only occurs once
the cell is of adequate size and has inherited a proper amount of genetic information. Indeed,
initial insights into these mechanisms came from genetic studies in E. coli, whereby mutations
in the minB locus generated E. coli minicells (De Boer et al., 1988). Later, de Boer et. al,,
(1990) proposed that the minB operon is composed of three components: MinC (directly
inhibits FtsZ polymerisation), MinD (ATPase-localising protein of MinC) and MinE (ATPase-
activating protein of MinD) (Fig 1.9A) (De Boer et al., 1990; Hu and Lutkenhaus, 2000; Hu et
al., 1999).

MinD belongs to the family of cytoskeletal Walker ATPases and localises towards the cell
poles (Fig 1.9A) (Hu et al., 2002). Similar to ParA, ATP-binding results in the dimerisation of
MinD which increases its affinity to the membrane; endowed by its amphipathic helix that binds
the membrane at a higher valency (Hu et al., 2002; Leonard et al., 2005). MinD directly
interacts with MinC to localise MinC towards the cell pole (Fig 1.9A) (Bramkamp et al., 2008;
Hu and Lutkenhaus, 2003; Hu et al., 1999). Additionally, MinD interacts with MinE, which in
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turn stimulates the ATPase activity of MinD (Hu and Lutkenhaus, 2001; Hu et al., 2002; Suefu;i
et al., 2002). This promotes MinD monomerisation, resulting in its dissociation from the cell
membrane (Hu et al., 2002). Additionally, in dividing cells, MinE assembles into a ring like
structure at the midcell and migrates towards the cell pole (Fig 1.9A) (Fu et al., 2001; Raskin
and De Boer, 1997). The interactions between the MinE ring and the MinCD complex results
in an oscillation between cell poles, thus preventing FtsZ assembly at the polar regions of the
cell (Fig 1.9A) (de Boer et al., 1989). Much like MinD, MinE also possess an amphipathic helix
that enables MIinE to remain localised at the cell membrane following the displacement of
MinD from the cell membrane (Fig 1.9A) (Raskin and De Boer, 1997). This is likely to inhibit
MinD from rebinding at the same location on the membrane (Huang et al., 2003; Loose et al.,
2011; Park et al., 2011). While MinC, rather than participating in MinDE dynamics functions
as the effector of the Min system (de Boer et al., 1989). MinC consists of two domains joined
together by a linker that confers flexibility towards the NTD (Hu and Lutkenhaus, 2000). While
the CTD contains the dimerisation interface that primarily consists of hydrophobic residues.
Interestingly, both domains contributes towards inhibiting Z-ring assembly (Hu and
Lutkenhaus, 2000). MinC binds to the FtsZ-FtsZ subunit interface through its NTD, preventing
the head-to-tail assembly of FtsZ promoters (LaBreck et al., 2019). While the CTD of MinC
interacts with the C-terminal tail of FtsZ to prevent the lateral association of FtsZ filaments
(LaBreck et al., 2019).

The Min system has been extensively studied in E. coli and represents one of the earliest
example of the spatiotemporal regulation of cell division. Indeed, B. subtilis also possess a
Min system, however MinE is not present (Cha and Stewart, 1997; El Karoui and Errington,
2001; Marston et al., 1998). Instead, MinJ/DivIVA fulfils the role of MinE, by recruiting the
MinCD complex towards the cell poles (Edwards and Errington, 1997; Patrick and Kearns,
2008). Despite this, the Min system only inhibits Z-ring assembly at the cell poles; other factors
must therefore prevent the mispositioning of the Z-ring over the actively replicating nucleoid.
The existence of such factors was speculated in the ‘nucleoid occlusion’ hypothesis, and over
the past few decades, various proteins across different bacterial species have been identified

to fulfil this role.

1.11 Noc-mediated nucleoid occlusion

1.11.1 The nucleoid occlusion hypothesis

Over three decades ago a direction relationship between the bacterial nucleoid and division
site selection was observed (Mulder and Woldringh, 1989; Mulder et al., 1990; Woldringh et

al., 1991). By studying temperature sensitive E. coli mutants deficient in chromosome
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Figure 1.9 Model for the positioning of the Z-ring by the Min system and nucleoid
occlusion. (A) Inhibition of cell division at the cell poles by the Min system. MinD (purple
circle) localises the FtsZ-inhibitor MinC (yellow circle) onto the cytoplasmic membrane. MinC
in turn inhibits FtsZ polymerisation at the polar regions of the cell. MinE (green dotted ring)
organises into a ring-shaped structure that gradually displaces MinCD from the cell
membrane. Free MinC and MinD subunits migrate towards the opposite end of the cell to
establish a new polar cap and hence restart the cycle. (B) Nucleoid occlusion spatiotemporally
regulates cell division in bacteria. Nucleoid occlusion factors such as Noc or SImA
preferentially associates towards the pole-proximal regions of the nucleoid. During the
initiation of chromosome replication and segregation, the longitudinal dimensions of the
nucleoid is small, placing Noc and SImA within close proximity to the midcell to restrict Z-ring
assembly. As chromosome replication and segregation progresses the two nascent daughter
nucleoids start to partition. As a result, the midcell is free of Noc and SImA enabling FtsZ to
polymerize at the midcell. Other nucleoid occlusion factors (not illustrated in the model,
discussed below) may localise towards the midcell to promote Z-ring assembly.
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replication/segregation, Mulder and Woldrich (1989) observed that division site selection was
influenced by DNA replication within the bacterial nucleoid (Mulder and Woldringh, 1989). The
initial nucleoid occlusion model proposed that the nucleoid alone inhibits the formation of
divisome (Fig 1.9B) (Mulder and Woldringh, 1989). Later, Woldrich and co-workers would
refine their nucleoid occlusion hypothesis by proposing that a molecular ‘crowding’ effect
occurs from a process termed ‘transertion’ (Woldringh, 2002). Whereby the active
transcription, translation and insertion of proteins into the cell membrane produces strong but
short-range inhibitors that prevent the assembly of the cell division apparatus (Woldringh,
2002). Thus, nucleoid occlusion protects the bacterial nucleoid from pre-mature bisection by
ensuring a proper division site selection. Indeed, further studies have uncovered several
protein factors from various bacterial species that contributes towards the nucleoid occlusion
phenomenon. Nucleoid occlusion factors generally coordinate cell division with chromosome
segregation by spatiotemporally regulating the assembly of the divisome. Despite this, these
protein are typically non-essential (with exception to MipZ in C. crescentus) and only prevents
premature cell division when chromosome replication/segregation is perturbed (Bernhardt and
De Boer, 2005; Fleurie et al., 2014; Mercy et al., 2019; Thanbichler and Shapiro, 2006;
Treuner-Lange et al., 2013; Veiga et al., 2011; Wu and Errington, 2004). Nevertheless, it is
likely that the existence of these nucleoid occlusion factors improve the survival of bacterial
cells in their respective niches. In the following sub-chapters, | discuss examples of nucleoid
occlusion factors across various bacterial species and review their mechanism in ensuring

proper division site selection.

1.11.2 The nucleoid occlusion protein, Noc

The first ever nucleoid occlusion factor, Noc (initially termed YyaA) was discovered in B.
subtilis (Sievers et al., 2002). Due to its high sequence similarity with ParB (43% sequence
identity with B. subtilis ParB), initial studies attempted to elucidate its role in chromosome
segregation. Deletion of yyaA however produced no obvious defects in chromosome
partitioning and/or organisation (Sievers et al., 2002). Later, a combination of null mutations
helped elucidate the function of YyaA. Whereby the deletion of both the Min system as well
as yyaA, produced B. subtilis cells that were not viable (Wu and Errington, 2004). While the
depletion of minD in a yyaA knockout strain of B. subtilis introduced cell division defects,
evidenced by the growth of long filamentous cells (Wu and Errington, 2004). Noticeably, FtsZ
assembly was dispersed along the nucleoid, preventing FtsZ from reaching the concentration
required for Z-ring formation (Wu and Errington, 2004). Furthermore, the overexpression of
yyaA impaired sporulation and partially inhibited cell division in B. subtilis. Additionally, the
deletion of yyaA in a dnaA (a key initiator of DNA replication in B. subtilis) depleted

background resulted in the pre-mature guillotining of the B. subtilis nucleoid (Wu and
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Errington, 2004). Early microscopic observations suggested that YyaA binds non-specially to
the B. subtilis nucleoid, and this property was reported to be essential for yyaA mediated
nucleoid occlusion. Further characterisation revealed YyaA as a nucleoid occlusion factor and

was renamed Noc (Nucleoid occlusion protein) (Wu and Errington, 2004).

While initially Noc was proposed to non-specifically bind to the B. subtilis nucleoid, an absence
of Noc localising towards the replication terminus (ter) region was observed (Wu et al., 2009).
To investigate further, Wu et. al., (2009) used ChAP-on-Chip approaches to reveal the
consensus Noc-binding DNA sequence (termed NBS) (Wu et al., 2009). Indeed, ~74 NBS
sites were found dispersed through the nucleoid but were largely absent at the ter (Wu et al.,
2009). While the introduction of an NBS array at the ter recruited Noc towards the midcell,
resulting in impaired cell division (Wu et al., 2009). These findings suggest that NBS recruits
Noc towards the nucleoid, and the positioning of NBS on the chromosome mediates the
nucleoid occlusion activity of Noc. As the teris the final region that is segregated, the absence
of NBS bound Noc would direct Z-ring formation towards the midcell. Despite this, the

mechanism underpinning the inhibition of Z-ring assembly by Noc is unclear.

1.11.3 A model for Noc mediated nucleoid occlusion

Despite a thorough interrogation, no direct interaction between Noc and FtsZ (and other
known cell division proteins) was observed (Adams et al., 2015). This contrasts the
mechanism of other nucleoid occlusion proteins (such as SImA) that directly interacts with
FtsZ, complicating our understanding on Noc mediated nucleoid occlusion (Bernhardt and De
Boer, 2005). Nevertheless, microscopic analysis of fluorescently labelled Noc revealed the
formation of a dynamic foci at the cell periphery (Adams et al., 2015). Treatment with carbonyl
cyanide m-chlorophenyl hydrazine (CCCP), a compound that disrupts membrane potential,
impaired the localisation of Noc towards the cell membrane (Adams et al., 2015). While
subsequent analysis of the Noc sequence predicted that the first 10 amino acid residues of
Noc forms an amphipathic helix. Indeed, both the deletion of the entire amphipathic helix and
mutations that perturb its amphipathic nature prevented the association of Noc to the cell
membrane (Adams et al., 2015). While complementing the native Noc amphipathic helix with
one from the hepatitis C virus protein NS4B, restored the membrane binding activity of Noc
(Adams et al., 2015).

Nevertheless, Adams et. al., (2015) observed a weak affinity between Noc and the cell
membrane (Adams et al., 2015). It was speculated that Noc likely assembles into a higher-
nucleoprotein complex to increase its affinity to the cell membrane (Adams et al., 2015; Wu et

al., 2009). In support for this, previous ChAP-on-Chip assays demonstrated Noc binding to
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the non-specific DNA adjacent to NBS (Wu et al., 2009). Moreover, Noc possess the highly
conserved arginine rich motif (GxRRxRA) in the NTD (crucial for ParB spreading), and
mutations in this motif prevented nucleoprotein complex assembly in vivo (Adams et al., 2015;
Breier and Grossman, 2007; Tran et al., 2018). From the crystal structures of the Noc
homologue ParB, it was speculated that the nucleation of Noc onto NBS would induce a
conformational change at the NTD, exposing the arginine-rich patch for NTD-NTD oligomeric
interactions (Chen et al., 2015; Leonard et al., 2004; Schumacher, 2017). This results in the
assembly of the Noc-DNA nucleoprotein complex, increasing the local concentration of Noc
at NBS and promoting its association to the cell membrane (Fig. 1.10A). Concomitantly, the
assembly of a large Noc-DNA-membrane nucleoprotein complex would aggregate and cause
a crowding effect in the cell (Fig. 1.10A). Indeed, Woldringh and colleagues previously
proposed that the formation of a large complex coupled with the transertion of membrane
proteins would physically occlude the assembly of the cell division machinery (Fig. 1.9B,
1.10A) (Woldringh, 2002). It is likely that molecular crowding of Noc-NBS-membrane complex
would bias the division machinery towards areas that are unoccupied by nucleoid/membrane
bound Noc. The lack of NBS sites at the ter region would hence bias Z-ring assembly towards
the midcell (Fig 1.10A) (Adams et al., 2015; Wu et al., 2009). Despite this, whether the arginine
rich patch of Noc mediates the oligomeric NTD-NTD interactions as observed in the H. pylori
ParBACTD-parS co-crystal complex is uncertain (Chen et al., 2015). The lack of any structural
information of Noc (until those presented in this thesis) has hindered our understanding on the
assembly of the Noc-NBS-membrane complex. Indeed, Adams et. al., (2015) demonstrated
that mutations in the arginine patch impaired Noc foci formation at the cell periphery and were
lethal in absence of min (Adams et al., 2015). Yet, Soh et. al., (2019) recently proposed the
arginine-rich patch forms the CTP binding/hydrolysis pocket of ParB (Soh et al., 2019). Indeed,
ParB mutants impaired in binding or hydrolysing CTP failed to assemble the ParB-parS
nucleoprotein complex in vivo (Osorio-Valeriano et al., 2019). Furthermore, Noc was reported
to bind and hydrolyse CTP, with NBS stimulating its CTPase activity (Soh et al., 2019).
However, it is unclear whether the arginine-rich patch forms the CTP-binding pocket of Noc or

if CTP is required to assemble the Noc-DNA-membrane nucleoprotein complex.

More recently, both Noc and ParB have been shown to coordinate faithful Z-ring positioning
in the initial steps of chromosome replication (Hajduk et al., 2019). Microscopic analysis of B.
subtilis cells lacking both ParB and Noc, revealed a higher amount of Z-ring assembly at the
new division sites and more frequent guillotining of the nucleoid (Hajduk et al., 2019).
Interestingly, Hadjuk et. al., (2019) proposed that both the formation of the ParB-parS complex
and recruitment of SMC indirectly prevents Z-ring assembly over the early replicating nucleoid

(Hajduk et al., 2019). It is likely that this interplay between ParB and Noc finetunes the
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spatiotemporal regulation of division sites in replicating cells (Hajduk et al., 2019). Finally, Yu
et. al., (2021) recently demonstrated an alternative view of Noc mediated nucleoid occlusion,
whereby Noc was proposed to corral Z-rings undergoing cytokinesis to restrict the migration
of protofilaments along the cell, instead of preventing Z-ring assembly over the nucleoid (Yu
et al., 2021). Using time-lapse microscopy of noc lacking B. subtilis cells, Yu et. al., (2021)
demonstrated that the decondensed spiral-like FtsZ intermediates were not formed de novo,
but were split off pre-existing Z-rings (Yu et al., 2021). Additionally, Noc was proposed to
function in a manner akin to ZapA (Buss et al., 2013; Caldas et al., 2019) and eukaryotic septin
(Caudron and Barral, 2009; Dobbelaere and Barral, 2004). Indeed, the overexpression of
ZapA restored the stabilization of the Z-ring in the noc lacking B. subtilis mutant. Whether Noc
functions primarily in Z-ring positioning or by corralling FtsZ is not fully understood (Yu et al.,
2021). Nevertheless, it is clear that the formation of the higher-order Noc-NBS-membrane

complex is essential for the nucleoid occlusion activity of Noc.

1.11.4 Noc mediates DNA replication in S. aureus

Noc proteins are found widespread in the Firmicute clade; it is likely that Noc serves a
conserved function by ensuring proper Z-ring positioning during cell division. Unlike B. subtilis,
S. aureus lacks the Min system but possess a functional Noc protein (Veiga et al., 2011).
Microscopic analysis demonstrated that Noc colocalises with the nucleoid but was largely
absent at the midcell (Veiga et al., 2011). Whereas the deletion of noc resulted in Z-ring
assembly over the nucleoid and caused DNA breaks on the chromosome (Veiga et al., 2011).
Thus, in contrast to B. subtilis, Noc in S. aureus plays an essential nucleoid occlusion role.
Despite this, in S. aureus, noc is not an essential gene as cells lacking noc were still viable
(Veiga et al., 2011). Further analysis demonstrated that the noc lacking S. aureus contained
a higher DNA content relative to cell volume (Pang et al., 2017). Pang et. al., (2017) proposed
that Noc negatively regulates replication initiation by interacting with DnaA in a post-
translational manner (Pang et al.,, 2017). Indeed, noc deleted cells harbouring dnaA
suppressor mutants, prevented the formation of large cells and reduced the number of mis-
localised Z-rings (Pang et al., 2017). These findings suggest that cell division phenotype may

be caused by the over-initiation of DNA replication in S. aureus (Pang et al., 2017).

Intriguingly, S. aureus Noc shares 48% sequence identity with B. subtilis Noc, with key
features such as the amphipathic helix, GERRxR motif and DNA-binding domain being highly
conserved (Pang et al., 2017). Additionally the distribution of NBS sites towards the ori but not
at the teris similar in S. aureus and B. subtilis (Pang et al., 2017). While the ChIP-seq profile
of S. aureus Noc displayed an enrichment that spanned 8-10 kb from the NBS site, suggesting

that S. aureus Noc also spreads to form the higher-order nucleoprotein complex (Pang et al.,
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2017). Thus, it is likely that both S. aureus and B. subtilis Noc share a similar mechanism to
mediate nucleoid occlusion. Despite this, S. aureus Noc, was unable to complement the
deletion of noc in a strain of B. subtilis which requires a functional Noc for cell viability (Pang
et al.,, 2017). These observations indicate that Noc may interact with a species-specific
component of the divisome, likely to prevent its assembly in the vicinity of the Noc-DNA-
membrane complex. The identification of this elusive partner of Noc however remains

uncertain.

1.12 SImA mediates faithful nucleoid occlusion in E. coli

To identify a nucleoid occlusion factor in E. coli, Bernhardt and De Boer (2005) characterised
E. coli mutants that were synthetic lethal in a min defective background (Bernhardt and De
Boer, 2005). Strikingly, the deletion of both the twenty-three-kDa protein (ttk) and min
generated E. coli cells that were not viable, hence ttk was renamed SImA (synthetic lethality
with a defective Min system) (Bernhardt and De Boer, 2005). Subsequent analysis of simA
suggested it encoded a TetR-like DNA-binding protein (Bernhardt and De Boer, 2005). The
TetR family of proteins represent one of the largest family of transcriptional regulators in
prokaryotes (Cuthbertson and Nodwell, 2013). Interestingly, E. coli cells harbouring the
deletion of both simA and minD were impaired in cell division due to improper positioning of
the Z-ring (Bernhardt and De Boer, 2005). While microscopic analysis of GFP-labelled SImA
demonstrated that SImA localises towards the nucleoid. Furthermore, light-scattering assays
displayed a direct interaction between SImA and FtsZ. Thus, in contrast with Noc, the nucleoid
occlusion activities of SImA are mediated by a direct interaction with FtsZ (Bernhardt and De
Boer, 2005).

To obtain further insights into the function of SImA, Tonthat et. al. (2011) reported the crystal
structure of SImMA from E. coli (Tonthat et al., 2011). Noticeably, the crystal structure
demonstrated that SImA possess a canonical helix-turn-helix motif (Tonthat et al., 2011). This,
coupled with the nucleoid-binding ability of SImA suggested that SImA must have a specific
DNA sequence on the chromosome (Bernhardt and De Boer, 2005; Tonthat et al., 2011).
Indeed, both ChlIP-on-chip and restriction endonuclease protection, selection and
amplification assays identified the consensus SImMA DNA binding site (termed SBS) on the
chromosome (Cho et al.,, 2011; Tonthat et al., 2011). Furthermore, Cho et. al., (2011)
demonstrated that the location of SBS regulates the polymerisation of the Z-ring in vivo, as
the introduction of extra copies of SBS on the chromosome impaired cell division in a SImA-
FtsZ manner (Cho et al., 2011). Similar to the distribution of NBS, SBS were also absent in
the ter region of the E. coli chromosome (Cho et al., 2011; Tonthat et al., 2011). Indeed, the

introduction of an SBS array at the ter region in E. coli cells grown under growth inhibiting
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conditions, resulted in elongated cells that were impaired in cell division (Cho et al., 2011).
The absence of SBS sites at the ter region likely creates a SImA-free region that biases Z-ring

assembly towards the midcell.

Initial biochemical reconstitutions of SImMA and FtsZ however produced contradictory findings
that SImA promotes FtsZ polymerisation; it was clear that SBS was required to promote the
activity of SImA in vitro (Bernhardt and De Boer, 2005; Cho et al., 2011). Initially Cho et. al.,
(2011) demonstrated that the nucleation of SImA to SBS promotes SImA dimerisation, which
inhibits FtsZ polymerisation by enhancing the GTPase activity of FtsZ (Cho et al., 2011).
Although, later studies produced contradictory findings as no significant change in the GTPase
activity of FtsZ was observed in the presence of SImA or the SImA-SBS complex (Cabré et
al., 2015; Du and Lutkenhaus, 2014; Tonthat et al., 2013). Additionally, these studies also
demonstrated that SImA exists in a dimeric state even in the absence of SBS (Cabré et al.,
2015; Tonthat et al., 2013). Nevertheless, it was clear that SImA must be bound to SBS to
inhibit Z-ring polymerisation. Thus, to obtain the molecular mechanism of nucleoid occlusion
mediated by SImA, Tonthat et. al., (2013) reported the co-crystal structures of SImA from E.
coli, V. cholera and Klebsiella pneumonia in complex with SBS (Tonthat et al., 2013). Despite
being crystallised in various conditions, the SImA-SBS co-crystal structures all demonstrated
that SImA binds to SBS as a dimer-of-dimers (Tonthat et al., 2013). Indeed, ChIP analysis
previously demonstrated that SImA binds to non-specific DNA adjacent to SBS (spreading)
(Cho et al., 2011). Hence by spreading and occupying the DNA flanking SBS, SImA can
directly occlude the formation of FtsZ in the areas occupied by the SImA-SBS complex (Fig.
1.10B). Despite this, the molecular basis underpinning SImA and FtsZ interactions, crucial for

the nucleoid occlusion activity of SImA was not fully understood.

Initial attempts at determining the SImA-FtsZ interaction interface through small angle X-ray
scattering (SAXS) were unsuccessful largely due to the resolution of the solved complex
(Tonthat et al., 2011). Nevertheless, Tonthat et. al. proposed that a dimer of SImA is likely
sandwiched between two molecules of FtsZ (Tonthat et al., 2011, Tonthat et al., 2013). Later,
using a genetics approach Cho and Bernhardt (2013), identified the residues in SImA that
mediates the interactions with FtsZ (Cho and Bernhardt, 2013). Intriguingly, this FtsZ-
interacting interface exists in close proximity to the DNA-binding domain of SImA. Thus, it was
proposed that SImA likely undergoes a conformational change when bound to SBS, increasing
its affinity for FtsZ (Cho and Bernhardt, 2013). Subsequently, Du and Lutkenhaus mapped the
FtsZ-SImA interface onto the C-terminal tail of FtsZ, which is essential for SImA-mediated
antagonization of FtsZ polymerisation (Du and Lutkenhaus, 2014) (Du et al., 2015). In order

to deduce the molecular basis underpinning SImA-FtsZ interactions, Schumacher and Zeng
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Figure 1.10 Negative regulators of Z-ring positioning in B. subtilis, E. coli and C.
crescentus. (A) A model for Noc-mediated nucleoid occlusion. A schematic illustration of B.
subtilis undergoing cell division, whereby the Z-ring has polymerized at the midcell (red dotted
ring) concomitant with the segregation of the two nucleoids (grey circles). Noc binds to NBS
sites that are widely distributed on the genome except near the ter region. Upon nucleating to
NBS, Noc binds to the non-specific DNA along NBS to form a higher order nucleoprotein
complex that associates and recruits DNA towards cell-membrane. The formation of the Noc-
NBS-membrane complex indirectly inhibits Z-ring polymerisation over the actively replicating
and segregating nucleoid. As NBS sites are not present in the ter region, Z-ring assembly
would be biased towards the midcell. (B) A model of SImA-mediated nucleoid occlusion. A
schematic illustration of E. coli undergoing cell division in which the Z-ring has polymerized
at the midcell (red ring) concomitant with segregation of the two nucleoids (grey circles). A
dimer-of-dimers of SImA (purple circles) binds SBS that are clustered towards the ori, but
never found at the terregions. SImA-DNA complexes bind FtsZ protofilaments preventing their
polymerisation. These interactions dissociate FtsZ protofilaments in the vicinity of the DNA.
Additionally, SImA recruits SBS sites towards the cell membrane to further sequester FtsZ
protofilaments. Thus, SImA creates a negative zone for Z-ring polymerisation around the
nucleoid. As SBS sites are not found towards the ter region, Z-ring assembly would be biased
towards the midcell. (C) A model of MipZ-mediated nucleoid occlusion. A schematic illustration
of C. crescentus undergoing cell division is shown with a stalked cell (left) and swarmer cell
(right). The Z-ring has polymerized at the midcell (red ring) concomitant with segregation of
the two nucleoids (grey circles). MipZ (purple circle) directly interacts with FtsZ (red dotted
lines), inhibiting FtsZ polymerisation. Furthermore, MipZ binds to the nucleoid non-specifically
and also interacts with ParB (green circle) to generate a bipolar gradient of MipZ that restricts
Z-ring assembly towards the midcell where the concentration of MipZ is the lowest.
Additionally, polar-anchored ParB sequesters a population of MipZ for the next cycle of cell
division.
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(2016) solved the co-crystal structures of the SImMA-SBS-FtsZ(CTD) complex from E. coli,
Klebsiella pneumonia and Vibrio cholera (Schumacher and Zeng, 2016). Indeed, the co-
crystal structure demonstrated that SImMA-SBS interactions results in the conformational
change that enables the residues previously identified by Cho and Bernhardt (2013) to interact
with the C-terminal tail of FtsZ (Cho and Bernhardt, 2013; Schumacher and Zeng, 2016). Itis
likely that this interaction results in SImA out-competing other effectors of FtsZ (such as FtsA
or ZipA). However, the C-terminal tail is not required for the Z-ring polymerisation, and the
SImA-SBS complexes directly inhibits the polymerisation of FtsZ protofilaments. Furthermore,
Robles-Ramos et. al., (2020) recently provided in vitro evidence that SImA binds to the lipid
membranes, and this membrane binding activity is regulated by both SBS and FtsZ (Robles-
Ramos et al., 2020). While SBS reduced the affinity of SImA towards the purified lipids, a
combination of both FtsZ and SBS facilitated the recruitment of the SImA-SBS-FtsZ complex
towards the membrane (Fig. 1.10B) (Robles-Ramos et al., 2020). It is possible that the
recruitment of FtsZ towards cell membrane by the SImA-SBS complex further prevents other
FtsZ effectors from localising FtsZ towards the cell membrane. Despite this, the membrane
targeting motif that enables SImA to interact to the purified phospholipids is uncertain, and
how SImA promotes the disassembly of the Z-ring is not fully understood. Further studies are
required to refine our understanding on SImA-mediated nucleoid occlusion, nevertheless, it is
clear that the lack of SBS towards ter region, biases the formation of the cell division

machinery towards the midcell (Fig. 1.10B).

1.13 Noc/SImA-independent nucleoid occlusion

Although both Noc and SImA play important roles in protecting the nucleoid from pre-mature
bisection, neither proteins are essential in their respective bacterium (Bernhardt and De Boer,
2005; Sievers et al., 2002). Indeed, B. subtilis or E. coli cells harbouring impaired Min and
nucleoid occlusion systems still display a bias of Z-ring formation towards the inter-nucleoid
spaces (Bailey et al., 2014; Rodrigues and Harry, 2012). Furthermore division site selection
still occurred at the midcell when FtsZ was overexpressed in either a B. subtilis noc min double
mutant or an E. coli simA, min double mutant (Bernhardt and De Boer, 2005; Rodrigues and
Harry, 2012). It is therefore likely that other nucleoid occlusion factors in these bacterial cells

play a role in protecting the nucleoid from pre-mature bisection.

Furthermore, protein-based factors that promote the organisation of the bacterial chromosome
may also regulate the positioning of the Z-ring. Indeed, in E. coli, MatP a DNA-binding protein
that condenses the ter macrodomain interacts with a component of the divisome, ZapB
(Castillo et al., 2016; Espéli et al., 2012). ZapB is a coiled coil protein that interacts with the

FtsZ effector ZapA to form the ZapAB complex that promotes Z-ring assembly by anchoring
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FtsZ molecules onto the cell membrane (Ebersbach et al., 2008; Gueiros-Filho and Losick,
2002). MatP directly interacts with ZapB upon assembly of the ZapA-ZapB-FtsZ complex,
which ultimately promotes the assembly of the Z-ring towards the midcell (Buss et al., 2017;
Galli and Gerdes, 2010).

1.14 MipZ ensures faithful Z-ring positioning in C. crescentus

Unlike B. subtilis and E. coli, C. crescentus lacks both the Min system and Noc. Nevertheless,
C. crescentus utilises an alternative mechanism that encompasses the properties of both
systems. In C. crescentus, ParB has been shown to directly interact with the P-loop ATPase
MipZ, a MinD-like protein that promotes the midcell arrangement of FtsZ (Thanbichler and
Shapiro, 2006). Initial attempts at deleting mipZ were unsuccessful, as a functional MipZ is
required for the viability of C. crescentus (Thanbichler and Shapiro, 2006). Depletion of mipZ
resulted in Z-ring assembly occurring at random locations throughout the nucleoid
(Thanbichler and Shapiro, 2006). While the overexpression of mipZ blocked cell division by
preventing FtsZ polymerisation in the cell (Thanbichler and Shapiro, 2006). These findings
suggested that MipZ is essential for cell division in C. crescentus by ensuring the proper

positioning of the Z-ring in the cell.

MipZ mediates its functions by interacting with ParB and the bacterial nucleoid (Kiekebusch
et al., 2012). In doing so, MipZ generates a bipolar protein gradient that restricts FtsZ
polymerisation towards the midcell, where MipZ concentration is the lowest (Fig. 1.10C)
(Corrales-Guerrero et al., 2020; Kiekebusch et al., 2012; Thanbichler and Shapiro, 2006).
Furthermore, MipZ was shown to function as an ATP-dependent molecular switch, whereby
ATP regulates its interactions with the bacterial nucleoid (Kiekebusch et al., 2012).
Mechanistic insights into bipolar gradient formation by MipZ was provided through the crystal
structures of an apo-MipZ and MipZ in complex with the slow-hydrolysable ATP analogue,
ATPyS (Kiekebusch et al., 2012). Indeed, MipZ was revealed to contain a P-loop Walker-box
fold that resembles ParA. While both ParA and MipZ form a bipolar gradient throughout the
cell, the generation of either a ParA or MipZ gradient is temporarily separated from one
another through their interactions with ParB. Similar to ParA, MipZ dimerizes upon binding to
ATP (Kiekebusch et al., 2012; Leonard et al., 2005). However, in contrast to ParA, ParB
stimulates the formation of MipZ dimers (rather than promoting ParA monomerisation).
Monomers of MipZ are then recaptured by ParB which in turn re-dimerizes MipZ, exposing an
array of positively charged residues at the MipZ dimer interface that enables non-specific
nucleoid binding (Corrales-Guerrero et al., 2020; Kiekebusch et al., 2012) (Fig. 1.10C). Due
to the self-intrinsic ATPase activity of MipZ, MipZ hydrolyses ATP to ADP, promoting MipZ

monomerisation. This leads to the disassociation from the chromosome and the re-association
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towards the cell pole localised PopZ-ParB, to restart a new localisation cycle (Fig. 1.8A, 1.10C)
(Kiekebusch et al., 2012). The recycling of such interactions with the ParB-pars complex
results in the formation of a subcellular gradient of MipZ, with a higher concentration at the
cell poles and a lower concentration at the midcell. MipZ also directly inhibits the
polymerisation of FtsZ by promoting its GTPase activity, thus by associating with ParB-parS,
MipZ is localised towards polar regions, guiding FtsZ polymerisation towards the midcell
(Thanbichler and Shapiro, 2006).

Additionally, in Mycobacterium gryphiswaldense the MipZ homologue, MipZ1 also localises
towards the cell poles through its interaction with polar ParB-parS complexes (Toro-
Nahuelpan et al., 2019). MipZ1 also inhibits FtsZ polymerisation by stimulating its GTPase
activity, thus its placement away from the mid-cell facilitates proper divisome assembly (Toro-
Nahuelpan et al., 2019). While in Rhodobacter sphaeroides, MipZ monomers also associate
with cell pole localised ParB-parS complexes, while dimeric forms of MipZ colocalise with FtsZ
(Dubarry et al., 2019).

1.15 SsgA and SsgB as positive spatial regulators of Z-ring position in Streptomyces
coelicolor

Much like C. crescentus, S. coelicolor lacks both the Min system and Noc. While MinD and
DivlV homologs exist in S. coelicolor, neither of which contributes towards the localisation of
the Z-ring (Flardh, 2003; Willemse et al., 2011). Instead S. coelicolor harbours a positive
spatial regulator of Z-ring positioning through the action of SsgA and SsgB (Willemse et al.,
2011). To uncover the roles of SsgA and SsgB in S. coelicolor, Willemse et. al., (2011) tracked
the localisation of SsgA and SsgB with FtsZ (Willemse et al., 2011). Unique to Streptomyces,
are the formation of long filaments of FtsZ in the areal hyphae during sporulation. This is then
followed by the localisation of a focal pattern during the initiation of cell division before the
formation of the Z-ring which form ‘FtsZ ladders’ along the hyphae. Intriguingly, SsgB formed
a similar localisation pattern to FtsZ in S. coelicolor, suggesting that SsgB and FtsZ interact in
vivo (Willemse et al., 2011). While Z-ring formation was impaired in S. coelicolor strains lacking
either SsgA or SsgB, as fluorescence microscopic analysis displayed hampered formation of
the FtsZ ladders in the areal hyphae (Willemse et al., 2011).

Interestingly, in absence of FtsZ, both SsgA and SsgB retained their localisation pattern. This
indicates that SsgB is able to localise to the midcell independently of FtsZ and before FtsZ in
the cell cycle (Willemse et al., 2011). The localisation of SsgB was also shown to be dependent
on SsgA, as SsgB was shown to co-localise with SsgA at later stages of the developmental

cycle. Thus, the model by Willemse et. al., (2011) proposed that at the onset of sporulation,
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FtsZ is recruited towards the future division sites by a direct interaction with SsgB, which in
turn interacts SsgA to localise SsgB towards the midcell (Fig. 1.11A) (Willemse et al., 2011).
Despite this, the factors that promote the localisation of SsgA or SsgB were uncertain. Later,
Schlimpert et. al.,, (2017) reported two dynamin like proteins, DynA and DynB that form
components of the S. venezuelae divisome (Schlimpert et al., 2017). Bacterial two hybrid
approaches demonstrated that both DynA and DynB directly interacts with SsgB, but not SsgA
or FtsZ (Schlimpert et al., 2017). Although microscopy analysis demonstrated that DynA and
DynB colocalise with FtsZ, it is likely that DynA and DynB interact indirectly with FtsZ through
SsgB (Schlimpert et al., 2017). Thus by forming a network of protein-protein contacts, both
DynA and DynB recruit SsgB towards the midcell to promote Z-ring assembly during

sporulation-specific cell division (Fig. 1.11A) (Schlimpert et al., 2017).

1.16 The PomXYZ complex regulates division site placement in Myxococcus xanthus
Much like C. crescentus and S. coelicolor, M. xanthus lacks both the Min system and Noc.
Nevertheless, initial insights into proper Z-ring positioning in M. xanthus came from the
identification of the ParA-like protein, PomZ (Treuner-Lange et al., 2013). Deletion of pomZ
resulted in the formation of chromosome lacking-minicell that were impaired in cell division
(Treuner-Lange et al., 2013). Further microscopic analysis of pomZ lacking cells demonstrated
diffusive patterns of FtsZ in the cytoplasm. Thus, PomZ likely functions to ensure faithful
division site selection (Treuner-Lange et al., 2013). Similar to its ParA and MipZ counterparts,
PomZ also dimerises and non-specifically binds to the nucleoid in the presence of ATP (Fig.
11.B) (Hester and Lutkenhaus, 2007; Kiekebusch et al., 2012; Leonard et al.,, 2005;
Thanbichler and Shapiro, 2006; Treuner-Lange et al., 2013). However, in contrast to MipZ,
PomZ was shown to localise towards the midcell where it co-localises and directly interacts
with FtsZ. In doing so, PomZ positively regulates division site selection by directly recruiting
FtsZ towards the midcell (Fig. 11.B) (Treuner-Lange et al., 2013).

A later study uncovered two additional proteins, PomX and PomY that together with PomZ,
ensures proper Z-ring positioning at the midcell in M. xanthus (Fig. 11.B) (Schumacher et al.,
2017). Deletion of any of these components impaired FtsZ polymerisation as the Z-ring was
found dispersed along the nucleoid (Schumacher et al., 2017). Noticeably, both PomX and
PomY are rich in protein-protein interacting domains. Indeed, PomX, PomY and PomZ interact
directly with one another to form the PomXYZ complex (Schumacher et al., 2017). Microscopic
tracking of the PomXYZ complex revealed that PomX and PomY localises towards the midcell
in a PomZ dependent manner (Fig. 11.B) (Schumacher et al., 2017). Whereby PomX and
PomyY interact to form a complex that stimulates the ATPase activity of nucleoid bound PomZ,

PomZ in turn recruits PomX and PomY to the nucleoid and translocates the PomXYZ complex
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Figure 1.11 Positive regulators of Z-ring positioning in Streptomyces and M. xanthus
(A) A model describing SsgB mediated Z-ring positioning in Streptomyces. During sporulation-
specific cell division DynA (green box) and DynB (blue box) localises towards the midcell and
interact with the divisome through interacting with SsgB. Additionally SsgA (pink circle)
localises SsgB (purple circle) towards the midcell which in turn recruits FtsZ to form the Z-ring
(red dotted ring). (B) Schematic illustration of Z-ring positioning by the PomXYZ complex in
M. xanthus. PomZ (purple circle) binds non-specifically along the nucleoid. Additionally, PomZ
interacts with PomY and PomZ to form the PomXYZ complex (yellow, green and pink circles).
Prior to chromosome replication and segregation, the PomXYZ complex localises towards the
midcell. The initiation of chromosome replication and segregation results in the translocation
of the PomXYZ complex towards the midcell to promote Z-ring assembly via the diffusive flux
of nucleoid bound PomZ.
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towards the midcell both in the absence and presence of FtsZ. The formation of the PomXYZ
complex towards the midcell would directly localise FtsZ towards midcell of M. xanthus.
(Schumacher et al., 2017). Through a combination of mathematical modelling and
experimental validation, Schumacher et. al., (2017) proposed that the translocation of the
PomXYZ complex is based on an bias/unbias Brownian movement (Schumacher et al., 2017).
In which the migration of the PomXYZ complex depends on the diffusive fluxes of PomZ,
Additionally, the difference in diffusive PomZ fluxes into the complex acts as a proxy for the
asymmetry of the PomXYZ complex on the nucleoid, which converts the global cellular
asymmetry of the PomXYZ complex into the local PomZ gradient complex (Fig. 11.B)
(Schumacher et al., 2017). Currently however, no structural information for any components
of the PomXYZ complex is available, although PomZ is likely to contain a ParA/MipZ like fold.
The crystal or cryo-electron microscopy structure of the PomXYZ complex with FtsZ may yet

reveal the molecular basis underpinning PomXYZ mediated nucleoid occlusion in M. xanthus.

1.17 MapZ and RocS mediate nucleoid occlusion in Streptococcus pneumoniae

Much like C. crescentus, S. coelicolor and M. xanthus, the human pathogen S. pneumoniae
does not possess the Min system or Noc. Unique to S. pneumoniae, is the essential role of
the StkP kinase for cell division, peptidoglycan synthesis, and the maintenance of cell shape
(Beilharz et al., 2012; Fleurie et al., 2012; Jarick et al., 2018; Novakova et al., 2010; Saskova
et al., 2007). To gain further insights into StkP function, Fleurie et. al., (2014) characterised
an endogenous target of StkP, Spr0334 which encoded a membrane protein of unknown
function (Fleurie et al., 2014). Microscopic analysis of spr0334 deleted S. pneumoniae strains
displayed S. pneumoniae cells that were misshaped due to the improper positioning of the
division septa (Fleurie et al., 2014). Subsequent observations led to the renaming of Spr0334
to MapZ (Mid-cell anchored protein Z). While almost at the same time, HoleCkova et. al.,
(2014) identified the same protein which they termed LocZ (Localising at the midcell of FtsZ)
(HoleCkova et al., 2014).

MapZ was predicted to contain a single transmembrane segment in between the cytoplasmic
NTD and the extracellular CTD (Fleurie et al., 2014). The CTD binds peptidoglycan to position
MapZ towards the midcell, while the NTD functions as a pedestal for the CTD (Manuse et al.,
2016). Microscopic analysis displayed that MapZ forms a ring that localises towards the
midcell and at future division sites (Fleurie et al., 2014; HoleCkova et al., 2014). In newly
replicated daughter cells, GFP-MapZ was observed to colocalise with FtsZ at the midcell. As
the S. pneumoniae cell elongates, the MapZ ring divides into two separate rings, while the Z-
ring remains at the midcell. Co-immunoprecipitation studies confirmed that MapZ interacts

with FtsZ, and MapZ-FtsZ interactions were mediated by the NTD cytoplasmic domain of
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cells. MapZ rings then split into two rings that migrates toward the dividing daughter cells to
mark future division sites. (B) A model for RocS negatively regulating Z-ring positioning in S.
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(green circle) and CpsD (orange circle) towards the ori. RocS binds non-specifically on the
nucleoid and interacts directly with FtsZ at the midcell to prevent the contraction of the Z-ring.
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MapZ (Fleurie et al., 2014). These findings suggest that MapZ in S. pneumoniae acts as a
positive regulator of FtsZ polymerisation by promoting the assembly of the Z-ring towards the
midcell (Fig. 1.12A). Homologues of MapZ were also found in streptococci, lactococci and
most enterococci, suggesting this mechanism of cell division selection is conserved across

these various bacteria (Fleurie et al., 2014).

Furthermore, the newly discovered RocS was shown to protect the nucleoid in a CpsD
dependent manner (Mercy et al., 2019). S. pneumoniae harbours ParB and parS, but lacks
ParA. Instead ParB interacts with the ParA-like protein CpsD, a key regulator in the assembly
of the polysaccharide capsule (Nourikyan et al., 2015). Unique to S. pneumoniae, a CpsD-
dependent phosphorylation mechanism powers the movement of the ParB-parS nucleoprotein
complex (Nourikyan et al., 2015). Prior to the discovery of RocS, cell division blockage through
phosphorylation dependent CpsD movement of ParB prevented the pre-mature bisection of
the nucleoid. Interestingly in S. pneumoniae cells lacking rocS, newly replicated chromosomes
either failed to segregate, or were partly segregated and guillotined by the division machinery
(Mercy et al., 2019). Indeed, deletion of rocS in strains mimicking defective phosphorylation
of CpsD suppressed the elongated phenotype previously observed when CpsD was impaired
in phosphorylation (Mercy et al., 2019). These findings suggest that both RocS and CpsD
phosphorylation levels, are able to block cell division to protect the nucleoid from pre-mature
bisection (Fig. 1.12B) (Mercy et al., 2019). Further microscopy analysis displayed RocS and
CpsD colocalise in the early stage of the cell cycle. It is likely that RocS and CpsD only
interacts when the chromosome is impaired in segregating. These findings therefore suggest
that RocS acts as a nucleoid occlusion factor in S. pneumoniae (Mercy et al., 2019). Unlike
Noc however, RocS does not influence the localisation of the divisome and instead interacts
directly with FtsZ to constrict Z-ring assembly (Fig. 1.12B) (Mercy et al., 2019). The ability of
RocS to non-specifically bind to the bacterial nucleoid and the cell membrane likely contributes
towards its nucleoid occlusion function. However, in absence of any structural data, the
molecular basis of RocS mediated nucleoid occlusion in S. pneumoniae remains poorly
understood. Nevertheless, by interacting with both ParB and CpsD, RocS acts as the link that
combines chromosome segregation with nucleoid occlusion (Mercy et al., 2019; Nourikyan et
al., 2015).

1.18 Project aims

Bacteria exhibit great diversity in the Nature and as such have evolved complex mechanisms
to ensure both daughter cells inherit a full copy of the chromosome during cell division. Despite
decades of research, it is clear that future work is needed to reveal the underlying forces of

nucleoid occlusion and how they are intimately linked with the organisation and segregation
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of the bacterial chromosome. The central goal of my thesis is to provide additional structural

and mechanistic insights into the role ParB and Noc in bacterial chromosome segregation and

maintenance. Here in this thesis, | aim:

To investigate the molecular basis for DNA-binding specificity by ParB and Noc
(Chapter 3).

To determine the structural basis for the translocation/spreading of ParB along the

chromosome (Chapter 4).

To characterise the relationship between in vitro DNA condensation and in vivo

spreading ability of ParB (Chapter 5).

To characterise the role of CTP in the formation of the tripartite Noc-DNA-membrane

complex (Chapter 6).
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2.1 Bacterial strains, plasmids and primers

2.1.1 E. coli strains

Strains Strains/descriptions Source
DH5a E. coli host for DNA cloning and propagation of plasmid e ) ab
collection
Rosetta E. coli host for protein overexpression from an IPTG-inducible Merck
(DE3) T7 promoter
2.1.2 C. crescentus strains
Strains Strains/descriptions Source
CB15N Wild type synchronizable C. crescentus e ) 1ab
collection
Gift from
MT148 CB15N parB::Pxy-parB mipZ::mipZ-yfp Martin
Thanbichler
CB15N + pMT158::1xFLAG-C. crescentus ParB (D275K),
AJS35 kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB (G278K),
AJS44 kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB (S279K),
AJS37 kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB (T280K),
AJS43 kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB (T282K),
AJS36 kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB (D275K,
AJS46 G278K), kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB (D275K,
AJS45 T282K), kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB (D275K,
AJS47 G278K, T282K), kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB, (D275K,
AJS81 G278K, T280K, T282K), kanamycin® This study
CB15N + pMT158::1xFLAG-C. crescentus ParB, (D275K,
AJS82 G278K, S279K, T280K, T282K), kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB, kanamycin® | This study
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MT148+ vanA::Pvan 1xFLAG-yfp This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (D275K),
TLS1858 kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (G278K),
TLS1859 kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (S279K),
AJS49 kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (T280K),
AJS48 kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (T282K),
TLS1860 kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (D275K,
AJS51 G278K), kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (D275K,
AJS50 T282K), kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (D275K,
AJS52 G278K, T282K), kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB (D275K,
AJS82 G278K, T280K, T282K), kanamycin® This study
MT148+ vanA::Pvan 1xFLAG-C. crescentus ParB, (D275K,
AJS83 G278K, S279K, T280K, T282K), kanamycin® This study
(Adams et.
DWA117 B. subtilis 168CA (trpC2) Anoc::tet al., 2015)
B. subtilis 168CA (trpC2) Anoc::tet QamyE::[spc Pxyl-noc (WT)- | (Adams et.
DWA206 myfp) al., 2015)
B. subtilis 168CA (trpC2) Anoc::tet QamyE::[spc Pxyl-nocNA10- | (Adams et.
DWA382 myfp) al., 2015)
B. subtilis 168CA (trpC2) Anoc::tet QamyE::[spc Pxyl-nco | (Adams et.
DWA546 (R89A)-myfp) al., 2015)
B. subtilis 168CA (trpC2) Anoc:tet QamyE::[spc Pxyl-nco
4746 (N121S)-yfpmutt) This study
B. subtilis 168CA (trpC2) Anoc::tet AminCD::kan QamyE::[spc | (Adams et.
DWA564 Pxyl-noc (WT)-myfp) al., 2015)
B. subtilis 168CA (trpC2) Anoc::tet AminCD::kan QamyE::[spc | (Adams et.
DWA566 Pxyl-nocNA10-myfp) al., 2015)
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B. subtilis 168CA (trpC2) Anoc::tet AminCD::kan QamyE::[spc | (Adams et.
DWAG00 Pxyl-nco (R89A)-myfp) al., 2015)
B. subtilis 168CA (trpC2) Anoc::tet AminCD::kan QamyE::[spc
4747 Pxyl-noc (N121S)-yfomut1) This study
2.1.3 Plasmids
Plasmid Description Source
pET21b ENTRY vector for Gateway cloning, carbenicillin® Invitrogen

pET21b::ParB-
(His)s

overexpression of ParB-(His)s from an IPTG-inducible

T7 promoter

Gift of Christine

Jacob-Wagner

pET21b::ParB

pET21b::C. crescentus-ParB- (R104A) (His)s

(R104A)-(His)s Gift of Ngat Tran
pET21b::DBD pET21b::C. crescentus-ParB-(His)s (residue 126-243)

ParB (His)s (DBD only) This study
pET21b::ParB ]

) pET21b::C. crescentus-ParB- (Q162A) (His)e )
(Q162A)-(His)s This study
pET21b::ParB )

pET21b::C. crescentus-ParB- (K171A) (His)e )
(K171A)-(His)s This study
pET21b::ParB )

) pET21b::C. crescentus-ParB- (S172A) (His)e )
(S172A)-(His)s This study
pET21b::ParB .

] pET21b::C. crescentus-ParB- (R173A) (His)s ]
(R173A)-(His)s This study
pET21b::ParB ]

] pET21b::C. crescentus-ParB- (S174A) (His)e ]
(S174A)-(His)e This study
pET21b::ParB ]

] pET21b::C. crescentus-ParB- (N178A) (His)s ]
(N178A)-(His)s This study
pET21b::ParB )

pET21b::C. crescentus-ParB- (R181A) (His)s )
(R181A)-(His)s This study
pET21b::ParB )

) pET21b::C. crescentus-ParB- (V226A) (His)e )
(V226A)-(His)s This study
pET21b::ParB .

] pET21b::C. crescentus-ParB- (R227A) (His)s ]
(R227A)-(His)s This study
pET21b::ParB ]

] pET21b::C. crescentus-ParB- (R234A) (His)s ]
(R234A)-(His)s This study
pET21b::ParB ]

] pET21b::C. crescentus-ParB- (K245A) (His)e ]
(K245A)-(His)e This study
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pET21b::ParB- pET21b::ParB-(His)s chimera 1, with residue 162-230
(His)s chimera 1 from Bacillus subtilis Noc This study
pET21b::ParB- pET21b::ParB-(His)s chimera 4, with residue 162-207
(His)s chimera 4 from Bacillus subtilis Noc This study
pET21b::PtoN1 pET21b::PtoN1-(His)s (Q173T179A184G201) This study
pET21b::PtoN2 pET21b::PtoN2-(His)s (R173K179A184G201) This study
pET21b::PtoN3 pET21b::PtoN3-(His)s (R173T179K184G201) This study
pET21b::PtoN4 pET21b::PtoN4-(His)s (R173T179A184R201) This study
pET21b::PtoN5 pET21b::PtoN5-(His)s (Q173K179A184G201) This study
pET21b::PtoN6 pET21b::PtoNG-(His)s (Q173T179K184G201) This study
pET21b::PtoN7 pPET21b::PtoN7-(His)s (Q173T179A184R201) This study
pET21b::PtoN8 pET21b::PtoN8-(His)s (R173K179K184G201) This study
pET21b::PtoN9 pET21b::PtoN9-(His)s (R173K179A184R201) This study
pET21b::PtoN10 pET21b::PtoN10-(His)s (R173T179K184R201) This study
pET21b::PtoN11 pET21b::PtoN11-(His)e (Q173K179K184G201) This study
pET21b::PtoN12 pET21b::PtoN12-(His)e (Q173K179A184R201) This study
pET21b::PtoN13 pET21b::PtoN13-(His)s (Q173T179K184R201) This study
pET21b::PtoN14 pET21b::PtoN14-(His)s (R173K179K184R201) This study
pET21b::PtoN15 pET21b::PtoN15-(His)es (Q173K179K184R201) This study
pET21b::PtoN16 pET21b::PtoN16-(His)s (R173T179A184G201+R227K) | This study
pET21b::Noc- . .
) pET21b::B. subtilis-Noc- (N163A) (His)e )
(N163A) (His)s This study
pET21b::Noc- . .
) pET21b::B. subtilis-Noc- (K169A) (His)s )
K169A) (His)e This study
pET21b::Noc- . .
) pET21b::B. subtilis-Noc- (T182A) (His)s )
T182A) (His)e This study
pET21b::Noc- . .
) pET21b::B. subtilis-Noc- (R186A) (His)e ]
R186A) (His)s This study
pET21b::Noc- . .
) pET21b::B. subtilis-Noc- (R189A) (His)e )
R189A) (His)s This study
pET21b::Noc- . .
) pET21b::B. subtilis-Noc- (N213A) (His)s )
N213A) (His)s This study
pET21b::Noc- . .
pET21b::B. subtilis-Noc- (V214A) (His)s )
V214A) (His)s This study
pET21b::Noc- . .
) pET21b::B. subtilis-Noc- (R230A) (His)e ]
R230A) (His)s This study
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pET21b::Ct

pET21b::C. crescentus-ParB-(His)s (residue 11-154) )
ParB This study
pET21b::ParB .

] pET21b::C. crescentus-ParB- (D275K) (His)s ]
(D275K)-(His)s This study
pET21b::ParB .

] pET21b::C. crescentus-ParB- (G278K) (His)s ]
(G282K)-(His)s This study
pET21b::ParB )

) pET21b::C. crescentus-ParB- (S279K) (His)e )
(S279K)-(His)s This study
pET21b::ParB )

) pET21b::C. crescentus-ParB- (T280K) (His)s )
(T280K)-(His)e This study
pET21b::Noc- .

] pET21b::C. crescentus-ParB- (T282K) (His)s ]
(T282K)(His)e This study
pET21b::ParB-

(D275K, pET21b::C. crescentus-ParB- (D275K, G278K) (His)s
G278K)(His)s This study
pET21b::ParB-
(D275K, T282K) | pET21b::C. crescentus-ParB- (D275K, T282K) (His)s
(His)s This study
pET21b::ParB-(3K) | pET21b::C. crescentus-ParB- (D275K, G278K, T282K)
(His)s (His)s This study
pET21b::ParB-(4K) | pET21b::C. crescentus-ParB- (D275K, G278K, T280K,
(His)s T282K) (His)s This study
pET21b::ParB-(5K) | pET21b::C. crescentus-ParB- (D275K, G278K, S279K,
(His)s T280K, T282K) (His)e This study
Destination vector for Gateway cloning, 1xFLAG tag
pMT571-1xFLAG- fused to the N-terminus of protein of interest, integrative
DEST to the van locus, tetracycline® This study
pMT571-1xFLAG:: )
pMT571-1xFLAG::C. crescentus ParB, kanamycin® )
ParB This study
pMT571-
pMT571-1xFLAG::yfp )
1XFLAG::yfp This study
pMT571-1xFLAG::
pMT571-1xFLAG::C. crescentus-ParB (D275K) )
ParB (D275K) This study
pMT571-1xFLAG::
pMT571-1xFLAG::C. crescentus-ParB (G278K) )
ParB (G278K) This study
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pMT571-1xFLAG::

pMTS571-1xFLAG::

C. crescentus-ParB (S279K)

ParB (S279K) This study
pMT571-1xFLAG::
pMT571-1xFLAG::C. crescentus-ParB (T280K) )
ParB (T280K) This study
pMT571-1xFLAG::
pMT571-1xFLAG::C. crescentus-ParB (T282K) )
ParB (T282K) This study
pMT571-1xFLAG::
pMT571-1xFLAG::C. crescentus-ParB (D275K,
ParB (D275K,
G278K) .
G278K) This study
pMT571-1xFLAG::
pMT571-1xFLAG::C. crescentus-ParB (D275K,
ParB (D275K,
T282K) .
T282K) This study
pMT571-1xFLAG::
pMT571-1xFLAG::C. crescentus-ParB (D275K,
ParB (D275K,
G278K, T282K) )
G278K, T282K) This study
pMT571-1xFLAG::
ParB (D275K, | pMT571-1xFLAG::C. crescentus-ParB (D275K,
G278K, T280K, | G278K, T280K, T282K)
T282K) This study
pMT571-1xFLAG::
ParB (D275K, | pMT571-1xFLAG::C. crescentus-ParB (D275K,
G278K, S279K, | G278K, S279K, T280K, T282K)
T280K, T282K) This study
pET21b::Noc(NA10) - )
pET21b::B. subtilis-Noc- (NA10) (His)s )
(His)s This study
pET21b::Noc- . )
) pET21b::B. subtilis-Noc- (R89A) (His)s ]
(R89A) (His)s This study
pET21b::Noc- . )
) pET21b::B. subtilis-Noc- (N121S) (His)s )
(N121S) (His)s This study
pET21b::Noc- s .
pET21b::B. subtilis-Noc- (E29C) (His)e )
(E29C) (His)s This study
pET21b::Noc . )
) pET21b::B. subtilis-Noc- (S253C) (His)e )
(S253C) (His)s This study
pET21b::Noc- . )
) pET21b::B. subtilis-Noc- (E29C, R89A) (His)s )
(E29C, R89A) (His)s This study




pET21b::Noc-

(E29C, N121S) | pET21b::B. subtilis-Noc- (E29C, N121S) (His)s

(His)s This study

PET21b::Noc- ) pET21b::B. subtilis subtilis-Noc- (NA10, E29C) (His)s )

(NA10, E29C) (His)s This study

pET21b::Gt pET21b::G. thermoleovorans Noc residues (1-239)

NocACTD (His)s (His)s This study

pET21b::Gt .

NocNAZBACTD pET21b::G. thermoleovorans Noc residues (25-239)
(His)s )

(His)s This study
pMCS5 plasmid that harbours four NBS sites,

pMCS5-4xNBS tetracycline® This study

pMCS5::empty pMCSS5 plasmid with an intact multiple cloning site This study
pUC19 plasmid that harbours four NBS sites,

pUC19-4xNBS carbenicillin® This study

pUC19-scrambled ) )

NBS pUC19 plasmid that harbours four scrambled NBS sites This study

2.1.4 Primers

Primers | Sequence

AJ1 TAACTTTAAGAAGGAGATATACATATGTCCGAAGGGCGTCGTGGTCTGGGTC

AJ2 GGTGGTGCTCGAGTGCGGCCGCAAGCTTGTCCTTCACGCGTGGGGGGCGGCC

3286 GTGGTGCTCGAGTGCGGCCGCAAGCTTATCTCTGCTGAATGCTTTGCGTCTC

3287 TAACTTTAAGAAGGAGATATACATATGACGGAAACCGCTTCTGTGGCGTTA

P3296 TTTAACTTTAAGAAGGAGATATACAT

P3297 TGGTGCTCGAGTGCGGCCGCAAGCTT

AJ30 GTTCGCAATCGTCGACGCCCCTTTTCCCAAACG

AJ31 CGTTTGGGAAAAGGGGCGTCGACGATTGCGAAC

AJ32 GACAGGTTGCGGCAACGCCAGTAAGCGCAGTTT

AJ33 AAACTGCGCTTACTGGCGTTGCCGCAACCTGTC

AJ34 CAGGGCACGTGCGTGCGCCTCCGTAATCTTTTT

AJ35 AAAAAGATTACGGAGGCGCACGCACGTGCCCTG

AJ36 TTTGTTCGCAATCGTCGCCTGCCCTTTTCCCAA

AJ37 TTGGGAAAAGGGCAGGCGACGATTGCGAACAAA

AJ40 CGGCAACTTCAGTAACGCCAGTTTGTTCGCAAT

AJ41 ATTGCGAACAAACTGGCGTTACTGAAGTTGCCG
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AJ46 GTCTTCTGTCTGTTTCGCGTTTAACGATTTCTC

AJar GAGAAATCGTTAAACGCGAAACAGACAGAAGAC

AJS5 CAGTTTGTTCGCAATCGCCGACTGCCCTTTTCC

AJ56 GGAAAAGGGCAGTCGGCGATTGCGAACAAACTG

AJS7 ACGCGGTTTCGGCTTCGCCTGTCCCTGTTCCAA

AJ58 TTGGAACAGGGACAGGCGAAGCCGAAACCGCGT

AJ65 TAACTTTAAGAAGGAGATATACATATGTTGGGTGAAAAGGAGCAAGAACCG
AJ66 TAACTTTAAGAAGGAGATATACATATGTTGGGTGAAAAGGAGCAAGAACCG
AJ73 CTGAACCGCGCGCCACGCGCGTTCTCCCGCAAT

AJ74 ATTGCGGGAGAACGCGCGTGGCGCGCGGTTCAG

AJ84 GATACCAATAAGGAATGCATTTTAGAAATTCCA

AJ85 TGGAATTTCTAAAATGCATTCCTTATTGGTATC

AJ86 GTGGCCTTAATTGAGTCTTTGCAACGCGAGGAG

AJ87 CTCCTCGCGTTGCAAAGACTCAATTAAGGCCAC

AJ88 AATACTATTCGTCAGTGCTTATCAATGGTGGAA

AJ89 TTCCACCATTGATAAGCACTGACGAATAGTATT

M13-F CGCCAGGGTTTTCCCAGTCACGAC

M 13-R ATGGTCATAGCTGTTTCCT

2.1.5 Other oligonucleotides and gBlocks DNA fragments

Oligos Sequence (5’-3’)
CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGAATT

170bp parS CGCAACGTGTIGTTTCACGTGAAACAGCCTTGAACTGATAACGACTCT
ATCATTGATAGAGTGTTCTCTCCACGGGATCCCCAGGCATGCAAGCT
TGGCGTAATCATGGTCATAGCTGTTTCCT
CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGAATT
CGCAACGTGTATTTCCCGGGAAATAGCCTTGAACTGATAACGACTCT

1700p NBS ATCATTGATAGAGTGTTCTCTCCACGGGATCCCCAGGCATGCAAGCT
TGGCGTAATCATGGTCATAGCTGTTTCCT

20 bp parS | GATGTTTCACGTGAAACATC

22 bp parS | GGATGTTTCACGTGAAACATCC

22 bp NBS | GGATATTTCCCGGGAAATATCC

4xNBS-F GCCCAGGCCCTGGAGCGCATCTC

4xNBS-R CAAGACGCTCGCCTCAATGCGAAC

22 bp NBS

GGATATTTCCCGGGAAATATCC

88




2.2 Growth conditions and storage of bacterial strains

2.2.1 E. coli strains

E. coliwas grown on solid or liquid LB media supplemented with the appropriate antibiotics at
37°C. DMSO stocks were made from fresh overnight cultures by adding (10%) (v/v) DMSO to

an equal volume of culture and storing at -70°C.

2.2.2 C. crescentus strains
C. crescentus cultures were grown on solid or liquid PYE media supplemented with the
appropriate antibiotics and/or sugars at 30°C. DMSO stocks were made from fresh overnight

cultures by adding (10%) (v/v) DMSO to an equal volume of culture and storing at -70°C.

2.2.3 Antibiotic concentrations for E. coli and C. crescentus strains

Growth medium were supplemented with the appropriate antibiotics at the following
concentrations (liquid/solid media for E. coli, liquid/solid media for C. crescentus [ug/mL]):
carbenicillin (only E. coli: 50/100), chloramphenicol (20/30; 1/2), kanamycin (30/50; 5/25) and
oxytetracycline (12/12; 1/2).

2.3 General cloning methods

For protein overexpression and purification related experiments, DNA fragments were either
amplified by PCR using Phusion® High-fidelity DNA polymerase (NEB) or chemically
synthesized (gBlocks dsDNA fragments, IDT). For PCR amplified fragments, the DNA was
analysed using agarose gel electrophoresis using either a 1% (w/v) or 2% (w/v) TAE agarose
gel with 1 pg/mL ethidium bromide. The PCR amplified and gBlocks DNA fragments contained
a 23-bp sequence shared between the Ndel-Hindlll-cut pET21b backbone thus enabling
cloning by Gibson assembly. In the PCR amplified fragment, the 23-bp region of homology
was incorporated in the primers used to amplify the fragment, whereas for the gBlocks
fragments, the 23-bp regions were incorporated during the synthesis of gBlocks fragments.
The PCR amplified fragments and gBlocks fragments and a Ndel-Hindlll-digested pET21b
backbone were assembled together using a 2x Gibson master mix (NEB). Two and a half pL
of each fragment at equimolar concentration was added to 5 uL 2x Gibson master mix (NEB),
and the mixture was incubated at 50°C for 60 min. Five yL was used to transform chemically
competent E. coli DH5a cells. The cloned plasmids was then purified using a miniprep column
(Qiagen) and the resulting plasmids were sequence verified by Sanger sequencing by

Eurofins or Genewiz.
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For site-directed mutagenesis related experiments a Gibson assembly-based method was
used to introduce the desired mutation of interest. Briefly 4 primers were generated to
incorporate the mutation into the gene. 2 primers (33 nucleotides in length) were designed to
flank the left and right regions of the substituted residue, resulting in an amplicon that
contained 15 bp overlap and the desired mutation. 2 additional primers 3296 and 3297 were
used to generate the 23-bp region of homology to the Ndel-Hindlll digested pET21b
backbone. The PCR-amplified fragments were then analysed using agarose gel
electrophoresis using a 2% (w/v) TAE agarose gel with 1 ug/mL ethidium bromide. The PCR-
amplified fragments were then gel-purified before being mixed with the Ndel-Hindlll-digested
pET21b backbone and the 2x Gibson master mix (NEB) and the mixture was incubated at
50°C for 60 min. Five uL was used to transform chemically competent E. coli DH5a cells. The
cloned plasmids was then purified using a miniprep column (Qiagen) and the resulting

plasmids were sequence verified by Sanger sequencing by Eurofins or Genewiz.

For in vivo genome-wide approaches related experiments, the vectors used were generated
using LR cloning. Briefly, the parB (WT) and variant encoding genes were chemically
synthesized and cloned into a pUC57 plasmid. LR cloning was then used to shuttle parB (WT)
and variants into the pMT571-flag plasmid. In brief 2 ul of pUC57kan-parB (WT) or variants
were mixed with 2pl of pMT751-flag and 1 pl of LR Clonase (Thermo Fisher). The mixture was
left to incubate for 1 hour at room temperature before being used to transform chemically
competent E. coli DH5a by heat-shock transformation. Cells were then plated on to LB agar
plates supplemented with oxytetracycline or kanamycin. Colonies were selected for
oxytetracycline resistance and were subsequently patched to obtain oxytetracycline-resistant
and kanamycin-sensitive colonies. Individual colonies were then used to inoculate a 10ml of
LB with chloramphenicol and was left to grow for ~8 hours at 37°C. The cloned plasmid was

then extracted from the overnight culture using the Qiagen miniprep kit (Qiagen).

2.3.1 Constructions of plasmids

To construct the pET21b::parBACTD-(his)s plasmid, the coding sequence of a C-terminally
truncated C. crescentus ParB (ParBACTD, lacking the last 50 amino acids) was amplified by
PCR using primers AJF1 and AJR2 and pET21b::parB-(his)s as template. The pET21b
plasmid backbone was generated via a double digestion of pET21b::parB-(his)s with Ndel and
Hindlll. The resulting backbone was subsequently gel-purified and assembled with the PCR-
amplified fragment of parBACTD using a 2x Gibson master mix (NEB). Gibson assembly was
possible owing to a 23-bp sequence shared between the Ndel-Hindlll-cut pET21b backbone

and the PCR fragment. These 23-bp regions were incorporated during the synthesis of primers
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Ndel-Ct-ParB-F and HindllI-Ct-ParB-R. The resulting plasmids were sequence verified by

Sanger sequencing (Eurofins, Germany).

To construct the pET21b:: C. crescentus ParB (variants)-Hise plasmids, all sequences of ParB
variants were designed in VectorNTI (ThermoFisher) and chemically synthesized as gBlocks
dsDNA fragments (IDT). Individual gBlocks fragment and a Ndel-Hindlll-digested pET21b
backbone were assembled using a 2x Gibson master mix (NEB). Gibson assembly was
possible due to a 23-bp sequence shared between the Ndel-Hindlll-cut pET21b backbone
and the gBlocks fragment. These 23-bp regions were incorporated during the synthesis of
gBlocks fragments. The resulting plasmids were sequence verified by Sanger sequencing

(Eurofins, Germany).

To construct the pET21b:: B. subtilis noc-hiss plasmid, a double-stranded DNA (dsDNA)
fragment containing a codon-optimized B. subtilis noc gene was chemically synthesized
(gBlocks, IDT). The pET21b plasmid backbone was generated via a double digestion of
pET21b::Caulobacter crescentus parB-(his)s with Ndel and Hindlll. The resulting backbone
was subsequently gel-purified and assembled with the noc gBlocks fragment using a 2x
Gibson master mix. Briefly, 2.5 yL of the gBlocks fragment and 2.5 yL of Ndel-Hindlll-cut
pET21b at equimolar concentration were added to 5 L of a 2x Gibson master mix (NEB). The
mixture was incubated at 50°C for 60 min. Subsequently, 5 yL was used to transform
chemically competent E. coli DH5a cells. Gibson assembly was possible owing to a 23-bp
sequence shared between the Ndel-Hindlll-cut pET21b backbone and the gBlocks fragment.

The resulting plasmid was verified by Sanger sequencing (Eurofins, Germany).

To construct the pET21b:: B. subtilis noc (DBD)-hise plasmid, the coding sequence of only the
DNA-binding domain (DBD) of Noc was amplified by PCR using primers X and X, and
pET21b::noc-hissas template. The resulting PCR product was gel-purified and assembled into
an Ndel-Hindlll-cut pET21b using a 2x Gibson master mix. Gibson assembly was possible
owing to a 23-bp sequence shared between the Ndel-and-Hindlll cut pET21b backbone and
the PCR amplified fragment. The 23-bp homologous region was introduced during the
synthesis of primers 3286 and 3287. The resulting plasmid was verified by Sanger sequencing

(Eurofins, Germany).

To construct the pET21b:: B. subtilis nocNA10-hiss plasmid, the coding sequence of a 10-
amino-acid N-terminally truncated Noc (NocNA10) was amplified by PCR using primers AJ65
and AJ66, and pET21b::noc-hissas template. The resulting PCR product was gel-purified and

assembled into an Ndel-Hindlll-cut pET21b using a 2x Gibson master mix. Gibson assembly
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was possible owing to a 23-bp sequence shared between the Ndel-and-Hindlll cut pET21b
backbone and the PCR amplified fragment. The 23-bp homologous region was introduced
during the synthesis of primers AJ65 and AJ66. The resulting plasmid was verified by Sanger

sequencing (Eurofins, Germany).

To construct the pET21b::noc (Q158A)-hise plasmid, the Q158A mutation was introduced into
the coding sequence of Noc, primers P3296 and AJ30, and primers P3297 and AJ31 were
used in PCR reactions to amplify the left half and the right half of noc (R89A), respectively,
from the pET21b::noc-hiss template. A 15-bp overlapping region between the two PCR
fragments contained the point mutation and also enabled their assembly by a Gibson master
mix. Briefly, 1.7 yL of each PCR-amplified DNA fragment and 1.6 pL of a gel purified Ndel-
Hindlll-cut pET21b at equimolar concentration were added to 5 pL of a 2x Gibson master mix.
The mixture was incubated at 50°C for 60 min. Subsequently, 5 yL was used to transform
chemically competent E. coli DH5a cells. The resulting plasmid was verified by Sanger

sequencing (Eurofins, Germany).

To construct the pET21b::noc (K169A)-hiss plasmid, the same procedure as above, except to
introduce the K169A mutation in the coding sequence of Noc, primers P3296 and AJ32, and
primers P3297 and AJ33 were used in PCR reactions to amplify the left half and the right half
of noc (K169A), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (R186A)-hiss plasmid, the same procedure as above, except to
introduce the R186A mutation in the coding sequence of Noc, primers P3296 and AJ34, and
primers P3297 and AJ35 were used in PCR reactions to amplify the left half and the right half
of noc (R186A), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (S159A)-hise plasmid, the same procedure as above, except to
introduce the R186A mutation in the coding sequence of Noc, primers P3296 and AJ36, and
primers P3297 and AJ37 were used in PCR reactions to amplify the left half and the right half
of noc (S159A), respectively, from the pET21b.::noc-hiss template.

To construct the pET21b::noc (R166A)-hiss plasmid, the same procedure as above, except to
introduce the R166A mutation in the coding sequence of Noc, primers P3296 and AJ41, and
primers P3297 and AJ42 were used in PCR reactions to amplify the left half and the right half
of noc (R166A), respectively, from the pET21b::noc-hiss template.
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To construct the pET21b::noc (V214A)-hise plasmid, the same procedure as above, except to
introduce the V214A mutation in the coding sequence of Noc, primers P3296 and AJ46, and
primers P3297 and AJ47 were used in PCR reactions to amplify the left half and the right half
of noc (V214A), respectively, from the pET21b.::noc-hiss template.

To construct the pET21b::noc (T160A)-hiss plasmid, the same procedure as above, except to
introduce the T160A mutation in the coding sequence of Noc, primers P3296 and AJ55, and
primers P3297 and AJ56 were used in PCR reactions to amplify the left half and the right half
of noc (T160A), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (R230A)-hiss plasmid, the same procedure as above, except to
introduce the R230A mutation in the coding sequence of Noc, primers P3296 and AJ57, and
primers P3297 and AJ58 were used in PCR reactions to amplify the left half and the right half
of noc (R230A), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (R89A)-hiss plasmid, the same procedure as above, except to
introduce the R89A mutation in the coding sequence of Noc, primers P3296 and AJ73, and
primers P3297 and AJ74 were used in PCR reactions to amplify the left half and the right half
of noc (R89A), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (N121S)-hiss plasmid, the same procedure as above was used
to introduce the N121S mutation into the coding sequence of Noc, except that primers P3296
and AJ87, and primers P3297 and AJ86 were used to amplify the left half and the right half of
noc (N121S), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (E29C)-hiss plasmid, the same procedure as above was used
to introduce the E29C mutation into the coding sequence of Noc, except that primers P3296
and AJ85, and primers P3297 and AJ84 were used to amplify the left half and the right half of
noc (E29C), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (S253C)-hiss plasmid, the same procedure as above was used
to introduce the S253C mutation into the coding sequence of Noc, except that primers P3296
and AJ89, and primers P3297 and AJ88 were used to amplify the left half and the right half of
noc (S253C), respectively, from the pET21b::noc-hiss template.

To construct the pET21b::noc (E29C R89A)-hiss plasmid, the same procedure as above was

used to introduce the R89A mutation into the coding sequence of Noc (E29C), except that
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primers P3296 and AJ73, and primers P3297 and AJ74 were used to amplify the left half and
the right half of noc (E29C R89A), respectively, from the pET21b::noc (E29C)-hiss template.

To construct the pET21b::Noc (E29C N121S)-hise plasmid, the same procedure as above was
used to introduce the N121S mutation into the coding sequence of Noc (E29C), except that
primers P3296 and AJ86, and primers P3297 and AJ87 were used to amplify the left half and
the right half of noc (E29C N121S), respectively, from the pET21b::noc (E29C)-hiss template.

To construct the pET21b::noc (E29C S253C)-hissplasmid, the same procedure as above was
used to introduce the E29C mutation into the coding sequence of Noc (S253C), except that
primers P3296 and AJ85, and primers P3297 and AJ84 were used to amplify the left half and
the right half of noc (E29C S253C), respectively, from the pET21b::noc (S253C)-hiss template.

Construction of pET21b:: Geobacillus thermoleovorans NocACTD-hiss

To construct the pET21b:: Geobacillus thermoleovorans NocACTD-hiss plasmid, a dsDNA
fragment containing the coding sequence of a 42-amino-acid C-terminally truncated G.
thermoleovorans Noc was chemically synthesized (gBlocks, IDT). The gBlocks fragment was
assembled into an Ndel-Hindlll-cut pET21b using a 2x Gibson master mix. Gibson assembly
was possible owing to a 23-bp sequence shared between the Ndel-Hindlll-cut pET21b
backbone and the gBlocks fragment. The resulting plasmid was verified by Sanger sequencing

(Eurofins, Germany).

To construct the pET21b:: Geobacillus thermoleovorans NocNA26ACTD-hiss plasmid, the
coding sequence of a 26-amino-acid N-terminally truncated and 42-amino-acid C-terminally
truncated G. thermoleovorans Noc was amplified by PCR using primers AJ76 and AJ81, and
pET21b:: Geobacillus thermoleovorans NocACTD-hiss as template. The resulting PCR
product was gel-purified and assembled into an Ndel-Hindlll-cut pET21b using a 2x Gibson
master mix. Gibson assembly was possible owing to a 23-bp sequence shared between the
Ndel-and-Hindlll cut pET21b backbone and the PCR amplified fragment. The 23-bp
homologous region was introduced during the synthesis of primers AJ76 and AJ81. The

resulting plasmid was verified by Sanger sequencing (Eurofins, Germany).

To construct the pMCS5-4xNBS plasmid, a dsDNA fragment containing four NBS sites were
chemically synthesized (gBlocks, IDT). The gBlocks fragment was assembled into an EcoRI-
cut pMCS5 using a 2x Gibson master mix. Gibson assembly was possible owing to a 23-bp
sequence shared between the EcoRI-cut pMCS5 backbone and the gBlocks fragment. The

resulting plasmid was verified by Sanger sequencing (Eurofins, Germany).
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To construct the pUC19-4xNBS plasmid, a 260-bp DNA region containing four NBS sites were
amplified by PCR using primers 4xNBS-F and 4xNBS-R, and pMCS5-4xNBS as template.
The resulting PCR product was gel-purified, 5’-phosphorylated using T4 PNK enzyme (NEB),
and subsequently ligated into a Smal-cut pUC19 backbone. The resulting plasmid was verified

by Sanger sequencing (Eurofins, Germany).

2.4 Protein overexpression and purification

2.4.1 Overexpression and purification of ParB and ParB variants

Plasmid pET21b-ParB (Hexa-histidine tag at the C-terminus of ParB, a gift from Christine
Jacob-Wagner) was transformed into E. coli BL21/pRARE, and 10 mL overnight culture was
used to inoculate 2 L LB medium + carbenicillin + chloramphenicol. Cells were grown at 37°
C to ODeyw of ~0.4. The culture was then cooled to 30° C before isopropyl-B-D-
thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM. The culture was
left shaking for an additional 3 hrs at 30° C before cells were harvested by centrifugation.
Pelleted cells were resuspended in a buffer containing 100 mM Tris-HCI pH 8.0, 300 mM NacCl,
5% (v/v) glycerol, EDTA-free protease inhibitor tablet (Roche), and lysed by sonication (three
cycles of 20 s with 40 s resting on ice in between each cycle). The cell debris was removed
by centrifugation at 84,000 g for 30 min and the supernatant was filtered through a 0.45 ym
membrane before being applied to a 1-ml Ni-loaded Hi-Trap Chelating HP column (GE
Healthcare) that had been equilibrated with buffer A [100 mM Tris-HCI, pH 8.0, 300 mM NacCl,
10 mM imidazole]. Protein was eluted from the column using an increasing (10 mM to 500
mM) imidazole gradient in the same buffer. ParB-(His)6 fractions were identified using SDS-
PAGE, pooled together, and applied to a Heparin HP column (GE Healthcare) that had been
equilibrated with buffer A [100mM Tris-HCI pH 8.0, 25mM NacCl, 5% (v/v) glycerol]. Protein
was eluted from the column using an increasing (25 mM to 1 M NaCl) salt gradient in the same
buffer A. ParB-(His)6 fractions were identified using SDS-PAGE, pooled together, and
concentrated to approximately 2 mg/mL using a Vivaspin6 10 kDa cut-off protein concentrator
(Vivascience). The concentrated protein was then exchanged into a storage buffer [50mM
Tris-HCI, pH 8.0, 250 mM NaCl and 10% glycerol] using a Zeba desalting column (Thermo
Scientific) before flash-frozen in liquid nitrogen. The concentration of ParB dimer was

measured by Bradford method.
For crystallography experiments ParB was further polished via a gel-filtration column. To do

so, purified ParB variants were concentrated by centrifugation in an Amicon Ultra-15 3-kDa

cut-off spin filters (Merck) before being loaded into a Superdex 200 gel filtration column (GE
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Healthcare). The gel filtration column was pre-equilibrated with 10 mM Tris-HCI pH 8.0, 250
mM NacCl. ParB fractions were then pooled and analysed for purity by SDS-PAGE.

C. crescentus ParB (G101S) was purified using the same procedure as ParB (WT), except
pET21b::ParB (G101S)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and 8 L of culture was used.

C. crescentus ParB (R104A) was purified using the same procedure as ParB (WT), except
pET21b::ParB (R104A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and 6 L of culture was used.

C. crescentus ParB (R173A) was purified using the same procedure as ParB (WT), except
pET21b::ParB (R173A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and 2 L of culture was used.

C. crescentus ParB (K171A) was purified using the same procedure as ParB (WT), except
pET21b::ParB (K17A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).

The final gel filtration step was omitted, and 2 L of culture was used.

C. crescentus ParB (S172A) was purified using the same procedure as ParB (WT), except
pET21b::ParB (S172A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and 2 L of culture was used.

C. crescentus ParB (S174A) was purified using the same procedure as ParB (WT), except
pET21b::ParB (S174A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and 2 L of culture was used.

C. crescentus ParB (R181A) was purified using the same procedure as ParB (WT), except
pET21b::ParB (R181A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and 2 L of culture was used.
C. crescentus ParB (N178A) was purified using the same procedure as ParB (WT), except

pET21b::ParB (N178A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and 2 L of culture was used.
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C. crescentus ParB (R204A) was purified using the same procedure as ParB (WT), except
pET21b::ParB (R204A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel filtration step was omitted, and except 2 L of culture was used.

C. crescentus ParB (D275K) was purified using the HIS-Select® Cobalt gravity flow columns
as follows. C. crescentus ParB (D275K) was expressed the same way as ParB (WT) except,
plasmid pET21b::parB (D275K) was introduced into E. coli Rosetta (DE3) competent cells
(Merck) by heat-shock transformation. For purification, the cell lysate was transferred to a
gravity flow column containing 2 mL of HIS-Select® Cobalt Affinity Gel (Sigma Aldrich) that
was pre-equilibrated with 40 mL of buffer A [100 mM Tris-HCI pH 8.0, 300 mM NaCl, 10 mM
Imidazole, 5% (v/v) glycerol]. The column was rotated at 4°C for 1 hour to allow for binding to
His-tagged proteins to the resin. After the binding step, unbound proteins were washed off
using 60 mL of buffer A. Proteins were eluted using 2.7 mL of buffer B [100 mM Tris-HCI pH
8.0, 300 mM NacCl, 500 mM Imidazole, 5% (v/v) glycerol]. The purified protein was desalted
using a PD-10 column (GE Healthcare), concentrated using an Amicon Ultra-4 10 kDa cut-off
spin column (Merck), and stored at -80°C in a storage buffer [100 mM Tris-HCI pH 8.0, 300
mM NaCl, and 10% (v/v) glycerol]. The purified protein was desalted using a PD-10 column
(GE Healthcare), concentrated using an Amicon Ultra-4 10 kDa cut-off spin column (Merck),
and stored at -80°C in a storage buffer [100 mM Tris-HCI pH 8.0, 300 mM NaCl, and 10% (v/v)
glycerol].

C. crescentus ParB (G278K) was purified using the same procedure as ParB (D275K), except
pET21b::ParB (G278K)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck).

C. crescentus ParB (S279K) was purified using the same procedure as ParB (D275K), except
pET21b::ParB (S279K)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck).

C. crescentus ParB (T280K) was purified using the same procedure as ParB (D275K), except
pET21b::ParB (T280K)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck).

C. crescentus ParB (T282K) was purified using the same procedure as ParB (D275K), except

pET21b::ParB (T282K)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck).
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C. crescentus ParB (D275K, G278K) was purified using the same procedure as ParB (D275K),
except pET21b::ParB (D275K, G278K)-Hiss was introduced into E. coli Rosetta (DE3)

competent cells (Merck).

C. crescentus ParB (D275K, T282K) was purified using the same procedure as ParB (D275K),
except pET21b::ParB (D275K, T282K)-Hiss was introduced into E. coli Rosetta (DE3)

competent cells (Merck).

C. crescentus ParB (D275K, G278K, T282K) was purified using the same procedure as ParB
(D275K), except pET21b::ParB (D275K, G278K, T282K)-Hiss was introduced into E.
coli Rosetta (DE3) competent cells (Merck). For magnetic tweezer experiments, the same
three-step purification procedure used to purify proteins used in crystallography experiments
was used to purify the C. crescentus ParB (D275K, G278K, T282K) variant. In which a Ni**,
heparin and a final gel filtration step was used. Except the final gel filtration buffer consists of
100 mM TRIS pH 8.0, 250 mM NaCl and 5% (v/v) glycerol was used. Proteins were then
stored in a buffer containing 100 mM TRIS pH 8.0, 250 mM NaCl and 10% (v/v) glycerol.

C. crescentus ParB (D275K, G278K, T280K, T282K) was purified using the same procedure
as ParB (D275K), except pET21b::ParB (D275K, G278K, T280K, T282K)-Hiss was introduced
into E. coli Rosetta (DE3) competent cells (Merck). For magnetic tweezer experiments, the
same three-step purification procedure used to purify the C. crescentus ParB (D275K, G278K,
T282K) variant was used to purify the C. crescentus ParB (D275K, G278K, T280K, T282K)

variant.

C. crescentus ParB (D275K, G278K, S279K, T280K, T282K) was purified using the same
procedure as ParB (D275K), except pET21b::ParB (D275K, G278K, S279K, T280K, T282K)-
Hise was introduced into E. coli Rosetta (DE3) competent cells (Merck). For magnetic tweezer
experiments, the same three-step purification procedure used to purify the C. crescentus ParB
(D275K, G278K, T282K) variant was used to purify the C. crescentus ParB (D275K, G278K,
S279K, T280K, T282K) variant.

2.4.2 Overexpression and purification of Noc and Noc variants

Full-length B. subtilis Noc and Noc (R89A) were purified using a similar protocol used to purify
C. crescentus ParB as described previously. Briefly, pET21b::Noc-Hiss (WT) was introduced
into E. coli Rosetta (DE3) competent cells (Merck), A 10 mL overnight culture was used to
inoculate 1 L of LB medium + carbenicillin + chloramphenicol. Cells were grown at 37°C with

shaking at 250 rpm to an ODsgo 0f 0.4. The culture was then left to cool to 4°C before isopropyl-
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B-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. The culture
was shaken for 3 hr at 28°C before cells were harvested by centrifugation. The protein was
then loaded into a 1 mL HisTrap column (GE Healthcare) that had been equilibrated with buffer
A [100 mM Tris-HCI pH 8.0, 300 mM NaCl, 10 mM Imidazole, and 5% glycerol]. Protein was
eluted from the column using an increasing (10 mM to 500 mM) imidazole gradient in the same
buffer. ParB-containing fractions were pooled and diluted to a conductivity of 16 mS/cm before
being loaded onto a 1 mL Heparin HP column (GE Healthcare) that had been equilibrated with
100 mM Tris-HCI pH 8.0, 25 mM NaCl, and 5% glycerol. Protein was eluted from the Heparin
column using an increasing (25 mM to 1 M NaCl) salt gradient in the same buffer. For Noc

(WT) used in cross-linking experiments, the pH for all buffers used was adjusted to 7.4.

For crystallography experiments, proteins were polished via a gel-filtration column. To do so,
purified Noc (WT) and variants were concentrated by centrifugation in an Amicon Ultra-15 3-
kDa cut-off spin filters (Merck) before being loaded into a Superdex 200 gel filtration column
(GE Healthcare). The gel filtration column was pre-equilibrated with 10 mM Tris-HCI pH 8.0,
250 mM NaCl. Noc variant fractions were then pooled and analysed for purity by SDS-PAGE.

For ITC experiments, proteins were polished via a gel-filtration column. To do so, purified Noc
(WT) and variants were concentrated by centrifugation in an Amicon Ultra-15 3-kDa cut-off
spin filters (Merck) before being loaded into a Superdex 200 gel filtration column (GE
Healthcare). The gel filtration column was pre-equilibrated with 100 mM Tris-HCI pH 8.0, 150
mM NaCl and 5 mM CaCl,. Noc variant fractions were then pooled and analysed for purity by
SDS-PAGE.

C-terminally truncated G. thermoleovorans Noc (NocACTD) was purified using the same
procedure as above with a further polishing step using a gel-filtration column. To do so, purified
Gt Noc was concentrated using an Amicon Ultra-15 3 kDa cut-off spin filters (Merck) before
being loaded onto a Superdex 75 gel filtration column (GE Healthcare). The gel filtration
column was pre-equilibrated with 10 mM TRIS-HCI pH 8.0 and 250 mM NaCl.

G. thermoleovorans Noc (NocA26NACTD) was expressed and purified using the same

procedure as above.
B. subtilis Noc (R89A) was and expressed purified using a similar protocol as Noc (WT), with

a two-step Ni?* and heparin procedure except pET21b::Noc-Hiss (R89A) was introduced
into E. coli Rosetta (DE3) competent cells (Merck).
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B. subtilis Noc (Q158A) was and expressed purified using a similar protocol as Noc (WT)
except pET21b::Noc-Hiss (Q158A) was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel-filtration step was also omitted.

B. subtilis Noc (R186A) was and expressed purified using a similar protocol as Noc (WT)
except pET21b::Noc-Hiss (R186A) was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel-filtration step was also omitted.

B. subtilis Noc (K169A) was and expressed purified using a similar protocol as Noc (WT)
except pET21b::Noc-Hiss (K169A) was introduced into E. coli Rosetta (DE3) competent cells

(Merck). The final gel-filtration step was also omitted.

B. subtilis Noc (T160A) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (T160A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
was purified using the HIS-Select® Cobalt gravity flow columns as follows. For purification,
the cell lysate was transferred to a gravity flow column containing 2 mL of HIS-Select® Cobalt
Affinity Gel (Sigma Aldrich) that was pre-equilibrated with 40 mL of buffer A [100 mM Tris-HCI
pH 8.0, 300 mM NaCl, 10 mM Imidazole, 5% (v/v) glycerol] . The column was rotated at 4°C
for 1 hour to allow for binding to His-tagged proteins to the resin. After the binding step,
unbound proteins were washed off using 60 mL of buffer A. Proteins were eluted using 2.7
mL of buffer B [100 mM Tris-HCI pH 8.0, 300 mM NaCl, 500 mM Imidazole, 5% (v/v) glycerol].
The purified protein was desalted using a PD-10 column (GE Healthcare), concentrated using
an Amicon Ultra-4 10 kDa cut-off spin column (Merck), and stored at -80°C in a storage buffer
[100 mM Tris-HCI pH 8.0, 300 mM NaCl, and 10% (v/v) glycerol]. The purified protein was
desalted using a PD-10 column (GE Healthcare), concentrated using an Amicon Ultra-4 10
kDa cut-off spin column (Merck), and stored at -80°C in a storage buffer [100 mM Tris-HCI pH
8.0, 300 mM NaCl, and 10% (v/v) glycerol].

B. subtilis Noc (S159A) was expressed using a similar protocol as Noc (T160A), except
pET21b::Noc (S159A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
Noc (S159A) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (R166A) was expressed using a similar protocol as Noc (T160A), except
pET21b::Noc (R166A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
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Noc (R166A) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (R186A) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (R186A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
Noc (R186A) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (R189A) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (R189A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
Noc (R189A) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (V214A) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (V214A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
Noc (V214A) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (R230A) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (R230A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
Noc (R230A) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (A10) was expressed using a similar protocol as Noc (WT), except pET21b::Noc
(A10Noc)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck). Noc (A10)
subsequently purified using a one-step the HIS-Select® Cobalt gravity flow columns using the
same buffer used to purify the B. subtilis Noc (T160A)-Hiss.

B. subtilis Noc (N121S) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (N121S)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
Noc (N121S) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (E29C) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (E29C)-Hise was introduced into E. coli Rosetta (DE3) competent cells (Merck).
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Noc (E29C) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (E29C, R89A) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (E29C, R89A)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck). Noc (E29C, R89A) subsequently purified using a one-step the HIS-Select® Cobalt

gravity flow columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (E29C, N121S) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (E29C, N121S)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck). Noc (E29C, N121S) subsequently purified using a one-step the HIS-Select® Cobalt

gravity flow columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (NA10, E29C) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (NA10,E29C)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck). Noc (NA10, E29C) subsequently purified using a one-step the HIS-Select® Cobalt

gravity flow columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (S253C) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (S253C)-Hiss was introduced into E. coli Rosetta (DE3) competent cells (Merck).
Noc (S253C) subsequently purified using a one-step the HIS-Select® Cobalt gravity flow

columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

B. subtilis Noc (E29C, S253C) was expressed using a similar protocol as Noc (WT), except
pET21b::Noc (E29C, S253C)-Hiss was introduced into E. coli Rosetta (DE3) competent cells
(Merck). Noc (E29C, S253C) subsequently purified using a one-step the HIS-Select® Cobalt

gravity flow columns using the same buffer used to purify the B. subtilis Noc (T160A)-Hise.

Noc variants that were used in crosslinking experiments were purified using a one-step Ni-
affinity column, and all buffers were adjusted to pH 7.4 which was optimal for crosslinking
reactions. Purified proteins were desalted using a PD-10 column (Merck), concentrated using
an Amicon Ultra-4 10 kDa cut-off spin column (Merck), and stored at -80°C in a storage buffer
[100 mM Tris-HCI pH 7.4, 250 mM NaCl, 10% (v/v) glycerol, and 1 mM TCEP].

2.5 Strain construction

2.5.1 Transformation of commercial E. coli DH5« cells
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For transformation, the frozen commercial competent cells (Invitrogen) were quickly thawed.
DNA was added to 50 ul of competent cells, which were incubated on ice for 30 min. The
suspension was heat-shocked at 42°C for 25 s, then transferred to ice for 2 min. 0.6 ml of
warm LB broth was added to the suspension, which was incubated for 1 h at 37°C. The
transformed cells were plated out onto L agar plates containing the appropriate antibiotic and
incubated at 37°C

2.5.2 General transformation of C. crescentus cells

2.5.2.1 Electroporation of electro-competent C. crescentus cells

50 pL of electro-competent C. crescentus cells was mixed with 5 pL of plasmid on ice. The
mixture was then transferred into a 1 mL electroporation cuvette before being electroporated
at 1500 V. Ice cold PYE was immediately added before the electroporated cells were left to
grow at 28 °C for 3 h. The electroporated cells were then plated onto solid PYE supplemented

with the appropriate antibiotics.

2.5.2.2 ®Cr30 transduction of C. crescentus cells

Electroporated CB15N C. crescentus cells were streaked for single colonies, and isolated
colonies were then used to inoculate 20 mL of PYE and grown overnight (O/N). O/N cultures
were then used as a template for PCR using primers 973 and 974 to verify the integration of
parB into the van locus of CB15N. 100 uL of O/N cultures was then incubated with 1 uL of
®Cr30 (10" pfu/mL phage stock) for 15 min at 28 °C. In parallel, molten 0.3% PYE agar [0.3
g of Bacto agar in 100 mL of PYE) was prepared. The ®Cr30 infected C. crescentus cells
were then mixed with 15 mL of molten 0.3% PYE agar before being plated onto PYE plates
and left to incubate O/N at 28 °C. The ®Cr30 infected C. crescentus molten PYE agar mixture
was then scrapped into a 50 mL falcon tube before 100 uL of 100% chloroform was added
and the mixture was subsequently vortexed and stores at 4 °C O/N. The mixture was then
vortexed vigorously before being centrifuged at 8500 g for 10 m. The supernatant was then
poured on to a clean petri dish and irradiated at 1500 UV, twice to inactivate the ®Cr30 phage.
1 mL of supernatant was aspirated and mixed with 50 uL of 100% chloroform. After vortexing
the supernatant-chloroform mixture was spun at 10,000 rpm for 60 s and stored at 4 °C. For
transduction of MT148 cells, a mixture consisting of [40 uL phage culture, 460 uL PYE, 10 uL
30% xylose and 500 uL of O/N MT148 culture] was incubated with shaking at 28 °C, before
being plated on PYE agar supplemented with xylose and the appropriate antibiotics. Grown
colonies were streaked twice on PYE agar supplemented with xylose and the appropriate
antibiotics to isolate single colonies. The isolated single colonies were then used to inoculate

20 mL of PYE and grown O/N, before being stored at -70 °C for future use.
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2.5.2.3 Generation of C. crescentus strains
To generate strain AJS35, electro-competent C. crescentus cells were electroporated with
pMT571::flag-parB (D275K) plasmid to allow for a single integration at the vanA locus. Correct

integration was subsequently verified via PCR using primers 973 and 974.

To generate strain AJS36,the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (G278K) was used.

To generate strain AJS37 the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (T282K) was used.

To generate strain AJS43, the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (T280K) was used.

To generate strain AJS44, the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (S279K) was used.

To generate strain AJS45, the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (D275K, T282K) was used.

To generate strain AJS46, the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (D275K, G278K) was used.

To generate strain AJS47, the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (D275K, G278K, T282K) was used.

To generate strain TLS1858, van::Pvan-1xflag-parB (D275K), marked with chloramphenicol?,
was transduced by phage ®Cr30 from AJ35 to MT148 to result in TLS1858.

To generate strain TLS1859, van::Pvan-1xflag-parB (G278K), marked with chloramphenicol®,
was transduced by phage ®Cr30 from AJ36 to MT148 to result in TLS1859.

To generate strain TLS1860, van::Pvan-1xflag-parB (T282K), marked with chloramphenicol?,
was transduced by phage ®Cr30 from AJ37 to MT148 to result in TLS1860.
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To generate strain AJS48, van::Pvan-1xflag-parB (T280K), marked with chloramphenicol®,
was transduced by phage ®Cr30 from AJ43 to MT148 to result in AJS48.

To generate strain AJS49, van::Pvan-1xflag-parB (S279K), marked with chloramphenicol?,
was transduced by phage ®Cr30 from AJ44 to MT148 to result in AJS49.

To generate strain AJS50, van::Pvan-ixflag-parB (D275K, T282K), marked with
chloramphenicol?, was transduced by phage ®Cr30 from AJ45 to MT148 to result in AJS50.

To generate strain AJS51, van::Pvan-ixflag-parB (D275K, G278K), marked with
chloramphenicol?, was transduced by phage ®Cr30 from AJ46 to MT148 to result in AJS51.

To generate strain AJS52, van::Pvan-1xflag-parB (D275K, G278K, T282K), marked with
chloramphenicol?, was transduced by phage ®Cr30 from AJ47 to MT148 to result in AJS52.

To generate strain AJS81, electro-competent C. crescentus cells were electroporated with
pMT571::flag-parB (D275K, G278K, S279K, T282K) plasmid to allow for a single integration
at the vanA locus. Correct integration was subsequently verified via PCR using primers 973
and 974.

To generate strain AJS82, the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (D275K, G278K, T280K, T282K) was used.

To generate strain AJS83, the same procedure as shown above was used, except that plasmid
pMT571::flag-parB (D275K, G278K, S279K, T280K, T282K) plasmid was used.

To generate strain AJS100, van::Pvan-1xflag-parB (D275K, G278K, S279K, T282K), marked
with chloramphenicol?, was transduced by phage ®Cr30 from AJS81 to MT148 to result in
AJS100.

To generate strain AJS101, van::Pvan-1xflag-parB (D275K, G278K, T280K, T282K), marked
with chloramphenicol?, was transduced by phage ®Cr30 from AJS82 to MT148 to result in
AJS101.

To generate strain AJS102 van::Pvan-1xflag-parB (D275K, G278K, S279K, T280K, T282K),
marked with chloramphenicol®?, was transduced by phage ®Cr30 from AJS83 to MT148 to
result in AJS102.
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To generate strain AJS127, electro-competent C. crescentus cells were electroporated with
pMT571::flag-parB (WT) plasmid to allow for a single integration at the vanA locus. Correct

integration was subsequently verified via PCR using primers 973 and 974.

To generate strain AJS128, the same procedure as shown above was used, except that

plasmid pMT571::flag-yfp was used.

To generate strain AJS154, van::Pvan-1xflag-parB (WT) marked with chloramphenicol?, was
transduced by phage ®Cr30 from AJS127 to MT148 to result in AJS154.

To generate strain AJS156, van::Pvan-1xflag-yfp, marked with chloramphenicol?, was
transduced by phage ®Cr30 from AJS128 to MT148 to result in AJS156.

2.6 Reconstitution of DNA for in vitro experiments

2.6.1 Reconstitution of parS DNA for X-ray crystallography

A 20-bp palindromic DNA fragment (5’-GATGTTTCACGTGAAACATC-3’) (3600 uM in buffer
that contains 10 mM Tris-HCI pH 8.0 and 250 mM NaCl) was heated to 95°C for 5 min before

being left to cool at room temperature overnight to form a double stranded parS DNA (final

concentration: 1800 uM). The 14-bp parS site sequences are underlined.

A 22-bp palindromic single-stranded DNA fragment (5’ GGATGTTTCACGTGAAACATCC-3)
(3600 uM in 10 mM Tris-HCI pH 8.0, 250 mM NaCl buffer) was heated at 95°C for 5 min before

being left to cool down to room temperature (RT) overnight to form a double stranded parS

DNA (final concentration: 1800 uM). The 14-bp parS site sequences are underlined.

2.6.1.2 Reconstitution of NBS DNA for X-ray crystallography
A 22-bp DNA fragment (5-GGATATTTCCCGGGAAATATCC-3’) (3600 pM in buffer that
contains 10 mM Tris-HCI pH 8.0 and 250 mM NacCl) was heated to 95°C for 5 min before being

left to cool at room temperature overnight to form a double stranded NBS DNA (final

concentration: 1800 uM). The 14-bp NBS site sequences are underlined.

2.6.2 Reconstitution of DNA for Bio-layer Interferometry (BLI)

2.6.2.1 20 bp parS or NBS- containing DNA

A 22-bp palindromic single-stranded DNA (ssDNA) oligomer (NBS:
GGATATTTCCCGGGAAATATCC or parS: GGATGTTTCACGTGAAACATCC) [dissolved to
100 uM in buffer containing 1 mM Tris-HCI pH 8.0 and 5 mM NaCl] was heated at 98°C for 5
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min before being left to cool down to room temperature overnight to form 50 uM parS or NBS

DNA duplex. The core sequences of NBS and parS are underlined.

2.6.2.2 170 bp parS or NBS- containing DNA

All DNA constructs were designed in VectorNTI (Thermo Fisher) and were chemically
synthesized (gBlocks dsDNA fragments, IDT). All linear DNA constructs were designed with
an M13F and M13R homologous region at each end. To generate a dual biotin-labeled DNA
substrate, PCR reactions were performed using a 2x GoTaq PCR master mix (Promega),
biotin-labelled M13F and biotin-labelled M13R primers, and gBlocks fragments as template.
PCR products were resolved by electrophoresis using a 2% TAE agarose gel and

subsequently gel purified.

2.6.3 Reconstitution of DNA for surface plasmon resonance (SPR)

Single-stranded oligomers containing parS, scrambled parS or NBS sequences were
purchased from Sigma and reconstituted to 100 pM in water. Complementary oligos were
annealed together in an annealing buffer (10 mM Tris—HCI pH 8.0, 50 mM NaCl, and 1 mM
EDTA) to form double stranded DNA before being diluted to a working concentration of 1 uM
in HPS-EP+ buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant
P20) for each SPR experiment.

2.7 In vitro measurement of protein-DNA interactions

2.7.1 Measurement of protein-DNA interactions by Bio-layer Interferometry (BLI)

Bio-layer interferometry experiments were conducted using a BLItz system equipped with Dip-
and-Read Streptavidin (SA) Biosensors (Molecular Devices). BLItz monitors wavelength shifts
(nm) resulting from changes in the optical thickness of the sensor surface during association
or dissociation of the analyte. All BLI experiments were performed at 22°C. The streptavidin
biosensor was hydrated in a low-salt binding buffer [100 mM Tris-HCI pH 8.0, 150 mM NacCl,
1 mM MgCl,, and 0.005% Tween 20] for at least 10 min before each experiment. Biotinylated
double-stranded DNA (dsDNA) was immobilized onto the surface of the SA biosensor through
a cycle of Baseline (30 s), Association (120 s), and Dissociation (120 s). For experiments done
using B. subtilis Noc, an association time of (600s), and Dissociation time of (600s) was used.
Briefly, the tip of the biosensor was dipped into a binding buffer for 30 s to establish the
baseline, then to 1 uM biotinylated dsDNA for 120 s, and finally to a low salt binding buffer for

120 s to allow for dissociation.

After the immobilization of DNA on the sensor, association reactions were monitored at 1 uyM

dimer concentration of Noc (with or without 1 uM TetR or NTPs at various concentrations) for
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600 s. At the end of each binding step, the sensor was transferred into a protein-free binding
buffer to follow the dissociation kinetics for 600 s. The sensor can be recycled by dipping in a
high-salt buffer [100 mM Tris-HCI pH 8.0, 2000 mM NaCl, 1mM EDTA, 0.005% Tween 20] for

10 min to remove bound Noc.

For experiments where a closed DNA was cleaved to generate a free DNA end, DNA-coated
tips were dipped into 300 L of cutting solution [266 pL of water, 30 uL of 10x CutSmart buffer
(NEB), and 4 L of EcoRI-HF or BamHI-HF restriction enzyme (20,000 units/mL)] for 30 min
at 37°C. NTP (stock concentration: 100 mM) used in BLI assays was purchased from

ThermoFisher.

2.7.2 Measurement of protein-DNA interactions by Surface Plasmon Resonance (SPR)

The sequences of DNA oligos used in this study are reported in 2.1.5. SPR measurements
were recorded at 25°C using a Biacore T200 system (GE Healthcare). All experiments were
performed using Re-usable DNA Capture Technique (ReDCaT) exactly as described in
(Stevenson et al., 2013). Briefly, ReDCaT uses a Sensor Chip SA (GE Healthcare), which has
streptavidin pre-immobilized to a carboxymethylated dextran matrix, to which a 20-base
biotinylated ReDCaT linker is immobilised. This is then used to immobilize parS-containing
biotin-labelled double stranded oligos on the chip surface as each contain a single stranded
overhand complimentary to the ReDCaT linker on the surface. The DNA to be tested is flowed
over one flow cell on the chip at a flow rate of 10 uL/min and it anneals through the
complementary DNA to the ReDCaT linker. C. crescentus ParB-(His)s or B. subtilis ParB-
(His)s, pre-diluted in HBS-EP+ buffer, was then flowed over the chip surface (the blank surface
and the one with the DNA immobilised) and then HBS-EP+ buffer was then passed over to
allow ParB-(His)s to dissociate from DNA. A high-salt wash buffer was injected to the chip to
wash off any residual ParB-(His)s protein on the chip's surface. The test DNA could then be
removed using a wash with 1M NaCl, 50mM NaOH. The chip could then be used again to load
a new piece of test DNA. The SPR signal (Response Units) was monitored continuously
throughout the process. Each cycle was repeated for increasing concentrations of ParB-(His)s.
For each concentration, the amount of ParB bound was measured and plotted against the
concentration to construct a ParB-parS binding curve. All sensorgrams recorded during
ReDCaT experiments were analysed using Biacore T200 BiaEvaluation software version 1.0
(GE Healthcare). Data were then plotted using Microsoft Excel or R, and Ky was estimated

from best-fit curves.

2.8 Measurement of protein-NTP interactions by isothermal titration calorimetry (ITC)
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All ITC experiments were recorded using a MicroCal PEAQ ITC instrument (Malvern
Panalytical, UK). Experiments were performed at 4°C and both protein and ligand were in the
buffer 100 mM Tris-HCI pH 8.0, 100 mM NaCl, and 5 mM CaCl,. The calorimetric cell was
filled with 100 uM monomer concentration of either B. subtilis Noc (WT), Noc (R89A), or Noc
(N121S), and was titrated with 3 mM CTPyS. For each ITC run, a single injection of 0.5 pL of
3 mM CTPyS was performed first, following by 19 injections of 2 uL each. Injections were
made at 120 s intervals with a stirring speed of 750 rpm. Each experiment was run in duplicate.
The raw titration data were integrated and fitted to a one-site binding model using the built-in
software of the MicroCal PEAQ ITC. Controls (CTPyS into buffer and buffer into protein) were

performed and no signal was observed.

2.9 Crystallisation and cryoprotection of ParB and Noc variants

2.9.1 General X-ray crystallography data collection and reduction

Crystallisation screens were set up in sitting-drop vapour diffusion format in MRC2 96-well
crystallisation plates with drops comprised of 0.3 pL precipitant solution and 0.3 uL of protein
and incubated at 293 K. After optimization of an initial hit, suitable crystals were cryoprotected
with 20% (v/v) glycerol and mounted in Litholoops (Molecular Dimensions) before flash-
cooling by plunging into liquid nitrogen. X-ray data were recorded on beamline 104-1 at the
Diamond Light Source (Oxfordshire, UK) using a Pilatus 6M-F hybrid photon counting detector
(Dectris), with crystals maintained at 100 K by a Cryojet cryocooler (Oxford Instruments).
Diffraction data were integrated and scaled using DIALS (Winter et al., 2018) via the XIA2
(Winter, 2010) expert system then merged using AIMLESS (Evans and Murshudov, 2013).
The majority of the downstream analysis was performed through the CCP4i2 graphical user
interface (Potterton et al., 2018).

2.9.2 Crystallisation of the DNA-binding domain (DBD) of C. crescentus ParB in complex with
parS

His-tagged (DBD)-ParB (10 mg/mL) was mixed with a 20-bp parS site at a molar ratio of 1:1.2
(protein:DNA) in the elution buffer (10 mM Tris-HCI pH8.0, 250 mM NaCl). The DBD ParB-
parS complex crystals grew in a solution containing 19% (w/v) PEG 3350 and 49 mM lithium
citrate. Suitable crystals were then cryoprotected in a solution containing 19% (w/v) PEG3350,

49 mM lithium citrate and 20% glycerol.

2.9.3 Crystallisation and the C-terminally truncated (ACTD) ParB (QKKR+K227) in complex
with NBS
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His-tagged ParBACTD (QKKR+K227) (10 mg/mL) was mixed with a 20-bp NBS site at a molar
ratio of 1:1.2 (protein:DNA) in the elution buffer (10mM Tris-HCI pH8.0, 250 mM NaCl). The
ParBACTD (QKKR+K227)-NBS complex crystals grew in a solution containing 20% (w/v)
PEG3350, 263 mM magnesium formate and 10% (v/v) glycerol. Suitable crystals were then
cryoprotected in a solution containing 20% (w/v) PEG 3350, 263 mM magnesium formate and

20% glycerol.

2.9.4 Crystallisation and cryoprotection of the DNA-binding domain (DBD) Noc in complex
with 22-bp NBS

His-tagged Noc (DBD)-Hise (10 mg/mL) was mixed with a 22-bp NBS duplex at a molar ratio
of 1:1.2 protein:DNA in buffer containing 10 mM Tris-HCI pH 8.0 and 250 mM NaCl. The Noc
(DBD)-NBS crystals grew in a solution containing 20% (w/v) PEG 3350 and 200 mM di-
potassium phosphate. Suitable crystals were then cryoprotected in a solution containing 20%
(w/v) PEG3350, 200 mM di-potassium phosphate and 20% glycerol.

2.9.5 Crystallisation and cryoprotection of the C-terminal truncated C. crescentus ParBACTD-
parS complex

His-tagged ParBACTD (10 mg/mL) was mixed with a 22-bp parS duplex DNA at a molar ratio
of 2:1.2 (protein monomer: DNA) in the gel filtration elution buffer (10 mM Tris-HCI pH 8.0,
250 mM NaCl). The ParBACTD-parS crystals grew in a solution containing 20.5% (w/v) PEG
3350, 263 mM magnesium formate, and 10% (v/v) glycerol. Suitable crystals were then
cryoprotected in a solution containing 20% (w/v) PEG3350, 200 mM di-potassium phosphate
and 20% glycerol.

2.9.6 Crystallisation and cryoprotection of the C. crescentus ParBACTD-CTPyS complex
His-tagged ParBACTD (10 mg/mL) was premixed with 1 mM CTPyS and 1 mM MgCl; in buffer
[10 mM Tris-HCI pH 8.0 and 250 mM NaCl] before crystallisation. The ParBACTD-CTPyYS
crystals grew in a solution containing 15% (w/v) PEG 3350, 260 mM calcium acetate, 10%
(v/v) glycerol, 1 mM CTPyS, and 1 mM MgCl.. Suitable crystals were then cryoprotected in a
solution containing 15% (w/v) PEG3350, 260 mM calcium acetate and 20% glycerol.

2.9.7 Crystallisation and cryoprotection of the C. crescentus ParBA44NACTD-CDP complex
His-tagged ParBA44NACTD (10 mg/mL) was premixed with 1 mM CTP and 1 mM MgCI2 in
buffer [10 mM Tris-HCI pH 8.0 and 250 mM NacCl] before crystallisation. The crystals grew in
a solution containing X (w/v) PEG 400 and 0.1M MES pH 6.5.
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2.9.8 Crystallisation and cryoprotection of the G. thermoleovorans NocACTD Noc

His-tagged NocACTD Noc (10 mg/mL) was premixed with 1 mM CTP and 1 mM MgCI2 in
buffer [10 mM Tris-HCI pH 8.0 and 250 mM NaCl] before crystallisation. Crystals grew in a
solution containing 2000 mM ammonium sulphate and 50 mM tri-sodium citrate and were
cryoprotected in the crystallisation solution supplemented with 20% (v/v) glycerol, 1 mM CTP
and 1 mM MgCl,. For iodide derivatization, the cryoprotectant comprised of the crystallisation
solution supplemented with 25% (v/v) ethylene glycol, 1 mM CTP, 1 mM MgCl,, and 500 mM
potassium iodide; crystals were soaked in this solution for less than 30 seconds before
cryocooling. Despite the presence of CTP in the crystallisation buffer, no density for CTP was
found in the NocACTD structure, presumably because NBS DNA was not included to facilitate
CTP binding.

2.9.9 Crystallisation and cryoprotection of the G. thermoleovorans NocNA26ACTD Noc

His-tagged NocNA26ACTD Noc (10 mg/mL) was premixed with 1 mM CTPyS and 1 mM MgCl,
in buffer [10 mM Tris-HCI pH 8.0 and 250 mM NaCl] before crystallisation. NocNA26ACTD
crystals grew in a solution containing 211 mM di-ammonium phosphate and 2293 mM

ammonium sulphate.

2.10 Structure determination and refinement of ParB and Noc variant structures

2.10.1 Structure determination and refinement of the C. crescentus DBD-ParB-parS complex
The ParB (DBD)-parS complex crystallized in space group C2 with approximate cell
parameters of a = 122.1, b = 40.7, ¢ = 94.0 A and = 121.4° (Table 2.12.1). Analysis of the
likely composition of the asymmetric unit (ASU) suggested that it would contain two copies of
the ParB (DBD) bound to a single DNA duplex, giving an estimated solvent content of ~49%.
A molecular replacement template covering the DBD was generated by manually editing the
protein component of the structure of the Spo0J-parS complex from Helicobacter pylori (PDB
accession code 4UMK; 42% identity over 75% of the sequence) (Chen et al., 2015) and
truncating all side-chains to C3 atoms. For the DNA component, an ideal B-form DNA duplex
was generated in COOT (Emsley and Cowtan, 2004) from the 20-bp palindromic sequence of
parS. PHASER (McCoy et al., 2007) was used to place the DNA duplex, followed by two
copies of the DBD into the ASU. The placement of the DNA-binding domains with respect to
the DNA duplex was analogous to that seen in the H. pylori Spo0J-parS (Chen et al., 2015),
and an analysis of crystal contacts revealed that the DNA formed a pseudo-continuous
filament spanning the crystal due to base-pair stacking between adjacent DNA fragments.
After restrained refinement in REFMAC5 (Murshudov et al., 1997) at 2.4 A resolution, the
protein component of the model was completely rebuilt using BUCCANEER (Cowtan, 2006).
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The model was finalized after several iterations of manual editing in COOT (Emsley and
Cowtan, 2004) and further refinement in REFMACS5 (Murshudov et al., 1997). The model
statistics are reported in Table 3.1 (Chapter 3).

2.10.2 Structure determination and refinement of the C. crescentus ParBACTD
(QKKR+K227)-NBS complex

The ParBACTD (QKKR+K227)-NBS complex crystallized in space group 14122 with
approximate cell parameters of a =b =117.9, ¢ = 249.6 A (Table 2.12.1). The data were weak
and anisotropic and, as a consequence, were truncated to a resolution of 3.6 A. Despite
multiple attempts, we were not able to collect a better dataset. Analysis of the likely
composition of the asymmetric unit (ASU) suggested that it would contain two copies of
ParBACTD (QKKR+K227) bound to a single DNA duplex, giving an estimated solvent content
of ~61%. A preliminary model was obtained using PHASER (McCoy et al., 2007), which was
able to place the full ParB (DBD)-parS complex structure in the ASU. As with the previous
structure, crystal contacts gave a pseudo-continuous DNA filament spanning the crystal via
base-pair stacking between adjacent DNA fragments. After correcting for sequence changes
in both the protein and DNA and applying rigid body adjustments to several a-helices in the
electron density, the model was refined in REFMACS (Murshudov et al., 1997) to give a slightly
improved map (to enhance interpretability, a sharpening factor of 100 A2 was applied to the
map calculations). At this point it was possible to dock one of the missing N-terminal domains
into electron density adjacent to the A chain (this was a poly-Ala model derived from the H.
pylori ParB model; PDB accession code 4UMK) (Chen et al., 2015), whilst the second could
not be placed with confidence. The final model was obtained after further iterations of manual
editing in COOT and refinement with tight geometrical restraints in REFMAC5 (Murshudov et
al., 1997). The model statistics are reported in Table 3.1 (Chapter 3).

2.10.3 Structure determination and refinement of the B. subtilis DBD-Noc-NBS structure

The Noc DBD-NBS complex crystallized in space group C2 with approximate cell parameters
ofa=134.1,b=60.6, c=81.0 Aand f=116.9°. The data were collected in two 360° sweeps
separated by a x offset of 20°. Data reduction in AIMLESS (Evans and Murshudov, 2013)
indicated that the diffraction was highly anisotropic, and thus before using the dataset, it was
corrected using STARANISO with a local mean I/o(l) threshold of 1.2, giving maximum and
minimum anisotropic resolution cut-offs of 2.23 and 4.02 A, respectively (Table 2.12.1).
Analysis of the likely composition of the asymmetric unit (ASU) suggested that it would contain
two copies of the Noc DBD bound to a single DNA duplex, giving an estimated solvent content
of ~69%. A molecular replacement template covering the DBD was generated from the ParB
DBD structure above using SCULPTOR (41% identity overall) (Bunkéczi and Read, 2011).
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For the DNA component, an ideal B-form DNA duplex was generated from the 22-bp
palindromic sequence of NBS. PHASER (McCoy et al., 2007) was used to place the DNA
duplex, followed by two copies of the DBD template into the ASU. This generated a complex
that was consistent with that of ParB DBD-parS determined above, again with the DNA forming
a pseudo-continuous filament spanning the crystal due to base-pair stacking between
adjacent DNA fragments. After restrained refinement in REFMACS (Murshudov et al., 1997)
at 2.23 A resolution, the protein component of the model was completely rebuilt using
BUCCANEER (Cowtan, 2006). The model was finalized after several iterations of manual
editing in COOT (Emsley and Cowtan, 2004) and further refinement in REFMACS (Murshudov
et al., 1997) incorporating TLS restraints. To avoid model bias resulting from the feature of
REFMACS5 (Murshudov et al., 1997) to approximate missing reflections within the spherical
resolution cut-off to their calculated values, these filled-in reflections were removed prior to
map inspection. Subsequently, the map connectivity was improved by applying a blurring
factor of 60 A%. The model statistics are reported in Table 3.1 (Chapter 3).

2.10.4 Structure determination and refinement of the C. crescentus ParBACTD-parS structure
The ParBACTD-parS complex crystallized in space group P21 with cell parameters of a =
54.25,b=172.93,¢c=72.85Aand B =90.54° (Table 2.12.1). Analysis of the likely composition
of the asymmetric unit (ASU) suggested that it would contain four copies of the ParBACTD
monomers and two copies of the 22-bp parS DNA duplex, giving an estimated solvent content
of ~46.6%. Interrogation of the Protein Data Bank with the sequence of the C. crescentus
ParBACTD revealed two suitable template structures for molecular replacement: apo-ParB
from T. thermophilus (Leonard et al., 2004) (PDB accession code: 1VZ0; 46% identity over
82% of the sequence) and H. pylori ParB bound to parS DNA (Chen et al., 2015) (PDB

accession code: 4UMK; 42% identity over 75% of the sequence).

First, single subunits taken from these two entries were trimmed using SCULPTOR (Bunkéczi
and Read, 2011) to retain the parts of the structure that aligned with the C. crescentus
ParBACTD sequence, and then all side chains were truncated to Cp atoms using CHAINSAW
(Stein, 2008). Comparison of these templates revealed a completely different relationship
between the N-terminal domain and the DNA-binding domain. Thus, | prepared search
templates based on the individual domains rather than the subunits. The pairs of templates
for each domain were then aligned and used as ensemble search models in PHASER (McCoy
et al., 2007). For the DNA component, an ideal B-form DNA duplex was generated in COOT
(Emsley and Cowtan, 2004) from a 22- bp palindromic sequence of parS. A variety of protocols
were attempted in PHASER (McCoy et al., 2007), the best result was obtained by searching
for the two DNA duplexes first, followed by four copies of the DNA-binding domain, giving a
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TFZ score of 10.5 at 4.5 A resolution. We found that the placement of the DNA-binding
domains with respect to the DNA duplexes was analogous to that seen in the H. pylori
ParBACTD-parS complex. After several iterations of rebuilding in COOT and refining the
model in REFMACS5 (Murshudov et al., 1997), it was possible to manually dock one copy of
the N-terminal domain template (from 1VZ0) into weak and fragmented electron density such
that it could be joined to one of the DNA-binding domains. A superposition of this more
complete subunit onto the other three copies revealed that in only one of these did the N-
terminal domain agree with the electron density. Inspection of the remaining unfilled electron
density showed evidence for the last two missing N-terminal domains, which were also added
by manual docking of the domain template (from 1VZ0). For the final stages, TLS refinement
was used with a single TLS domain defined for each protein chain and for each DNA strand.
The statistics of the final refined model, including validation output from MolProbity (Davis et

al., 2007), are summarized in Table 4.1.

2.10.5 Structure determination and refinement of the C. crescentus ParBACTD-CTPyS co-
crystal structure

The ParBACTD-CTPyS complex crystallized in space group P21 with cell parameters of a =
69.5, b =56.1, ¢ =71.4 A and = 98.4° (Table 2.12.2). Analysis of the likely composition of
the asymmetric unit (ASU) suggested that it contains two copies of the ParBACTD monomer
giving an estimated solvent content of ~50%. Molecular replacement templates were
generated from the ParBACTD-parS complex solved above. Attempts to solve the structure in
PHASER (McCoy et al., 2007) using individual subunits taken from the latter in both
conformations did not yield any convincing solutions, suggesting that the subunits had
adopted new conformations. Given that the two subunit conformations observed in the
previous structure differed largely in the relative dispositions of DBD and NTDs, we reasoned
that a better outcome might be achieved by searching for the DNA-binding domains and N-
terminal domains separately. This time PHASER (McCoy et al., 2007) successfully placed two
copies of each domain in the ASU such that they could be reconnected to give two subunits
in a new conformation. The result was subjected to 100 cycles of jelly-body refinement in
REFMACS5 (Murshudov et al., 1997) before rebuilding with BUCCANEER (Cowtan, 2006) to
give a model in which 77% of the expected residues had been fitted into two chains and
sequenced. The model was completed after further iterations of model editing in COOT and
refinement with REFMAC5 (Murshudov et al., 1997). In this case, TLS refinement was not
used as this gave poorer validation results. The statistics of the final refined model, including

validation output from MolProbity (Davis et al., 2007), are summarized in Table 4.1.
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2.10.6 Structure determination and refinement of the C. crescentus ParBA44NACTD-CDP
complex

The ParBD44NACTD crystallized in space group P21212 with cell parameters of a = 56.130,
b =69.406, c = 55.260 A and B = 90°. Analysis of the likely composition of the asymmetric unit
(ASU) suggested that it would contain a single copy of the ParBA44NACTD monomer, giving
an estimated cell content of ~43%. The structure was solved by molecular replacement with
PHASER (McCoy et al.,, 2007) using Chain A from the C. crescentus ParBACTD-
parS structure as a template. The search model was split into two separate ensembles
comprising residues 44-120 and 121-230 respectively. PHASER (McCoy et al., 2007)
successfully placed all three ensembles, although one of these had to be interchanged with a
symmetry mate in order to restore the connectivity of the starting template. Several iterations
of model building in COOT (Emsley and Cowtan, 2004) and refinement REFMAC5
(Murshudov et al., 1997) yielded the final model with Ruork and Riee Values of 0.185 and 0.205,
respectively, to 1.28 A resolution. The statistics of the final refined model, including validation

output from MolProbity (Davis et al., 2007), are summarized in Table 4.1.

2.10.7 Structure determination and refinement of the G. thermoleovorans NocACTD structure
Three 360° passes of X-ray data were taken at a wavelength of 1.8 A from different parts of a
single crystal and merged to give a highly redundant dataset to 3.4 A resolution in space group
P213 with cell parameters a = b = ¢ = 136.6 A. Solvent content estimation gave a value of
66% for two copies of the 29 kDa subunit per asymmetric unit (ASU). The structure was
subsequently solved by single-wavelength anomalous dispersion using the CRANK2 pipeline
(Skubak and Pannu, 2013), which located 12 iodide sites, and BUCCANEER (Cowtan, 2006)
was able to build and sequence 339 residues in two chains corresponding to 67% of those
expected for two monomers, giving Rwork and Riee Values of 0.318 and 0.362, respectively, to
3.4 A resolution after refinement with REFMAC5 (Murshudov et al., 1997). At this point, this
preliminary model was used as a starting point for refinement against a native data set
processed to 2.5 A resolution in the same space group, but with a significantly longer cell edge
of 146.8 A corresponding to a solvent content of 72.6%. Thus, it was necessary to resolve the
structure by molecular replacement using PHASER (McCoy et al., 2007) before further
refinement in REFMAC5 (Murshudov et al., 1997). After a complete rebuild in BUCCANEER
(Cowtan, 2006), several iterations of model building in COOT (Emsley and Cowtan, 2004) and
REFMACS5 (Murshudov et al., 1997) refinement jobs yielded the final model with Ruork and Riree
values of 0.210 and 0.240, respectively, to 2.5 A resolution. The statistics of the final refined
model, including validation output from MolProbity (Davis et al., 2007), are summarized in
Table 5.1.

115



2.10.8 Structure determination and refinement of the G. thermoleovorans NocNA26ACTD
structure

NocNA26ACTD crystallized in the space group C2221 with cell parameters ofa = 105.1, b =
106.6, c = 42.2 A. Analysis of the likely composition of the ASU suggested that it contained a
single copy of the 26 kDa NocNA26ACTD Noc monomer, giving an estimated solvent content
of 46%. The structure was solved by molecular replacement with PHASER (McCoy et al.,
2007) using chain A from the G. thermoleovorans NocACTD structure above as the template.
The search model was split into three separate ensembles comprising residues 26-100, 101-
140, and 141-230, respectively. PHASER (McCoy et al., 2007) successfully placed all three
ensembles, although one of these had to be interchanged with a symmetry mate in order to
restore the connectivity of the starting template. Several iterations of model building in COOT
(Emsley and Cowtan, 2004) and refinement REFMACS (Murshudov et al., 1997) yielded the
final model with Rwok and Ryee values of 0.267 and 0.288, respectively, to 2.95 A resolution.
The statistics of the final refined model, including validation output from MolProbity (Davis et

al., 2007), are summarized in Table 5.1.

2.11 Analysis of crystal structures

Superpositions of structures presented in this thesis were performed either by using the
alignicealign function in PyMOL (DeLano, 2002) or by using the superpose function on CCP4
QtMG (Potterton et al., 2018). Protein-DNA, Protein-Protein contacts were determined using
the jsPISA webserver (Krissinel, 2015). Curves+ (Blanchet et al., 2011) was used to determine
DNA shape parameters reported from the crystal structures, while the shape parameters for

unbound DNA was predicted using the DNAshape webserver (Zhou et al., 2013).

2.12 Differential radial capillary action of ligand assay (DRaCALA) or membrane-
spotting assay

Purified C. crescentus 25 uM ParB-Hisg or 25 uM TetR-Hiseg or 40 uM B. subtilis Noc were
incubated with 3 nM radiolabelled P*?-a-CTP (Perkin Elmer), 30 yM of unlabelled cold CTP
(Thermo Fisher), 0.5 pM of 22-bp parS or NBS DNA duplex in the reaction buffer [100 mM
Tris pH 8.0, 100 mM NaCl, and 10 mM MgCl;] for 5 minutes at room temperature. For the NTP
competition assay, the mixture was further supplemented with 500 uM of either unlabelled
cold CTP, ATP, GTP, or UTP. Four pL of samples were spotted slowly onto a dry nitrocellulose
membrane and air-dried. The nitrocellulose membrane was wrapped in cling film before being
exposed to a phosphor screen (GE Healthcare) for two minutes. Each DRaCALA assay was

triplicated and a representative autoradiograph was shown.
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2.13 Magnetic tweezer assays

Magnetic tweezer assays Magnetic tweezer experiments were performed using a home-made
setup as described previously (Fisher et al., 2017; Taylor et al., 2015). Briefly, images of
micrometer-sized superparamagnetic beads tethered to the surface of a glass slide by DNA
constructs are acquired with a 100x oil immersion objective and a CCD camera. Real-time
image analysis was used to determine the spatial coordinates of beads with nm accuracy in
X, ¥ and z. A step-by-step motor located above the sample moves a pair of magnets allowing
the application of stretching forces to the bead-DNA system. We used horizontally aligned
magnets coupled to an iron holder. Applied forces can be quantified from the Brownian
excursions of the bead and the extension of the DNA tether. Data were acquired at 150 Hz to
minimize sampling artifacts in force determination. We used horizontally aligned magnets

coupled to an iron holder to achieve force up to 15 pN.

Fabrication of DNA substrates for magnetic tweezer experiments containing a single parS
sequence with biotins and digoxigenins at the tails was described previously (Taylor et al.,
2015).The DNA molecules were incubated with 2.8 um streptavidin-coated beads (MyOne,
Invitrogen) for 10 min. Then, the DNA bead complex was injected in a liquid cell functionalized
with anti-digoxigenin antibodies (Roche) and incubated for 10 min before applying force.
Torsionally constrained molecules and beads with more than a single DNA molecule were
identified from its distinct rotation-extension curves and discarded for further analysis. All the
experiments were performed in a reaction buffer composed of 10 mM HEPES pH 7.5, 150
mM NaCl, 3 mM EDTA, 0.1% (v/v) Tween-20 and 100 ug/ml BSA.

Force-extension curves were obtained by decreasing the applied force in steps from 15 pN to
~0.02 pN for a total measuring time of 15 min. First, we measured the force-extension
response for bare DNA molecules. Then, the force was reset to 15 pN and ParB variants were
flown and incubated for 2 min before starting the measurement of a force-extension curve at
the same magnet positions in absence of proteins. The force applied to each bead was
determined based on the force-extension data of bare DNA molecules. Bare DNA curves were
fitted to the worm-like chain model and fitted values of persistence length and contour length
were used as a quality control. Molecules with a large discrepancy for contour length or
persistence with respect to expected parameters (45 nm persistence length, 2.1 um contour

length) were discarded from the analysis.

2.14 Immunoblot analysis
To confirm the presence of FLAG-tagged ParB variants, O/N cultures of C. crescentus

harbouring FLAG-tagged ParB variants were used to inoculate 25 mL of PYE supplemented
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with the appropriate antibiotics, xylose and vanillate to an ODsgo of 0.1. Cultures were then left
to grow for ~3 h when the ODsgg of 0.4, before C. crescentus cells were pelleted and
resuspended directly in 1xSDS buffer. Samples were then heated to 95°C for 5 min before
loading. Total protein was run on 10% Tris-HCL gels (Bio-Rad) at 150 V for separation.
Resolved proteins were transferred to polyvinylidene fluoride membranes using the Trans-
Blot Turbo Transfer System (BioRad) and probed with 1:10,000 dilution of primary a-FLAG
antibodies (Sigma Aldrich). Blots were imaged using an Amersham Imager 600 (GE

Healthcare).

For protein expression related experiments, isolated single colonies of C. crescentus strains
were used to inoculate 25 mL of PYE supplemented with xylose or glucose + vanillate with
the appropriate antibiotics and left to grow O/N. For proline harbouring ParB variants, the O/N
culture was then used to inoculate 25 mL of PYE supplemented with xylose and the
appropriate antibiotics to an ODsgo of 0.1. Cultures were then left to grow for ~3 h when the
ODeoo of 0.4, before cells were pelleted and washed 2x to remove remaining xylose. The
pelleted cells were then resuspended in 25 mL of PYE supplemented with glucose and
vanillate and left to grow for 2 h before being pelleted and resuspended directly in 1xSDS
sample buffer, then heated to 95°C for 5 min before loading. Bradford assay was used to
measure the total protein in sample and an equal volume of protein between each sample was
run on 10% Tris-HCL gels (Bio-Rad) at 150 V for separation. Resolved proteins were
transferred to polyvinylidene fluoride membranes using the Trans-Blot Turbo Transfer System
(BioRad) and probed with 1:10,000 dilution of primary a-FLAG antibodies (Sigma Aldrich).

Blots were imaged using an Amersham Imager 600 (GE Healthcare).

For the lysine harbouring ParB variants, the O/N cultures were prepared in PYE supplemented
with glucose + vanillate with the appropriate antibiotics. The O/N culture was then used to
inoculate 25 mL of PYE supplemented with glucose and vanillate and the appropriate
antibiotics to an ODego Of 0.1. Cultures were then left to grow for ~3 h when the ODggo of 0.4
before being C. crescentus cells were pelleted and resuspended directly in 1xSDS sample
buffer, then heated to 95°C for 5 min before loading. Bradford assay was used to measure the
total protein in sample and an equal volume of protein between each sample was run on 10%
Tris-HCL gels (Bio-Rad) at 150 V for separation. Resolved proteins were transferred to
polyvinylidene fluoride membranes using the Trans-Blot Turbo Transfer System (BioRad) and
probed with 1:10,000 dilution of primary a-FLAG antibodies (Sigma Aldrich). Blots were

imaged using an Amersham Imager 600 (GE Healthcare).

2.15 Genome-wide techniques
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2.15.1 Chromatin immunoprecipitation coupled with deep sequencing (ChlP-seq)

C. crescentus cell cultures (25 mL) were grown in PYE (in the presence of appropriate
antibiotics, 0.3% glucose, and 0.5 mM vanillate) before fixation with formaldehyde to a final
concentration of 1%. Fixed cells were incubated at RT for 30 minutes, then quenched with
0.125 M glycine for 15 minutes at RT. Cells were washed three times with 1x PBS (pH 7.4)
and resuspended in 1 ml of buffer 1 (20 mM K-HEPES pH 7.9, 50 mM KCI, 10% Glycerol and
Roche EDTA-free protease inhibitors). Subsequently, the cell suspension was sonicated on
ice using a probe-type sonicator (8 cycles, 15 s ON, 15 s OFF, at setting 8) to shear the
chromatin to below 1 kb, and the cell debris was cleared by centrifugation (20 min at 13 000
rpm at 4°C).

The supernatant was then transferred to a new 2 ml tube and the buffer conditions were
adjusted to 10 mM Tris—HCI pH 8, 150 mM NaCl and 0.1% NP-40. Fifty microliters of the
supernatant were transferred to a separate tube for control (the INPUT fraction) and stored at
—20°C. In the meantime, antibodies-coupled beads were washed off storage buffers before
adding to the above supernatant. | then used a-FLAG antibodies coupled to agarose beads
(Sigma, UK) for ChIP-seq of FLAG-ParB (WT) and variants, and FLAG-YFP. Briefly, 25 pl of
beads was washed off storage buffer by repeated centrifugation and resuspension in IPP150
buffer (10 mM Tris—HCI pH 8, 150 mM NaCl and 0.1% NP-40). Beads were then introduced
to the cleared supernatant and incubated with gentle shaking at 4°C overnight. In the next
day, beads were then washed five times at 4°C for 2 min each with 1 ml of IPP150 buffer, then
twice at 4°C for 2 min each in 1x TE buffer (10 mM Tris—HCI pH 8 and 1 mM EDTA). Protein—
DNA complexes were then eluted twice from the beads by incubating the beads first with 150
I of the elution buffer (50 mM Tris—HCI pH 8, 10 mM EDTA and 1% SDS) at 65°C for 15 min,
then with 100 ul of 1x TE buffer + 1% SDS for another 15 min at 65°C. The supernatant (the
ChIP fraction) was then separated from the beads and further incubated at 65°C overnight to
completely reverse crosslink. The INPUT fraction was also de-crosslinked by incubation with
200 pl of 1x TE buffer + 1% SDS at 65°C overnight. DNA from the ChIP and INPUT fraction
were then purified using the PCR purification kit (Qiagen) according to the manufacturer's
instruction, then eluted out in 50 ul of EB buffer (Qiagen). The purified DNA was then used
directly for gPCR or being constructed into library suitable for lllumina sequencing using the
NEXT Ultra library preparation kit (NEB). ChIP libraries were sequenced on the lllumina Hiseq
2500 at the Tufts University Genomics facility.

2.15.2 Generation of ChlP-seq profiles

119



For analysis of ChIP-seq data, Hiseq 2500 lllumina short reads (50 bp) were mapped back to
the C. crescentus NA1000 reference genome (NCBI Reference Sequence: NC-011916.1)

using Bowtie 1 and the following command:
bowtie -m 1 -n 1 —best —strata -p 4 —chunkmbs 512 NA1000-bowtie —sam *.fastq > output.sam

Subsequently, the sequencing coverage at each nucleotide position was computed using

BEDTools using the following command:
bedtools genomecov -d -ibam output.sorted.bam -g NA1000.fna > coverage_output.txt

2.16 Measurement of NTPase activity by EnzChek phosphate assay

NTP hydrolysis was monitored using an EnzChek Phosphate Assay Kit (Thermo Fisher).
Samples (100 pL) containing a reaction buffer + 0 to 1 mM of CTP £ 1 yM NBS/parS dsDNA
+ 1 pM of purified Noc (WT or mutants) were assayed in a Biotek EON plate reader for 15 hrs
with readings every minute. The reaction buffer (1 mL) typically contained 640 uL ultrapure
water, 100 pL 10x customized reaction buffer [100 mM Tris pH 8.0, 2 M NaCl, and 20 mM
MgCl,], 200 yL MESG substrate solution, and 10 pL purine nucleoside phosphorylase (1 unit).
Reactions with buffer only, buffer + protein only or buffer + NTP only were also included as
controls. The plates were shaken at 280 rpm continuously for 15 hrs at 25°C. The inorganic
phosphate standard curve was also constructed according to the manual. Each assay was

triplicated. The NTPase rates were calculated using a linear regression fitting in Excel.

217 In vitro crosslinking using a sulfhydryl-to-sulfhydryl crosslinker
bismaleimidoethane (BMOE)

2.17.1 General in vitro crosslinking using BMOE

A 50 pL mixture of 10 yM Noc (WT/mutants) + 1 mM NTP +1 yM 22-bp NBS/parS dsDNA
was assembled in a reaction buffer [10 mM Tris-HCI pH 7.4, 200 mM NaCl, and 1 mM MgCl;]
and was incubated for 10 min at 22°C or for 1, 5, 10, 15, and 30 min at 4°C. Subsequently,
BMOE was added to the final concentration of 1 mM, and the reaction was quickly mixed by
three pulses of vortexing. SDS-PAGE sample buffer containing 23 mM (-mercaptoethanol
was then added immediately to quench the crosslinking reaction. Samples were heated to
50°C for 10 min before being loaded on 12% WedgeWell Tris-Glycine polyacrylamide gels
(Thermo Fisher). Each experiment was triplicated. Polyacrylamide gels were stained in an
InstantBlue Coomassie solution (Abcam) and band intensity was quantified using Image
Studio Lite (LI-COR Biosciences). The crosslinked fractions were averaged, and their

standard errors were calculated in Excel.

2.17.2 DNA loading assays
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DNA loading assays were performed similarly to the in vitro BMOE crosslinking experiments
above. A 50 pL mixture of 10 uM Noc (E29C S253C) +1 mM CTP =100 nM NBS-
harboring/NBS-scrambled plasmid was assembled in a reaction buffer [10 mM Tris-HCI pH
7.4, 200 mM NaCl, and 1 mM MgCl,] and was incubated for 10 min at 22°C. Subsequently,
BMOE was added to the final concentration of 1 mM, and the reaction was quickly mixed by
three pulses of vortexing. SDS-PAGE sample buffer containing 23 mM (-mercaptoethanol
was then added immediately to quench the crosslinking reaction. Samples were heated to

50°C for 10 min before being loaded on 4-12% WedgeWell Tris-Glycine polyacrylamide gels.

2.17.3 Nuclease treatment assays

For nuclease treatment, crosslinking reactions were performed as described above, however
the reaction were quenched using a quenching buffer [10 mM Tris-HCI pH 7.4, 200 mM NaCl,
1 mM MgCl,, and 2.3 mM B-mercaptoethanol] instead. Subsequently, 0.5 uL of a non-specific
DNA nuclease (Benzonase, 250 units/uL, Merck) was added, the mixture was incubated at
22°C for 10 min before SDS-PAGE sample buffer was added. Samples were heated to 50°C
for 10 min before being loaded on 4-12% WedgeWell Tris-Glycine polyacrylamide gels. Gels
were either stained in an InstantBlue Coomassie solution (to detect protein bands) or in a Sybr
Green solution (to detect DNA bands).

2.18 Liposomes preparation

E. coli total lipid extract (25 mg/mL in chloroform, Avanti) was used to generate liposomes.
Briefly, an argon stream was used to evaporate chloroform from the lipids, and the resulting
lipid cake was further dried under vacuum for 2 hrs. The lipids were subsequently re-
suspended in a buffer containing 100 mM Tris-HCI pH 7.4 and 200 mM NaCl. The mixture
was incubated at 30°C for 30 min with vigorous vortexing every 5 min. The final concentration
of the resuspended lipids was 50 mg/mL. The resuspended lipids were then extruded to ~100
nm single unilamellar vesicles (SUV) using a mini-extruder (Avanti) equipped with
polycarbonate membranes (0.1 um pore size). The size of the resulting SUVs was confirmed

by dynamic light scattering.

2.19 Liposome co-sedimentation assays

2.19.1 General liposome co-sedimentation assays

A 500 pL mixture of 0.75 yM Noc (WT/mutants) = 1.0 mg/mL liposomes + 1 mM NTP + DNA
(either 1 uM of 22-bp NBS/parS dsDNA or 100 nM of NBS-harboring/empty plasmid) was
assembled in a binding buffer [100 mM Tris-HCI pH 7.4, 200 mM NaCl, and 1 mM MgCly]. The

mixture was incubated at 22°C for 20 min before being centrifuged at 50,000 rpm for 20 min
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at 22°C (TLA120.2 rotor, Optima Max-E Benchtop Ultracentrifuge). After centrifugation, the
supernatant was transferred to a new 1.5 mL Eppendorf tube. The pellet was resuspended in
500 pL of binding buffer before being transferred to another 1.5 mL Eppendorf tube. SDS-
PAGE sample buffer was then added, and the samples were heated at 70°C for 5 min before
being loaded onto either 12% WedgeWell Tris-Glycine polyacrylamide gels, Novex 20% TBE
polyacrylamide gels, or 1% agarose gels. Gels were subsequently stained in an InstantBlue
Coomassie solution (to detect protein bands) or in a Sybr Green solution (to detect DNA
bands). Each assay was triplicated. Protein/DNA band intensity was quantified using Image
Studio Lite (LI-COR Biosciences). The protein/DNA fractions were averaged, and their

standard errors were calculated in Excel.

2.19.2 Nuclease treatment assays

For nuclease treatment, a 500 pL mixture of 0.75 pyM Noc (WT/mutants) + 1.0 mg/mL
liposomes £ 1 mM NTP = 100 nM of NBS-harbouring/empty plasmid was incubated at room
temperature for 10 min. Afterwards, 1 yL of Benzonase (250 units/ uL) was added, and the

mixture was incubated for another 10 min at 22°C before ultracentrifugation.

2.19.3 Liposome re-sedimentation experiments

For re-sedimentation experiments, the pellet (from the first round of ultracentrifugation) was
resuspended either in 500 pL of binding buffer [100 mM Tris-HCI pH 7.4, 200 mM NaCl, and
1 mM MgCl:] or in a stripping buffer [100 mM Tris-HCI pH 7.4, 200 mM NacCl, and 10 mM
EDTA]. The resuspended pellet was centrifuged for the second time at 50,000 rpm for 20 min
at 22°C. After the second centrifugation, the supernatant was transferred to a new 1.5 mL
Eppendorf tube. The pellet was resuspended in 500 uL of binding buffer before being
transferred to another 1.5 mL Eppendorf tube. SDS-PAGE sample buffer was then added to
the supernatant and the pellet fractions, and the samples were analysed on denaturing

polyacrylamide gels.

2.20 Liposome flotation assays

A 200 pL mixture of 0.75 yM Noc (WT/mutants) + 1.0 mg/mL liposomes £ 1 mM NTP + 20 nM
NBS-harbouring/empty plasmid was assembled in a 30% sucrose buffer [100 mM Tris-HCI pH
7.4, 200 mM NaCl, 1 mM MgCl;, and 30% sucrose]. The mixture was incubated at 22°C for 5
min before being overlaid with 250 uL of a 25% sucrose buffer [100 mM Tris-HCI pH 7.4, 200
mM NaCl, 1 mM MgCl,, and 25% sucrose]. Finally, 150 yL of a 0% sucrose buffer [100 mM
Tris-HCI pH 7.4, 200 mM NaCl,, and 1 mM MgCl;] was added as the top layer. The solution
was incubated for 15 min at the 22°C before being centrifuged at 70,000 rpm at 22°C for 20
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min (TLA120.2 rotor, Optima Max-E Benchtop Ultracentrifuge). After centrifugation, three

equal fractions (200 pL each) were gently drawn sequentially from bottom of the

ultracentrifugation tube using a Hamilton syringe. SDS-PAGE sample buffer was added to

each fraction, and samples were heated at 70°C for 5 min before being loaded onto either

12% WedgeWell Tris-Glycine polyacrylamide gels or 1% agarose gels. Gels were

subsequently stained in an InstantBlue Coomassie solution (to detect protein bands) or in a

Sybr Green solution (to detect DNA bands). Each assay was triplicated. Protein/DNA band

intensity was quantified using Image Studio Lite (LI-COR Biosciences). The protein/DNA

fractions were averaged, and their standard errors were calculated in Excel.
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3.1 Introduction

In all living organisms, DNA-binding proteins play a plethora of roles in homeostasis,
transcriptional regulation in response to stress, and in maintenance and transmission of
genetic information. Crucial to the function of such proteins are their distinct ability to recognise
specific cognate DNA-binding sites found on the genome. Despite this, it remains unclear how
related proteins, sometimes with a very similar DNA-recognition motif, are able to recognise
entirely different DNA-binding sites. What were the changes at the molecular level that brought
about the diversification in DNA-binding specificity? As these proteins evolved, did the
intermediates in this process drastically switch DNA-binding specificity or did they transit
gradually through promiscuous states that recognised multiple DNA sequences? Among many
ways to evolve new biological innovations, gene duplication and neo-functionalization have
been widely implicated as a major force in evolution (Conrad and Antonarakis, 2007;
Kaessmann, 2010; Lynch and Conery, 2000; Qian and Zhang, 2014; Teichmann and Babu,
2004). In this process, after a gene was duplicated, one copy retained the original function
while the other accumulated beneficial and diverging mutations that produced a different
protein with a new function. In the case of DNA-binding proteins, a new function could be the
recognition of an entirely different DNA site. In this work, | employed a pair of related DNA-
binding proteins (ParB and Noc) that are crucial for bacterial chromosome segregation and
maintenance to better understand factors that might have influenced the evolution of a new

DNA-binding specificity.

ParB ensures faithful chromosome segregation in roughly two-thirds of known bacterial
species (Lin and Grossman, 1998; Livny et al., 2007) The centromere-like parS DNA is the
first loci to be segregated following chromosome replication (Lagage et al., 2016; Lin and
Grossman, 1998; Livny et al., 2007; Toro et al., 2008). parS is nucleated by ParB to form a
ParB-parS nucleoprotein complex, which in turn interacts with ParA and SMC proteins to
partition the ParB-parS nucleoprotein complex, hence the chromosome, into each daughter
cell (Fig. 3.1) (Fisheretal., 2017; Fogel and Waldor, 2006; Gruber and Errington, 2009; Ireton
et al., 1994; Lin and Grossman, 1998; Mohl and Gober, 1997; Tran et al., 2017, 2018). ParB
specifically recognises and binds to parS, a palindromic sequence (Fig. 3.1) that can be
present as multiple copies on the bacterial chromosome but must almost always be located
towards the origin of replication (ori) on the chromosome (Fig. 3.1). ParB proteins also appear

to be widely distrusted in bacteria and thus must have appeared early in evolution.

Noc (Nucleoid Occlusion Factor), a ParB-related protein, was first discovered in Bacillus
subtilis (Sievers et al., 2002; Wu and Errington, 2004). Noc has a similar three-domain

architecture to ParB, consisting of an N-terminal domain for protein-protein interactions and
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for targeting Noc to the cell membrane, a central DNA-binding domain, and a C-terminal
dimerization domain (Fig. 3.1) (Wu and Errington, 2004; Wu et al., 2009). Due to its similarity
to ParB, initial experiments attempted to elucidate its function in chromosome segregation. In
contrast to ParB, Noc recognises a different palindromic DNA-binding site termed NBS (Noc
Binding Site) (Pang et al., 2017; Wu et al., 2009) (Fig. 3.1). The function of Noc is also
divergent from ParB; Noc preserves the integrity of bacterial chromosome by preventing the
assembly of the cell division machinery in the vicinity of the nucleoid. In doing so, Noc prevents
the premature assembly of the cell division apparatus which may guillotine the nucleoid and
damage the DNA (Fig. 3.1) (Wu and Errington, 2004; Wu et al., 2009). In other words, Noc
has a role in preserving the integrity of the chromosome. Interestingly, the genome-wide
distribution of NBS is drastically different from that of parS. While parS sites are found
clustered towards the ori, NBS are found widely distributed on the genome but never near the
replication terminus (ter). The absence of NBS near ter is thought to direct the formation of
the FtsZ ring and cell division apparatus towards the mid-cell (Fig. 3.1). Due to their genomic
proximity (Fig. 3.2A) and high sequence identity, it is likely that noc resulted from a gene
duplication and neo-functionalisation event from parB (Sievers et al., 2002; Wu and Errington,
2012). A phylogenetic tree displayed that parB genes are widely distributed in bacteria but noc
genes are confined within the Firmicutes clade (Fig. 3.2A). As such, it is probable that
appearance of the parB gene appeared early in evolution, predating the split between Gram-
positive and Gram-negative bacteria, and that the occurrence of noc is a later event that

happened only in Firmicutes (Fig. 3.2B).

Initial experiments using ChlP-seq/qPCR of 17 different ParB and 4 different Noc from various
bacterial species expressed heterologously in E. coli harbouring a single parS or NBS site
demonstrated that ParB specifically recognises parS over NBS and that Noc in turn recognises
NBS over parS (Fig 3.2 C-D) (Jalal et al., 2020). Thus, there must be residues that mediate
sequence specificity that enables ParB and Noc to recognise their individual cognate sites. In
this chapter, | used X-ray crystallography to identify the specificity defining residues that
mediate ParB-parS and Noc-NBS recognition. | was able to demonstrate that specificity
towards each respective DNA-binding site is mediated by a small set of specificity defining
residues at the protein-DNA interface. Mutations in these specificity-defining residues are
enough to reprogram ParB to interact with a non-cognate NBS DNA site. By combining
structural data with systematic scanning mutagenesis, | propose a model explaining how DNA-
binding specificity was switched during evolution: through the introduction of both negative

and positive determinants of specificity, in the presence of permissive substitutions.
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Figure 3.1 Schematic illustration of ParB and Noc and their respective specific DNA-
binding site parS and NBS. The domain architecture of ParB (dark green) and Noc
(magenta) together with their respective cognate DNA-binding sites, parS and NBS. Different
bases between parS and NBS are highlighted in colours (parS: dark green, NBS: magenta).
The genome-wide distributions of parS and NBS sites (dark green and magenta circles,
respectively) are also shown schematically.
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Figure 3.2 DNA-binding specificity for parS and NBS is conserved among ParB and Noc
orthologs (A) Genomic context of ParB- and Noc-encoding genes in various bacterial
species. parB, parA, noc, and the highly conserved gidB gene (which encodes a
methyltransferase that confers antibiotic resistance to streptomycin) (Mikeil et. al., 2012), are
coloured in dark green, brown, magenta, and grey, respectively. Genes at the border of the
parB-parA-noc cluster (open arrows) vary between bacterial species. (B) An unrooted
maximum likelihood tree that shows the restrictive distribution of Noc orthologs (magenta
branches) to the Firmicutes clade. Bootstrap support values are shown for branches. (C) The
in vivo binding preferences of ParB/Noc to parS/NBS as measured by ChIP-gPCR. Error bars
represent standard deviation (SD) from three replicates. An E. coli strain with a single parS
and NBS site engineered onto the chromosome was used as a heterologous host for
expression of FLAG-tagged ParB/Noc. (D) The in vivo binding preferences of ParB-parS/Noc-
NBS as measured by ChIP-seq. An E. coli strain with a single parS and NBS site engineered
onto the chromosome was used as a heterologous host for expression of FLAG-tagged
ParB/Noc. For ChIP-seq data, reads in a 100-bp window surrounding the parS/NBS site were
quantified and used as a proxy for the enrichment of immunoprecipitated parS or NBS DNA.
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3.2 Crystallisation of the DNA-binding domain (DBD) of C. crescentus ParB in complex
with parS

As the first step in identifying the specificity defining residues that enables C. crescentus ParB
to recognise parS, | sought to crystallise the C. crescentus ParB-parS co-crystal complex.
ParB proteins generally compose of three different domains, each of which are connected by
flexible linkers (Fig. 3.1). This often results in a flexibility in the organisation of the domain
orientation which could impair the protein from forming an orderly-packaged crystal. To date
the only crystal structures of chromosomally encoded ParB have been solved have been
truncated, principally at the CTD. Previous studies have highlighted the role of the DBD of
ParB in facilitating parS recognition, although a positive charged lysine surface in the CTD of
B. subtilis ParB has been shown to bind non-specific DNA (Fisher et al., 2017; Tran et al.,
2018). The CTD between ParBs however are highly divergent and this lysine-rich surface is
not present in C. crescentus ParB. Additionally, C. crescentus ParB does not possess any
non-specific DNA binding activity in vitro (Tran et al., 2018). As | was primarily interested
identifying the specificity-defining residues that enables ParB-parS recognition, | decided to
crystallise only the DBD of C. crescentus ParB in complex with parS. After screening several
conditions and different lengths of parS DNA, | was able to obtain crystals of the C. crescentus
ParB (DBD) in complex with a 20 bp parS site. Diffraction data for the C. crescentus ParB
(DBD)-parS co-crystal was collected to a resolution of 2.6 A, and the phase was solved by
molecular replacement using the 3.1 A structure of the H. pylori ParBACTD-parS complex

(Chen et al., 2015). The X-ray crystallographic data are summarized in Table 3.1.

3.3 The co-crystal structure of C. crescentus ParB (DBD) in complex with parS

The final model contained two copies of the C. crescentus ParB (DBD) monomers in the
asymmetric unit; each complex consists of two ParB (DBD) molecules and one copy of the
half parS DNA (Fig 3.3A). Superimposition of both monomers suggest that they are near
identical to one another with an RMSD value of 0.1 A, with chain B being more complete than
chain A (Fig 3.3B). The DBD of C. crescentus ParB consists of eight a-helices with an
additional a-helix representing the Hiss-tag used to purify the C. crescentus DBD ParB variant
(Fig. 3.4B). Residues: A127-V137 (a1), V144-P158 (a2), Q162-1169 (a3), S172-A184 (a4),
D187-S195 (a5), A200-1206 (a6), P212-G222 (a7) and V226-K235 (a8). Noticeably, an
extended linker between residues 236-254 was observable due to non-specific DNA contacts
stabilizing the loop in the crystal (Fig 3.4A, 3.4B). The helix-turn-helix motif is formed by helices
a3 and a4 observed in various repressors and DNA-binding proteins (Fig 3.4B). Helix a4 then

connects to the remaining three helix that form a compact bundle (Fig 3.4A-B). Furthermore,
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A Chain A Chain B

B Chain A/Chain B Chain A/Chain B

Figure 3.3 Composition of the asymmetric unit (ASU) of the DNA-binding domain (DBD)
of Caulobacter ParB in complex with parS. (A) The ASU of the C. crescentus ParB (DBD)-
parS co-crystal complex. Two ParB (DBD) monomers are shown (Chain A : dark green and
Chain B : grey) in complex with a 20-bp parS DNA (yellow) (B) Superimposition of chain A
and chain B of wild-type Caulobacter ParB DNA-binding domain (DBD). Root-mean- square
deviation (RMSD) value is also shown.
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Figure 3.4 ParB-parS interactions observed in the Caulobacter DBD ParB-parS co-
crystal structure. (A) The 2.4-A resolution structure of two ParB (DBD) monomers (chain A:
dark green, chain B: grey) in complex with a 20-bp parS DNA (yellow). The nucleotide
sequence of the 20-bp parS is shown; bases (Guanine 1 and Adenine 6) that are different
from NBS are shown. The purification tag is also visible in one of the DBD monomers. Loop
(236—254) contacts the adjacent DNA in the crystal lattice. (B) Same as panel A but only chain
B and half-parS sites are shown. Key features of the ParB-parS complex are highlighted. The
helix-turn-helix motif (purple) docks into the major groove of the parsS site.
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the 20bp parsS site also forms a pseudo-continuous filament, by interacting with parS sites in
the adjacent subunit, thus stabilizing the C. crescentus DBD ParB-parS crystal complex (Fig
3.4A).

3.4 The residues that mediate the recognition of C. crescentus ParB to parS

In the co-crystal structure of C. crescentus ParB (DBD)-parS complex, the two very similar
ParB (DBD) monomers (RMSD = 0.1 A) bind in a two-fold symmetric fashion to a full-size parS
DNA duplex, with one monomer interacting with half a parS site (Fig 3.4A). In the co-crystal
complex, ParB binds to parS through a classical helix-turn-helix motif (a3 and a4) that inserts
into the major grooves of the palindromic parS site (Fig 3.4C). However, several other ParB-
parS contacts outside the helix-turn-helix are also observed in the C. crescentus ParB (DBD)
ParB-parS co-crystal structure. Various residues found in helix a8 (225-235) and a loop (236-
254) region interacts with the parS site, either by forming hydrogen bonds with specific bases

or through interactions with the phosphate backbone (Fig. 3,4C)

First, the recognition helix a4 (res. 172-184) of the helix-turn-helix motif inserts into the major
grooves of the palindromic parS site (Fig. 3.4C, Fig. 3.5). In the recognition helix a4, residues
R173, S174, N178 interact directly to the parS site by making specific base contacts via
hydrogen bonds, while residues Q162 and R181 interacts with the phosphate backbone (Fig.
3.5). In helix a6, a single arginine residue R204 forms hydrogen bonds with two bases on the
parS site, while G201 makes a non-specific contact with the phosphate backbone (Fig. 3.5).
In addition, in helix a8 (225-235), residues R227 and E230 both make specific contacts by
hydrogen bonding to specific bases on the parsS site, while R234 interacts with the phosphate
backbone of the parS site (Fig. 3.5). Finally, several lysine and arginine residues in the loop
spanning residues 236-254 which interacts with the minor groove in the parS site found in the
adjacent complex of the crystal (Fig. 3.5). Noticeably, K245, R248, and R251 form a positively
charged surface that interacts with the phosphate backbone of parS (Fig 3.5). Thus, from
solving the C. crescentus ParB DBD-parS co-crystal structure, | was able to identify residues
that make specific and non-specific contacts, either by hydrogen bonding with parS bases or

by interacting with the phosphate backbone.

3.5 Validating the observed ParB-parS interactions in the C. crescentus ParB (DBD)-
parS co-crystal structure

Next, | sought to validate the protein-DNA interactions observed in the C. crescentus ParB
(DBD)-parS crystal structure. To do so, | performed alanine scanning mutagenesis on the
ParB-parS interface and determined their ability to bind to parS in vitro. In brief, the gene

encoding the residues observed to mediate parS recognition in C. crescentus ParB (DBD)-
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Figure 3.5 ParB-parS interactions observed in the C. crescentus ParB(DBD)-parS co-
crystal structure. (A) One monomer of ParB (DBD) is shown in complex with a parS half-
site; residues that contact the DNA are labelled. For simplicity, the parsS site is shown as wires.
(B) Schematic representation of ParB (DBD)-parS interactions. For simplicity, only half-site a
parsS site is shown. The two bases at position 1 and 6 that are different between parS and

NBS are highlighted in dark green.
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parS co-crystal structure were mutated to alanine and the corresponding variant proteins were
subsequently purified. In the recognition helix (a4) residues S172, R173, S174, N178 were
mutated to alanine to generate the ParB (S172A), ParB (R173A), ParB (S174A), ParB
(N178A) variants. Additionally, in a6 residue R204 was mutated to alanine to generate the
ParB (R204A) variant and in a8 residues V226, R227, E230 and R234A was mutated to
alanine to generate the ParB (R227A), ParB (E230A), ParB (R234A) mutant proteins. Finally,
in the loop spanning residues 236-254 residues K245, R248, R251 were subsequently
mutated to alanine to generate the ParB (K245A), ParB (R248A) and ParB (R251A) variants.
All variant proteins were purified to homogeneity (Fig 3.6) and analysed by a quantitative bio-
layer interferometry (BLI) assay that directly assessed their binding to the parS DNA. A linear
20-bp biotinylated parS DNA to a streptavidin-coated probe to measure the BLI. BLI assay
monitors wavelength shifts (responses) resulting from changes in the optical thickness of the
probe surface during association or dissociation of the analyte. The interactions between the
immobilized parS DNA and the purified C. crescentus ParB (WT) and variants were then
monitored. In agreement with previous observations, C. crescentus ParB (WT) binds to the
parS DNA with a Kp of 11 £ 7.0 nM (Tran et al., 2018). In contrast, | was unable to detect any
noticeable parS binding activity when protein-DNA interacting residues found in the
recognition helix (a4), a6 and a8 (except E230 Kp= 47 + 17 nM) were substituted for alanine.
Moreover, in the loop spanning residues 236-254, both the ParB (K245A) and ParB (R251A)
variants retained their parS binding ability albeit with a reduced affinity of Kp = 450 + 67 nM
and 34 + 10 respectively, while no parS binding was observed with the R248A variant. These
findings therefore further support the ParB-parS interactions observed in the C. crescentus
ParB (DBD)-parS co-crystal complex. As most of the residues crucial for parS binding were
found in the helix-turn-helix motif and in a8, | suggest these residues are important in
recognizing DNA specifically. Thus, | reasoned that specificity residues for parS (and NBS)

must localize within this amino acid region in ParB (and in an equivalent region in Noc).

3.6 Four amino acid residues dictate the specificity between ParB and Noc

To determine which amino acid region contains the specificity residues for NBS, we
constructed a series of chimeric proteins in which different regions of C. crescentus ParB were
replaced with the corresponding regions of B. subtilis Noc (Fig. 3.8A). Replacing the entire
region (res. 162-230) containing the helix-turn-helix motif, helix (res. 200-207), and helix (res.
226-230) with the corresponding region of B. subtilis Noc produced a chimera that binds to
both parS and NBS but with a clear preference for NBS (Chimera 1, Fig. 3.8B). Swapping a
smaller region containing just the helix-turn-helix motif and an adjacent helix (res. 200-207)

created a chimera that has an improved specificity to the NBS site (Chimera 4, Fig. 3.8B).
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Figure 3.6 SDS-PAGE analysis of purified ParB variants used in this study. Their
identities are shown above the corresponding lane.
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Figure 3.7 Alanine scanning mutagenesis of the ParB-parS interface. Alanine scanning
mutagenesis and the in vitro dissociation constant (Kp) * standard deviation (SD) of ParB
variants to parS DNA.
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These results indicate that the region (res. 162-207) contains most of the specificity residues
for NBS. To better understand the high degree of specificity conserved within the ParB and
Noc families, we mapped a sequence alignment of ~1800 ParB and ~400 Noc orthologs onto
the ParB DBD-parS crystal structure to determine amino acid sequence preferences for those
residues required for interaction specificity (Fig. 3.8A). We focused our attention on the region
between residues 162 and 207, which was shown above to contain the specificity residues
(Fig. 3.8B). Of those amino acids that contact parS (Fig. 2B-C), six residues (Q162, G170,
K171, S172, N178, and R204) are conserved between ParB and Noc family members (Fig.
3.8B). Two residues (R173 and G201) in ParB contact parS but are changed to Q173 and
R201, respectively, in Noc homologues (Fig. 3.8B). Other residues at position 179 and 184
vary among ParB homologues but are almost invariably a lysine in Noc family members (Fig.
3.8B). We hypothesized that these amino acids (Q173, K179, K184, and R201) (Fig. 3.8B)
are specificity residues that dictate Noc preference for NBS. To test this hypothesis, we
generated a variant of Caulobacter ParB in which these four residues were introduced at the
structurally equivalent positions (i.e. R173Q, T179K, A184K and G201R). We purified and
tested this variant in a bio-layer interferometry assay with parS and NBS. As shown in Fig.
3.8, this C. crescentus ParB (RTAG—QKKR) variant completely switched its binding
preference to a non-cognate NBS site. In addition to these four residues, we identified other
highly conserved residues, namely E200 and K227 (Fig. 3.8A-C), that also contribute to the
NBS binding preference. However, just four residues are enough to reprogram the DNA-
binding specificity. Our results were strengthened by the fact that C. crescentus (a Gram-
negative) ParB is far apart from B. subtilis (a Gram-positive) ParB in phylogenetic distance
(Fig. 3.2B), and that C. crescentus does not have a native Noc homologue. Taken together,
our data indicate that these four amino acids are the main specificity-determining residues,
and that they are likely the key players in the evolutionary switch in binding preference from
parS to NBS.

3.7 Systematic dissection of ParB-parS and Noc-NBS interfaces reveals the genetic
contribution of each specificity residue to the DNA-binding preference

To systematically dissect the role of each specificity residue on DNA-binding preference, Dr.
Ngat Tran constructed a complete set of ParB mutants that have either single, double, or triple
amino acid changes between the four specificity positions, from a parS-preferred wild-type C.
crescentus ParB (R'*T'°A'G?%") to an NBS-preferred variant (Q'*K'°K'®*R?’"). We named
them ParB-to-Noc intermediates (PtoN for short, 15 variants in total). To simplify the
nomenclature, we named the mutants based on the specificity residues being considered, for
example, an NBS-preferred variant (Q'°K'°K'8*R?") is shortened to PtoN15 (QKKR). PtoN

variants were C-terminally (His)s tagged, expressed in E. coli, and purified to homogeneity
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Figure 3.8 Four amino acids dictate amino acid specificity between ParB and Noc. (A)
The sequence alignment of ParB (~1800 sequences) and Noc (~400 sequences) orthologs.
Amino acids are coloured based on their chemical properties (GSTYC: polar; QN: neutral;
KRH: basic; DE: acidic; and AVLIPWFM: hydrophobic). The secondary structure of the amino
acid region (res. 162-207) is shown above the sequence alignment, together with residues
(open circles) that contact DNA in the ParB (DBD)-parS structure. (B) Mutations in a subset
of residues in the region between res. 162-207 (ParB’s numbering) can reprogram interaction
specificity. ParB (or segments of amino acids from ParB) and Noc (or equivalent segment in
Noc) are shown in dark green and magenta, respectively. The affinity of protein-DNA
interaction was expressed as dissociation constant (Kp) £ SD. (C) Same as panel except only

PtoN16 and PtoN17 variants were used. The level of protein-DNA interaction was expressed
as an averaged response value. Error bars represent SD from three replicates.
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(Fig. 3.9A). Subsequently, we tested ParB and 15 PtoN variants with a series of 16 different
DNA sites, each representing a transitional state from parS to NBS with each of the two
variable positions (1 and 6) changed to any of other four DNA bases (Fig. 3.9A). We visualised
16x16 interactions as a heatmap where each matrix position reflects a dissociation constant
(Kbp).

This systematic pairwise interaction screen led to several notable observations (Fig. 3.9A).
First, there are two non-functional variants (PtoN1: QTAG and PtoN7: QTAR) that were unable
to interact with any of the 16 DNA sites (Fig. 3.9A). Second, six variants (PtoN4: RTAR, PtoN5:
QKAG, PtoN6: QTKG, PtoN9: RKAR, PtoN10: RTKR, and PtoN11: QKKG) switched their
specificity to a DNA site that has features borrowed from both parS and NBS. Meanwhile, four
variants (PtoN2: RKAG, PtoN3: RTKG, PtoN8: RKKG, PtoN14: RKKR) were promiscuous i.e.
binding to multiple different DNA sites (Fig. 3.9A). We noted that functional PtoN variants have
a lysine at either position 179, or 184, or both. This observation became even clearer after we
performed hierarchical clustering of the interaction profile in both the protein and the DNA
dimensions (Fig. 3.9B). A single lysine at either position 179 or 184 is enough to license the
DNA-binding capability to PtoN variants (nodes a, d, i, and k on the clustering tree, Fig. 3.9B),
while PtoN1 (QTAG) and PtoN7 (QTAR) that do not possess any lysine at 179/184 are non-
functional (node j, Fig. 3.9B). We suggest that K179/184 has a permissive effect that might
permit Q173 and R201 to contact DNA.

Next, we wondered which base of the NBS site that Q173 might contact specifically. To find
out, we clustered only PtoN variants that share the Q amino acid at position 173 (Fig. 3.9C).
We discovered that those variants preferred DNA sites that possess an Adenine at position 1
(Fig. 3.9C). We applied the same approach to find the base that residue R201 might contact
(Fig. 3.9D). The emerging trend is that PtoN variants that share an R amino acid at 201
preferred DNA sites with a Cytosine at position 6 (Fig. 3.9D). Taken together, our results
suggest a model in which each specificity residue has a distinct role: Q173 recognises Adenine
1, R201 recognises Cytosine 6, but they can only do so in the presence of a permissive K at
either position 179 or 184, or both. In the next section, we used X-ray crystallography to

provide evidence to support this model.

3.8 Crystallisation of a C-terminally truncated (ACTD) C. crescentus ParB (QKKR+K227)
variant with NBS

To determinate the molecular basis that enables the recognition NBS over parS by the C.
crescentus ParB (QKKR) variant, | sought to crystallise a co-crystal complex of a specificity-
altered ParB variant (QKKR+K227) mutant with a 20-bp NBS DNA. K227 was shown to
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Figure 3.9 Systemic scanning mutagenesis of the protein-DNA interface revealed the
contribution of each specificity-defining residue in the protein-DNA interface. (A)
Systematic scanning mutagenesis of the protein-DNA interface reveals the contribution of
each specificity residue to the DNA-binding preference. Interactions between ParB + 15 PtoN
intermediates with 16 DNA sites are represented as a heatmap where each matrix position
reflects a Kp value. Amino acid residues/bases from ParB/parS are coloured in dark green,
and those from Noc/NBS in magenta. (B) A hierarchical clustering of data in panel A in both
protein and DNA dimensions. (C) A simplified heatmap where only PtoN intermediates with a

glutamine (Q) at position 173 are shown. (D) A simplified heatmap where only PtoN
intermediates with an arginine (R) at position 201 are shown.
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enhance NBS binding but is not part of the core specificity residues (Fig. 3.8C). After screening
several constructs with different length of the specificity-altered ParB variant and NBS, |
obtained crystals of a 50 amino acid C-terminally truncated (ACTD) ParB (residues 1-243) in
complex with a 20-bp parS duplex NBS. The construct contains the DNA-binding domain and
the N-terminal domain of ParB (QKKR+K227) but lacks the CTD. Diffraction data for the C.
crescentus DBD ParB-NBS co-crystal was collected to a resolution of 3.6 A, a the phase was
solved by molecular replacement using the 3.1 A structure of the H. pylori ParBACTD-parS
complex (Chen et al.,, 2015; Leonard et al., 2004). The X-ray crystallographic data are

summarized in Table 3.1.

3.9 The crystal structure of C. crescentus ParBACTD (QKKR+K227) variant with NBS

The final model contained two copies of the C. crescentus ParBACTD (QKKR+K227)
monomers in the asymmetric unit; each complex consists of two ParBACTD (QKKR+K227)
ParB molecules symmetrically bound to half an NBS site (Fig. 3.10). Superimposition of both
monomers suggest that they are identical to one another with an RMSD value of 0.137 A (Fig
3.10B-C). Noticeably, chain A was more complete than chain B. Despite being in the construct,
the electron density was not observed in the first 30 aa residues in the structure owing to the
flexibility of ParB. The secondary structure of the C. crescentus ParBACTD (QKKR+K227)
complex consists of 4 3-sheets and 10 a-helices, with residues R45-R54 forming 1, L85-P88
(B2), W96-A100 (B3) and T115-1118 (B4). While residues E65-R76 form a1, E102-A111 (a2),
D125-R139 (a3), V144-K157 (a4), Q162-1169 (a5), Q173-L182 (a6), D187-S195 (a.7), A200-
A207 (a8), P212-G222 (a9) and V226-A233 (a10). Noticeably helices a3 and a4 of the NTD
are packed against the DBD. The highly conserved arginine-rich motif (GERRxR), crucial for
C. crescentus ParB spreading and NTP interactions, resides on helix a2. The helix-turn-helix
is formed by helices a5 and a6 observed in various repressors and DNA-binding proteins.
Helix a6 then connects to the remaining four helices that form a compact bundle. In the crystal,
the 20bp NBS site also forms a pseudo-continuous filament, by interacting with NBS sites in
the adjacent subunit, thus stabilizing the C. crescentus ParBACTD (QKKR+K227) NBS crystal

complex.

3.10 Co-crystal structure of the specificity-altered ParB variant with NBS reveals the
contribution of each specificity residue to the DNA-binding preference

While the resolution was modest, the protein-DNA interface was well resolved and strongly
supported by the electron density. By superimposing the structures of the WT C. crescentus
ParB (DBD)-parS complex and the ParBACTD (QKKR+K227) complex, | observed several

144



NBS

NI@) 4
|
<N A
@
0]
=

?atc—3’

RMSD=0.137A

[ chain A
@ chain B

145



Figure 3.10 Co-crystal structure of the NBS-preferred Caulobacter ParB variant with
NBS. (A) The structure of two ParB (QKKR + K227) monomers (dark green) in complex with
a 20-bp NBS DNA (grey). Each ParB (QKKR + K227) monomer contains the N-terminal
domain and the central DNA-binding domain but lacks the C-terminal dimerization domain.
The nucleotide sequence of the 20-bp NBS site is shown on the left-hand side; bases (Adenine
1 and Cytosine 6) that are different from parS are bolded. (B) Superimposition of chain A and
chain B of the NBS-preferred ParB (QKKR +K227) variant. Chain A/B contains both the N-
terminal domain and the central DNA-binding domain but lacks the C-terminal dimerization
domain. (C) Superimposition of chain A and chain B of the NBS-preferred ParB (QKKR +K227)
variant, but only the core DBD is shown.
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changes in both the protein and DNA that enables specific interactions. First, R173 in a wild-
type ParB hydrogen bonds with parS Guanine 1. A shorter side chain of Q173 (in an NBS-
preferred ParB mutant) is unable to bind to Guanine 1. However, a corresponding base in
NBS (Adenine 1) positions itself closer to hydrogen bond with this Q173 residue (Fig. 3.12A);
this is possible due to conformational changes in the NBS site that narrows the minor groove
width at the Adenine 1:Thymine -1 position (from 7.5 to 3.8A, Fig. 3.12A-B). The switch from
R173 to Q173 served to eliminate the ability of ParB to contact parS Guanine 1 while
simultaneously establishing a new contact with NBS Adenine 1. Other notable changes
between the two co-crystal structures occur at residues G201 and R201 (Fig. 3.12B). Due to
the lack of a side chain for G201 it is unable to contact Thymine -6 (Fig. 3.12B) and only binds
to the phosphate backbone. Whereas, the equivalent residue R201 in an NBS-preferred ParB
variant readily forms hydrogen bonds with Guanine -6 (Fig. 3.12B). Superimposition and
analysis of the parS and NBS site demonstrated that both the minor groove and the major
groove widths increase significantly at the Cytosine 6:Guanine -6 position of NBS (from 7.0 to
9.0A, and from 10.2 to 12.5A, respectively), presumably to move Guanine -6 outwards to be
compatible with the longer side chain of R201 (Fig. 3.12). The co-crystal structures are
therefore consistent with data from the systematic scanning mutagenesis, and support the
model that R201 is a positive determinant of specificity which enables the recognition of
Cytosine 6:Guanine -6, and that Q173 is a dual positive and negative determinant which

enables the recognition of Adenine 1:Thymine -1 on NBS.

The ParBACTD (QKKR+K227)-NBS complex structure, however, did not yield extra
information on the specificity residues K179 and K184 because no clear electron density was
seen for the side chains of these residues (Fig. 3.12). It is possible that these residues do not
contact specific bases but interact with the phosphate backbone non-specifically at multiple
positions, leading to a blurring of the electron-density. Indeed a previous study comparing 129
protein-DNA interactions available on the PDB noted that lysine residues make up most of the
interaction with the phosphate backbone (Luscombe et al., 2001). Thus, the most
parsimonious explanation for the “enabling” capability of K179 and K184 (data from systematic
scanning mutagenesis experiments-Fig.3.9A) is that they increase DNA-binding affinity non-
specifically to overcome the initial energy barrier and permit specific base contacts from Q173
and R201, perhaps by interacting with the phosphate backbone non-specifically. Another
hypothesis for the “enabling” effect of K179/184 is that they induce conformational changes at
the recognition helix and helix (res. 200-207), thereby positioning Q173 and R201 favourably
to interact with NBS Adenine 1 and Guanine -6. However, the two helices were not seen to

change their positions or conformations significantly between the two co-crystal structures,
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Figure 3.11 Interactions between ParB (QKKR + K227) variant and the NBS DNA. One
monomer of ParB (DBD) is shown in complex with an NBS half-site; only specificity residues
are labelled and coloured in magenta. (C) Schematic representation of ParB (QKKR + K227)-
NBS interactions. For simplicity, only half of NBS is shown. The two bases at position 1 and 6
that are different between parS and NBS are highlighted in magenta.
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Figure 3.12 Superimposition of the wild-type ParB-parS structure on the ParB
(QKKR+K227)-NBS structure reveals the contribution of specificity residues to NBS
binding. To simplify and highlight the roles of specificity residues, only the side chains of
specificity residues and their contacting bases are shown. The amino acid region (173-207)
and the DNA backbones are shown in cartoon representation. DNA bases are numbered
according to their respective positions on parS/NBS site. The insets show interactions
between either Q/R at position 173 (A) or G/R201 (B) with their corresponding bases on
parS/NBS.
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Figure 3.13 Conformational changes at parS and NBS DNA within the two co-crystal
structures. (A) A superimposition of parS and NBS DNA structures, root-mean-square
deviation (RMSD) values are also shown. Bases that are different between parS (dark green)
and NBS (magenta) are highlighted in colours. (B) The major and minor groove widths of the
bound DNA (parS: dark green, NBS: magenta). (B) The roll and twist angles for each base
pair step of the bound DNA (parS: dark green, NBS: magenta).
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arguing against this hypothesis (Fig. 3.12). Thus, to unambiguously determine the contribution
of the K179 and K184 residues in mediating the recognition of NBS over parS. | sought to
obtain a higher resolution of data set, which may reveal the electron density for the side chains
of these residues. Despite various attempts, | was unable to obtain crystals of the ParBACTD
(QKKR + K227)-NBS variant that diffracted better than 3.6 A. To overcome this, | decided to
solve the crystal structure of B. subtilis Noc in complex with NBS to obtain a Noc-NBS co-

crystal that would diffract at a much better resolution.

3.11 Crystallisation of the B. subtilis DNA-binding domain (DBD) in complex with NBS
To understand the determinants of specificity between B. subtilis Noc and its DNA substrate,
NBS. | sought to crystalise B. subtilis Noc in complex with NBS. Noc proteins are generally
composed of three different domains, each of which are connected by flexible linkers (Fig.
3.1A). This often results in a flexibility in the organisation of the domain orientation which could
impair the protein from forming an orderly-packaged crystals. To overcome this flexibility and
produce suitable crystals, | decided to crystallise only the DBD of Bacillus Noc in complex with
NBS, After screening several conditions and different lengths of NBS DNA, | was able to obtain
crystals of the B. subtilis Noc (DBD) in complex with a 22 bp NBS site. Diffraction data for the
B. subtilis Noc (DBD)-NBS co-crystal was collected to a resolution of 2.6 A, although the
dataset was highly anisotropic. The phase was solved using the C. crescentus ParB (DBD)-
parS complex as a search template. The X-ray crystallographic data are summarized in Table
3.1.

3.12 The co-crystal structure of the B. subtilis Noc (DBD)-NBS complex

The final model contained two copies of the B. subtilis Noc (DBD) monomers in the asymmetric
unit; each complex consists of two DBD Noc molecules symmetrically bound to half a NBS
site (Fig. 3.14A and 3.15A). Noticeably, chain B was more complete than chain A, with the
first helix a1 only seen in chain B. Superimposition of both monomers suggest that they are
identical to one another with an RMSD value of 0.1 A (Fig 3.14B). The secondary structure of
B. subtilis Noc (DBD) consists of eight a-helices, with residues T113-R124 forming a1, S129-
H143 (a2), Q147-L154 (a3), Q158-K169 (a4), Q172-E180 (a5), E185-1192 (a6), P197-K210
(a7) and V214-R230 (a8) (Fig. 3.15B). The helix-turn-helix is formed by helices a3 and a4
observed in various repressors and DNA-binding proteins (Fig. 3.15B). Helix a4 then connects
to the remaining three helix that form a compact bundle. In the crystal, the 22-bp NBS site
also forms a pseudo-continuous filament, by interacting with NBS sites in the adjacent subunit,
thereby stabilizing the B. subtilis Noc (DBD)-NBS crystal complex (Fig. 3.15B).
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Figure 3.14 Composition of the asymmetric unit (ASU) of the DNA-binding domain
(DBD) of B. subtilis Noc in complex with NBS. (A) The ASU of the B. subtilis Noc (DBD)-
NBS co-crystal complex. Two DBD monomers of Noc are shown (Chain A : magenta and
Chain B : grey) in complex with a 22-bp NBS DNA (yellow) (B) Superimposition of chain A
and chain B of B. subtilis Noc(DBD). Root-mean- square deviation (RMSD) value is also
shown.
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Figure 3.15 The co-crystal structure of the DNA-binding domain of B. subtilis ParB in
complex with a 22-bp NBS DNA. (A) The 2.4-A resolution structure of two ParB (DBD)
monomers (chain A: dark green, chain B: grey) in complex with a 20-bp parS DNA (yellow).
The nucleotide sequence of the 20-bp parS is shown; bases (Guanine 1 and Adenine 6) that
are different from NBS are shown. The purification tag is also visible in one of the DBD
monomers. Loop (236—254) contacts the adjacent DNA in the crystal lattice. One monomer of
ParB (DBD) is shown in complex with an NBS half-site; only specificity residues are labelled
and coloured in magenta.
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Figure 3.16 Interactions between the DBD of Noc and the NBS DNA. (A) One monomer
of the DBD only of B. subtilis Noc is shown in complex with an NBS half-site; residues that
contact the DNA are labelled. For simplicity, the parS site is shown as wires. (B) In the Noc
(DBD)-NBS co-crystal structure, Noc interacts with an NBS DNA in the adjacent subunit.
Residue R230 hydrogen bonds with Guanine1 and Guanine2 in the adjacent 22 bp NBS DNA.
These nucleotides however are not present in the cognate NBS sequence and this Noc-NBS
interaction is likely an artefact of crystallization. (C) Schematic representation of Noc (DBD)-
NBS interactions. For simplicity, only half-site a NBS site is shown. The two bases at position
1 and 6 that are different between parS and NBS as well as the specificity defining residues
of Noc are highlighted in magenta.
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3.13 The residues that mediate the recognition of B. subtilis Noc to NBS

In the co-crystal structure of B. subtilis Noc (DBD)-NBS, two very similar Noc (DBD) monomers
(RMSD = 0.1 A) bind in a two-fold symmetric fashion to a full-size NBS DNA duplex, with one
monomer interacting with half an NBS site. The DBD of B. subtilis Noc binds to NBS through
helices a3 and a4, which form the helix-turn-helix motif that inserts into the major grooves of
the palindromic NBS site (Fig. 3.15C). Furthermore, several other protein-DNA interaction are
observed outside of the helix-turn-helix motif. First, in the helix a3 of the helix-turn-helix motif,
residue Q147 makes a non-specific contact with the phosphate backbone of the NBS site (Fig.
3.16A, 3.16C). Then, the recognition helix (a4) of the helix-turn-helix motif inserts into the
major grooves of the palindromic NBS site. In 04, residues Q158, S159, T160, N163 and R166
interact directly to the NBS site by making specific base contacts via hydrogen bonds, while
residues G159, T160, K164 and K169 interacts with the phosphate backbone (Fig. 3.16A,
3.16C). Indeed, the electron density for the side chains of residues K164 and K169 were not
resolved in the 3.6 A C. crescentus ParB (QKKR+K227)-NBS co-crystal structure (Fig 3.12A-
B). Furthermore, in helix a6 a single arginine residue, R189 forms hydrogen bonds with two
bases on the NBS site, while residues T184, E185 and R186 interacts with the phosphate
backbone (Fig. 3.16A, 3.16C). Next, a single valine residue V214 in the loop spanning res.
209-216 makes a non-specific contact with the phosphate backbone of NBS (Fig. 3.16A,
3.16C). Finally, a single arginine residue R230 in a8 shown to interact with the NBS site in the
adjacent asymmetric unit, by hydrogen bonding with Guanine 1 and Guanine 2 in the 22-bp
NBS site (Fig. 3.16B). Nevertheless, these bases are not part of the cognate NBS site, thus
these interaction are likely an artefact from crystal packing (discussed below) (Wu et al., 2009).
Thus, from solving this co-crystal structure, | was able to identify residues that mediate specific
and non-specific contacts between Noc and NBS, either through hydrogen bonding with NBS

bases or by interacting with the phosphate backbone.

3.14 Validating the Noc-NBS interactions observed in the B. subtilis Noc (DBD)-NBS co-
crystal structure

Next, | sought to validate the protein-DNA interactions observed in the B. subtilis Noc (DBD)-
NBS crystal structure. To do so, | performed an alanine scanning mutagenesis on the Noc-
NBS interface and determined their ability to bind to NBS in vitro. In brief, the gene encoding
the residues observed to mediate NBS recognition in B. subtilis Noc (DBD)-NBS co-crystal
structure were mutated to alanine and the corresponding variant proteins were subsequently
purified. In the recognition helix (a4) residues Q158, S159, T160, R166, K169 were mutated
to alanine to generate the Noc (Q158A), Noc (S159A), Noc (T160A), Noc (R166A) and Noc
(K169A) variants. Additionally, in a6 residue R186 was mutated to alanine to generate the Noc

(R186A) variant and in the loop spanning residues 236-254, N214 was mutated to alanine to
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generate the Noc (N214A) mutant protein. Finally, in a8 a single residue, R230 was mutated
to alanine to generate and Noc (R230A) variant. All variant proteins were purified to
homogeneity (Fig 3.17A) and analysed by a surface plasmon resonance (SPR) assay that
directly assessed their binding to the NBS DNA. To measure the percentage of the theoretical
maximum response (%Rmax) of Noc binding to a 24-bp double stranded oligonucleotides
containing individual NBS sites by SPR, before being tethered onto the chip surface within the
SPR flow cell. Purified Noc (WT) and variants were then flowed over the DNA. Interactions
between Noc and NBS was measured by recording the change in response units during Noc
injections. After each injection, the chip was washed in a high salt containing buffer to remove
any bound Noc. The cycle was repeated using 3 different concentrations of Noc (WT) and
variants, consisting of 1000 nM, 500 nM and 50 nM concentrations. In agreement with
previous observations, B. subtilis Noc (WT) binds to immobilized NBS DNA (Fig. 3.17B) (Wu
et al., 2009). While | was unable to detect any noticeable binding when residues Q158, T160
and R166 in the recognition helix (a4) and R166 in (a6) were substituted for alanine, both Noc
(S159A) and Noc (K169A) retained their NBS binding albeit with ~11 and ~6 fold reduced
binding respectively at 1000 nM concentration (Fig. 3.17B). Moreover, in the loop spanning
residues 236-254, the Noc (N214A) displayed a ~8 fold reduced binding at 1000 nM
concentration to the NBS DNA when compared to Noc (WT). Finally while R230 in a8 was
shown to interact with the NBS DNA in the adjacent ASU of the B. subtilis Noc DBD-NBS, the
Noc (R230A) variant displayed a WT-like binding to the NBS site, thus it is likely that this
interaction is an artefact of crystal packing (Fig. 3.17B). Taken together, these findings further
support the Noc-NBS interactions observed in the B. subtilis Noc (DBD)-NBS co-crystal

complex.

3.15 Superimposing the structure of C. crescentus ParB (DBD) and B. subtilis Noc
(DBD) reveals the mechanistic basis that defines specificity

To determine the changes in both protein and the DNA sites that enabled specific interactions,
| superimposed the structures of the ParB (DBD)-parS and Noc (DBD)-NBS complexes (Fig.
3.18A-B). By doing so, | observed several changes in both the protein and the DNA sites that
enabled specific interactions (Fig. 3.18B). These findings were similar with the observations
made when | compared the ParB (DBD)-parS structure with the ParBACTD (QKKR+K227)-
NBS structure. R173 in ParB forms a hydrogen bond with parS Guanine1, while the shorter
side chain of the corresponding Q158 in Noc is unable to bond with Guanine 1 (Fig. 3.18A).
Instead, the corresponding base in NBS (Adenine 1) positions itself closer to enable hydrogen
bonding with this Q158 residue (Fig. 3.18B). Indeed comparison between parS and NBS
demonstrated conformational changes in the NBS site that narrows the minor groove width at

the Adenine1:Thymine1 position (from ~7.7 to ~3.7 A, Fig. 3.19). The switch from arginine to
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Figure 3.17 Alanine scanning mutagenesis of the Noc-NBS interface. (A) SDS-PAGE
analysis of purified Noc variants used in this study. Their identities are shown above the
corresponding lane. (B) Surface Plasmon Resonance (SPR) was used to measure binding
affinity of Noc (WT) and Noc variants (50, 500 and 1000 nM) to 24-bp double-stranded
DNA that contains the NBS site. The level of Noc (WT) and variants binding to DNA was
expressed as a percentage of the theoretical maximum response, Rmax, assuming a single
Noc dimer binding to one immobilized double-stranded DNA oligomer. This normalization
process enabled the various responses to be readily compared, irrespective of the
quantity and length of the DNA tethered on an SPR chip surface.
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glutamine serves to eliminate the ability of ParB to contact parS at Guanine 1 while
simultaneously forming a new hydrogen bond with NBS at Adenine 1. Another notable
difference between the two co-crystal structures occurs at position 201 (Fig. 3.18B-C). G201
from ParB has no side chain, hence cannot contact Thymine -6 and only contacts the
phosphate backbone non-specifically (Fig. 3.18B-C). However, the equivalent residue R186
in Noc readily forms hydrogen bonds with Guanine -6 (Fig. 3.18B-C). Indeed, comparison of
parS and NBS revealed a DNA unwinding that increased both the minor and the major groove
widths at the Cytosine 6:Guanine -6 position of NBS (from ~7.1 to ~8.1 A, and from ~10.5 to
~11.8 A, respectively), possibly to position Guanine -6 outwards to accommodate a longer
side chain of arginine (Fig. 3.19). Furthermore, the Noc (DBD)-NBS structure revealed the
side chains of K164 and K169 which makes hydrogen bonds with the phosphate groups of
Guanine (-5) and Thymine (2) of NBS rather than contacting any bases specifically (Fig.
3.16A-B and 3.18B-C). Interestingly, in absence of K164 and/or K169, prevented the
interaction between PtoN variants with NBS, even in the presence of the Q173 and R201
substitutions (Fig. 3.9). Thus, the binding of K164 and K169 to the phosphate backbone of
NBS likely increases the DNA-binding affinity of PtoN/Noc towards the NBS site to overcome
the initial energy barrier and primes both Q173 and R201 to favourably interact with NBS
Adenine -1 and Guanine -6 respectively. Thus, through a combination of X-ray crystallography
and systemic mutagenesis, | propose that permissive mutations (K164 and K169) and
specificity swapping mutations (Q158 and R201) are required for DNA-binding proteins to

switch the recognition of their cognate DNA substrate.

3.16 Discussion

Both parS and NBS differ from each other by only 2 bases (position 1 and 6, Fig. 4.1A), yet
both ParB and Noc recognise and binds them with exquisite specificity. By obtaining co-crystal
structures of the C. crescentus ParB (DBD)-parS complex and the B. subtilis Noc DBD-NBS
complex, along with the scanning mutagenesis of the protein-DNA interface, we demonstrated
that DNA-binding specificity was switched from parS to NBS through the combined action of
negative and positive determinants of specificity, and permissive mutations. A single R173Q
substitution alone removed the parS-binding capability (a negative determinant), while at the
same time enabled the protein to recognise Adenine 1 of NBS (a positive determinant). The
specificity for NBS was further improved by a G201R substitution that introduced a hydrogen-
bonding capability to recognise Cytosine 6 of NBS (a positive determinant) (Fig. 3.18B-C).
However, as observed by the systemic scanning mutagenesis assays, Q173 and R201
alone/together are not enough; and permissive amino acids (K179 and/or K184) must have
been introduced. Without these permissive substitutions, Q173 and R201 were poised to

recognise specific bases but could not achieve sufficient affinity to bind NBS strongly. Due to

159



A

—

—-

A

CcParB
BsNoc

CcParB
BsNoc

CcParB
BsNoc

B
parg

5/ -gatGTTTCAC-GTGAAACatc—3’
1234567

3’ -ctaCAAAGTG-CACTTTGtag-5"
-1-2-3-4-56-7

NBS

5/ -gatATTTCCC-GGGAAATatc—3’

1234567

3’ -ctaTAAAGGG-CCCTTTAtag-5"

-1-2-3-4-5-6-7

Thymine (-6)

ParB (DBD)-parS

W WA

™,
Thymine ‘(\-&%\ /

Noc (DBD)-NBS

160

DLNVLEEALSYKVLMEKFERTQENIAQTIGKSRSHVA 177
ELSSIEEAHAYARLLELHDLTQEALAQRLGKGQSTIA 162
——————— —1—

NTMRLLALPDEVQSYLVSGELTAGHARAIAAAADPV- 213
NKLRLLKLPQPVQEAIMEKKITERHARALIPLKQPEL 199
—(C—— 70—
——ALAKQITEGGLSVRETEALARKAPNLSAG 242
QVTLLTEIIEKSLNVKQTEDRVVKMLEQGQR 230

—

R186

Guanine (-6)




Figure 3.18 Superimposition of the ParB (DBD)-parS structure on the Noc (DBD)-NBS
structure reveals the contribution of specificity residues to NBS binding. (A) Amino acid
sequences of C. crescentus ParB and B. subtilis Noc with the positions of four specificity
residues highlighted in dark green and magenta, respectively. Secondary structures are
shown above the sequence alignment. To simplify and highlight the roles of specificity
residues, only the side chains of specificity residues and their contacting bases are shown.
The amino acid regions (173-207 in ParB and the corresponding 158-192 in Noc) and the
DNA backbones are shown in cartoon representation. DNA bases are numbered according to
their respective positions on parS/NBS site. The insets show interactions between either (B)
R173 (ParB’s numbering) and Q158 (Noc’s numbering) or (C) G201 (ParB’s numbering) and
R186 (Noc’s numbering) and with their corresponding bases on parS/NBS. The side chains
of K164 and K169 in Noc (DBD)-NBS structure contact the phosphate groups of Guanine (-5)
and Thymine (2) of NBS, respectively (See also Figure S2D). For Guanine (-5) and Thymine
(2) in NBS, only their phosphate groups are shown.
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Figure 3.19 Conformational changes at parS and NBS DNA within the C. crescentus
ParB (DBD)-parS and B. subtilis Noc (DBD)-NBS co-crystal structures. (A) A
superimposition of parS and NBS DNA structures, root-mean-square deviation (RMSD) values
are also shown. Bases that are different between parS (dark green) and NBS (magenta) are
highlighted in colours. (B) The major and minor groove widths of the bound DNA (parS: dark
green, NBS: magenta). (B) The roll and twist angles for each base pair step of the bound DNA
(parS: dark green, NBS: magenta).
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ParBACTD

ParB (DBD)-parS Noc (DBD)-NBS

Total no. of measured intensities

Unique reflections

105021 (10942)
16317 (1662)

194558 (47223)
10637 (2491)

Structure (QKKR+K227)-
complex complex
NBS complex
Data collection
Diamond Light Source beamline 104 103 103
Wavelength (A) 0.980 0.970 0.970
Detector Pilatus 6M-F Pilatus3 6M Eiger2 XE 16M
_ 40.12-2.40(2.49 83.36—-3.60(3.94—- 7230 - 2.23
Resolution range (A)
—2.40) 3.60) (2.66 — 2.23)
Space Group C2 14422 C2
a = 1221, b = a = 1341 b =
a=b=1179, ¢ =
Cell parameters (A/°) 40.7,¢c=94.0,p = 049 6 60.6, c = 81.1, B
121.4 ' =116.9

142152 (6183)
10830 (542)

Multiplicity 6.4 (6.6) 18.3 (19.0) 13.1 (11.4)
Mean l/s(l) 7.0 (2.0) 10.5 (2.7) 9.3 (1.5)
Completeness (%) 99.7 (99.2) 100.0 (99.9) 38.1 (4.7)
Rmerge® 0.137 (0.801) 0.148 (0.799) 88.4 (57.2)
Rrmeas® 0.150 (0.869) 0.152 (0.821) 0.108 (0.851)
CCy° 0.992 (0.850) 0.999 (0.994) 1.000 (0.847)

Wilson B value (A?)

421

140.9

1156.7

Refinement
Resolution range (A) 40.12-2.40 83.36 — 3.60 72.30 -2.23
Reflections: working/freed 15480/826 10078/527 10231/599
Rwork® 0.216 0.319 0.231
Riree® 0.232 0.340 0.279
Ramachandran plot:
favoured/allowed/disallowed (%) 96.5/3.5/0.0 95/5.0/0.0 95.4/4.6/0.0
R.m.s. bond distance deviation (A) 0.003 0.003 0.002
R.m.s. bond angle deviation (°) 1.08 1.09 1.03
No. of protein residues per chain 121/140 194/113 105/116
No. of DNA bases per chain 20/20 20/20 22/22
No. of water/glycerol molecules 82/2 0/0 0/0
Mean B factors: protein/DNA/
water/glycerolioveral (A?) 51/46/38/60/49 206/226/-/-/212 155/148/0/154
PDB accession code 6S6H 6S6P 6Y93

Table 3.1 X-ray data collection and processing statistics for the crystal structures of the ParB
(DBD)-parS complex, ParBACTD (QKKR+K227)-NBS complex and Noc (DBD)-NBS complex
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Values in parentheses are for the outer resolution shell. @ Rmerge = Y hkl 5 i |li(hkl) = {I(hkI)
) | Yhki Yili(hki).

b Rmeas = Shkl ININ = 1)]1/2 x Si|lithkl) = <I(hkl)> |/ Shki Sili(hkl), where li(hkl) is the ith
observation of reflection hkl, (I(hkl)) is the weighted average intensity for all observations i

of reflection hkl and N is the number of observations of reflection hkl.

C CC12 is the correlation coefficient between symmetry equivalent intensities from random
halves of the dataset.

d The dataset was split into "working" and "free" sets consisting of 95 and 5% of the data
respectively. The free set was not used for refinement.

€ The R-factors Rwork and Rfree are calculated as follows: R = 5 (| Fobs - Fcalc |)/Y| Fobs |,
where Fobs and Fcalc are the observed and calculated structure factor amplitudes,
respectively.

f As calculated using MolProbity (Davis et al., 2007).
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the resolution of the co-crystal structure of the ParB (QKKR+K227) variant in complex with
NBS, the contribution of K179 and/or K184 to NBS binding remained enigmatic, as no electron
density was observed for the side chains of either residues. To overcome this, | was able to
crystallise and solve a higher resolution structure of DBD only of B. subtilis Noc in complex
with NBS, which revealed that the K179 and/or K184 substitutions binds to phosphate
backbone of the NBS site, providing evidence of their role as permissive substitutions for NBS
recognition. Intriguingly, permissive mutations were also observed in the evolution of influenza
resistance to the antiviral drug oseltamivir (Bloom et al., 2010). The acquisition of two
permissive mutations, enabled the virus to tolerate the subsequent accumulation of a H274Y
mutation that impaired oseltamivir binding to the viral neuraminidase enzyme. By acquiring
these permissive mutations, the virus managed to improve the stability of neuraminidase
before the introduction of the structurally destabilizing H274Y mutation (Bloom et al., 2010).
Similarly, a permissive mutation located far away from the active site of an antibiotic-degrading
B- lactamase (TEM1) had little effect on its enzymatic activity by itself, but restored stability
loss by a subsequent mutation that increased TEM1 activity against cephalosporin antibiotics
(Wang et al., 2002). While in another example, 11 permissive mutations were introduced to
diversify the DNA-binding specificity of an ancestral steroid receptor to recognise a new
cognate DNA site. Indeed, these 11 mutations were found outside of the DNA-recognition
helix, but non-specifically increased the affinity for both estrogen response elements and
steroid response elements, thereby permitting three additional substitutions in the recognition
helix to alter the protein specificity to the new DNA site (McKeown et al., 2014). In the case of
ParB/Noc, the introduction of a lysine residues, either at position 179 or 184, was enough to
enable GIn173 and Arg201 to bind and recognise NBS specifically, by increasing the affinity
to both parS and NBS non-specifically.

In summary, the work | present in this chapter revealed the molecular basis underpinning
ParB-parS and Noc-NBS recognition. In doing so, | was able to provide a model explaining
how protein-DNA interaction specificity can change (Fig 3.20). By combining X-ray
crystallography and systemic scanning mutagenesis, we identified a small set of four
specificity residues at the protein-DNA interface, and dissected at the molecular level the role
of individual residues in reprogramming specificity. The work in this chapter may be useful for
understanding the diversification of other classes of DNA-binding proteins. Nevertheless,
evolution has most likely exploited more mutations and amino acid residues to fine-tune DNA-
binding specificity than the core set of four residues in this work. Other compensatory
mutations that alter the structural stability of proteins might also contribute and dictate the
course of evolution to new biological functions (lvankov et al., 2014; Sikosek and Chan, 2014;

Starr and Thornton, 2016). An important challenge for future work is to study all contributing
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Figure 3.20 A model for the determinants of NBS-binding specificity. Contributions of
each specificity residue to enable a switch in binding specificity from parS to NBS. An R173Q
substitution enabled interactions with Adenine 1:Thymine -1 (of NBS). A G201R substitution
enabled interactions with Cytosine 6: Guanine -6 (of NBS). Q173 and R201 could only do so
in the presence of permissive residues K at either 179, 184, or both. Without K179/184, Q173
and R201 were poised to interact with specific bases but could not, possibly because of
insufficient affinity for DNA.
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factors (permissive, specificity-switching, and other compensatory substitutions) in a

systematic manner to better understand the course of evolution to new biological innovations.
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Chapter 4: A CTP-dependent gating mechanism
enables ParB spreading on DNA
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4.1 Introduction

Proper chromosome segregation is essential in all domains of life. In most bacterial species,
faithful chromosome segregation is mediated by the tripartite ParA-ParB-parS system
(Donczew et al., 2016; Fogel and Waldor, 2006; Harms et al., 2013; Ireton et al., 1994;
Jakimowicz et al., 2002; Jalal and Le, 2020; Kawalek et al., 2018; Lin and Grossman, 1998;
Mohl et al., 2001; Tran et al.,, 2018). The centromere parS is the first DNA locus to be
segregated following chromosome replication (Lagage et al., 2016; Lin and Grossman, 1998;
Livny et al., 2007; Toro et al., 2008). ParB nucleates on parS before associating with adjacent
non-specific DNA, in a process known as spreading, to form a higher-order nucleoprotein
complex (Breier and Grossman, 2007; Broedersz et al., 2014; Graham et al., 2014; Jalal and
Le, 2020; Murray et al., 2006; Sanchez et al., 2015; Taylor et al., 2015). The ParB-DNA
nucleoprotein complex stimulates the ATPase activity of ParA, driving the movement of the
parS locus (and subsequently, the whole chromosome) to the opposite pole of the cell (Hwang
et al.,, 2013; Leonard et al., 2005; Lim et al., 2014; Vecchiarelli et al., 2012, 2014). This
nucleoprotein complex recruits SMC to disentangle and organize replicated DNA (Bohm et
al., 2020; Gruber and Errington, 2009; Tran et al., 2017; Wang et al., 2017).

The assembly of the ParB-parS nucleoprotein complex is a crucial event; bacterial cells
harbouring a nucleation-competent but spreading-defective parB allele are impaired in
plasmid/chromosome segregation (Breier and Grossman, 2007; Murray et al., 2006; Song et
al., 2017). Spreading was first discovered for the P1 plasmid-encoded ParB protein (Rodionov
et al., 1999), and was subsequently found to be a general feature of many plasmid and
chromosomal ParB proteins in bacteria (Breier and Grossman, 2007; Chen et al., 2015; Kusiak
et al., 2011; Murray et al., 2006; Song et al., 2017; Tran et al., 2018) In addition to a linear
spreading on DNA, Bacillus subtilis ParB can also bridge distal DNA together to coalesce into
a large nucleoprotein network in a process known as “spreading and bridging” (Fisher et al.,
2017; Graham et al., 2014; Madariaga-Marcos et al., 2019; Song et al., 2017; Taylor et al.,
2015). While a broadly similar “nucleation and caging” mechanism was also proposed to
explain the ability of an F1-plasmid ParB and Vibrio cholerae chromosomal ParB to form a
large nucleoprotein network (Debaugny et al., 2018; Sanchez et al., 2015). In this model, the
nucleation of ParB on parS creates a high local concentration of ParB, thereby caging ParB
molecules together with non-specific DNA surrounding parS to create a loose but fluid protein-
DNA network (Debaugny et al., 2018; Sanchez et al., 2015).

Chromosomal ParB protein consists of an N-terminal domain (NTD), a central parS-specific
DNA-binding domain (DBD), and a C-terminal domain (CTD) (Fig. 4.1A). Previously the
structure of a CTD-truncated (ACTD) Helicobacter pylori ParB with parS provided a possible
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structural basis for spreading. In this structure, four H. pylori ParBACTD monomers bind to
four individual half parS sites and tetramerize to bring distal DNA closer together (Fig. 1.2,
Chapter 1) (Chen et al., 2015). In comparison to the structure of an apo-ParBACTD from
Thermus thermophilus, the NTD of H. pylori ParBACTD adopts an alternative conformation to
position the highly conserved arginine-rich patch (GERRxR, Fig. 4.1) outwards to mediate
ParB-ParB oligomerization (Chen et al., 2015; Leonard et al., 2004). Based on this pairwise
structural comparison, Chen et al., (2015) proposed that the nucleation on parS induces a
transition (at the NTD of ParB) from a spreading-incompetent closed conformation to a
spreading-competent open conformation (Chen et al., 2015; Leonard et al., 2004). While more
recent works by Soh et al., (2019) and Osorio-Valeriano et al., (2019) on Bacillus subtilis and
Myxococcus xanthus ParB, respectively, showed that ParB binds and hydrolyses cytidine
triphosphate (CTP) to cytidine diphosphate (CDP), and that CTP modulates the binding affinity
of ParB to parS (Osorio-Valeriano et al., 2019; Soh et al., 2019). Co-crystal structures of a B.
subtilis ParB (ParBACTD) with CDP and an N-terminal domain truncated (ANTD) Myxococcus
xanthus PadC (PadCANTD) with CTP showed nucleotides sandwiching between the two
opposite subunits, thus promoting their self-dimerization (Osorio-Valeriano et al., 2019; Soh
et al., 2019). The self-dimerization at the N-terminal domain (NTD) of B. subtilis ParB creates
a clamp-like molecule that enables DNA entrapment (Soh et al., 2019). Additionally, ParB can
hydrolyse CTP to CDP and inorganic phosphate, however hydrolysis is not required for
spreading since ParB in complex with a slow-hydrolysable CTP analogue (CTPyS) can still
self-load on the DNA (Soh et al., 2019). Also, M. xanthus PadC, a ParB-like protein, does not
possess noticeable CTPase activity (Osorio-Valeriano et al., 2019). Overall, the role of CTP

hydrolysis in bacterial chromosome segregation is not yet clear.

Here, we demonstrate that CTP facilitates ParB escape from the parS site and promotes the
accumulation of ParB on a closed DNA substrate. Furthermore, | report the co-crystal
structures of a C-terminal domain truncated C. crescentus ParB in complex with either parS
or CTPyS to better understand the roles of CTP binding and hydrolysis. Consistent with a
previous finding (Soh et al., 2019), the NTDs of C. crescentus ParB also self-dimerize upon
binding to nucleotides, thus closing a molecular gate at this domain (the NTD gate).
Furthermore, the two opposite DNA-binding domains (DBD) move closer together to close a
second molecular gate (the DNA-gate). Collectively, | suggest a CTP-operated gating

mechanism that regulates ParB nucleation and spreading in C. crescentus.

4.2 Crystallisation of the C. crescentus ParB(ACTD)-parS complex
Chromatin immunoprecipitation coupled to deep sequencing (ChlP-seq) approaches have

demonstrated that C. crescentus ParB binds to the non-specific DNA flanking the parS sites
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to spread on the chromosome (Tran et al., 2018). Thus, to elucidate the structural basis of
ParB spreading, | first sought to determine a co-crystal structure of the ParB-parS complex
from C. crescentus. ParB proteins generally compose of three different domains, each of
which are connected by flexible linkers (Fig. 4.1A). This often results in a flexibility in the
organization of the domain orientation which could impair the protein from forming an orderly-
packaged crystals. To reduce the flexibility of the ParB protein, | generated a shorter ParB
variant by truncating the CTD (50 amino acids) (Fig. 4.1B). The C-terminal region of ParB has
the weakest homology to ParB homologues from different bacterial species (Figure 4.2).
Indeed, the crystal structures of apo-ParB from T. thermophilus and ParB-parS from H. pylori
were both solved by using the ACTD proteins (Chen et al., 2015; Leonard et al., 2004). While
the CTD of B. subtilis ParB was found to interact with DNA non-specifically due to a series of
lysine residues in this domain (Fisher et al., 2017; Madariaga-Marcos et al., 2019), the
equivalent residues are not found in C. crescentus ParB. Thus, | hypothesised that the C.
crescentus CTD may not bind DNA and solely function as a dimerization interface (see
Chapter 5).

To generate a C-terminal truncated (ACTD) variant of ParB, the parB gene from C. crescentus
encoding residues 1-244 of 291 amino acids found in the full-length proteins were cloned,
overexpressed, and the protein was purified (see Chapter 2) (Fig 4.1B). To verify whether the
ParBACTD variant retains parS binding ability in vitro, | performed a quantitative DNA binding
assay using bio-layer interference (BLI). In brief, a linear 20 bp biotinylated parS or scrambled-
parS containing DNA was attached to a streptavidin-coated probe to measure by BLI. BLI
assay monitors wavelength shifts (responses) resulting from changes in the optical thickness
of the probe surface during association or dissociation of the analyte (see Chapter 2).
Observed protein-DNA interactions were recorded as BLI-responses (nm), and three different
concentrations of protein (1000 nm, 500nm, 250nm) of ParB (WT) and ParBACTD were used.
As previously observed in Chapter 3, at 150 mM NaCl, no binding between ParB (WT) and
ParBACTD was observed with the scrambled- parS containing DNA (Fig 4.1C) (Tran et al.,
2018). Indeed, BLI-analysis confirmed that ParBACTD retains its parS binding ability in vitro,
albeit much weaker than the full-length ParB protein (Fig 4.1D). After conducting crystal trials
with either the full-length or ParBACTD and several different length of parS DNA duplexes, |
obtained crystals of a ParBACTD in complex with a 22-bp parS duplex DNA. Diffraction data
for the C. crescentus ParBACTD-parS co-crystal was collected to a resolution of 2.9 A, and
the phase was solved by molecular replacement using the 3.1 A structure of the H. pylori
ParBACTD-parS complex and the 2.3 A structure of apo-T. thermophilus ParBACTD as search
templates (Chen et al., 2015; Leonard et al., 2004). The X-ray crystallographic data are

summarised in Table 4.1.
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Figure 4.1 Purified C. crescentus Par B variants and their parS DN A-binding activities.
(A) The domain architecture of C. crescentus ParB: the N-terminal domain (NTD, dark green),
the central DNA-binding domain (DBD, dark green), the C-terminal domain (CTD, faded
green), and a linker that connects the DBD and the CTD together. The ParBACTD variant that
was used for Crystallisation lacks the CTD (faded green). (B) Full-length C. crescentus ParB
and the C-terminally truncated variant (ParBACTD) were expressed in E. coli and purified to
near homogeneity. All variants were C-terminally His-tagged (KLAAALEHHHHHH). (C)
ParBACTD retains its ability to bind parS DNA, albeit weaker than a full-length protein. Bio-
layer interferometric analysis of the interaction between a full-length C. crescentus ParB (grey)
or a C-terminally truncated ParBACTD (black) and a 20-bp parS-containing duplex DNA or the
scrambled parS DNA. Sensors loaded with biotinylated parS DNA were probed with 5000 nM,
1000 nM, and 500 nM dimer concentrations of proteins. The interaction kinetics were followed
by monitoring the wavelength shifts (response unit, nm) resulting from changes in the optical
thickness of the sensor surface during association or dissociation of the proteins.
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Figure 4.2 Sequence alignment of the chromosomal ParB superfamily. An alignment of
~1800 chromosomal ParB proteins was constructed and presented as a sequence logo. The
height of the stack indicates the sequence conservation, while the height of symbols within
the stack indicates the relative frequency of each amino acid residue at that position. Amino
acids are coloured based on their chemical properties. Secondary-structure elements for C.
crescentus ParBACTD are shown below the alignment. Dashed lines indicate unmodeled
residues due to poor electron density in the C. crescentus ParBACTD-parS co-crystal
structure.
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4.3 The crystal structure of C. crecentus ParBACTD in complex with parS

The asymmetric unit of the crystal contained four copies of the ParB monomer (Chain A-D)
(two dimers) and two copies of the parS DNA (Fig 4.3A-B). Each ParBACTD binds to a half
parS site but there is no protein-protein contact between the two adjacent subunits (Fig 4.4A).
The bases at the end of the parS site stack and interact to form the pseudo-continuos filament
that runs through the crystal. The overall structure of the ParBACTD-parS complex is shown
in Figure 4.4, with the ParBACTD variant containing both the NTD and the DBD (Fig 4.4A-B).
The secondary structure of the ParBACTD-parS is composed of 10 a-helix and 4 B-pleated
sheets that span residues 45-48 (31), 65-73 (a1), 84-88 (32), 96-100 (B3), 102-111 (a2), 114-
120 (B4), 125-138 (a3), 144-158 (a4), 162-169 (a5), 173-184 (06), 187-195 (a7), 200-206
(a8), 212-222 (a9) and 226-235 (a10) (Fig. 4.4B). The NTD contains helixes a1 to a2 and
pleated-sheets 1 to 4, while the last eight helices (a3- a10) make up the DBD of ParB (Fig.
4.4B). | noticed similar interactions between ParB and parS as previously observed in the C.
crescentus ParB (DBD)-parS co-crystal structure (Chapter 3) (Jalal et al., 2020b). Since both
chain A and chain B in the asymmetric unit are almost identical to chain C and chain D, |

decided to use chain C-D-parS for subsequent structural analysis (Fig. 4.3A).

From the co-crystal structure, | noticed that helices a3 and a4 of the NTD are packed against
the DBD. A flexible loop found between a3 and 4 (V120-L123) connects the rest of the NTD
to the DBD. The highly conserved arginine-rich motif (GERRxR), crucial for C. crescentus
ParB spreading, resides on helix a2. By superimposing different chains found in the co-crystal
structure, | observe that while the DBD and the NTD a3-a4 are almost identical between chain
C and D (RMSD=0.19 A), the rest of the NTD (a1-B4) adopts completely different arrangement
(Fig 4.4C) (Tran et al., 2018). The NTD (a1-p4) of chain C and D are oriented ~80° apart from
each other (Fig. 4.4C); this is due to a loop (V120-L123) (flexible elbow) connecting a3 and
B4 together (Fig. 4.4C-D). The role of this elbow in orientating the NTD became clearer upon
comparing the C. crescentus ParBACTD-parS structure to two other available structures of

chromosomal ParBs from H. pylori and T. thermophilus.

4.4 Structural comparison reveals the flexibility of the NTD of ParB

In the co-crystal structure of the H. pylori ParBACTD-parS complex, ParB adopts a different
conformation in which its NTD projects outwards and contacts a nearby ParB monomer in the
adjacent asymmetric unit (Chen et al., 2015) (Fig. 4.5A). In contrast, | was unable to observe
any such interaction between the NTD of the two adjacent C. crescentus ParB monomers (Fig.

4.5A). By superimposing the structure of H. pylori ParBACTD onto the C. crescentus
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Figure 4.3 Composition of the asymmetric unit of the co-crystal C. crescentus Ct-ParB-
parS structure. (A) The asymmetric unit consists of four copies of the C. crescentus
ParBACTD (chain A, B, C and D) and two copies of the 22 bp full size parS DNA. (B)
Superimposition of chains A (cyan) and B (light grey) onto chains C (green) and D (dark grey)
displayed the near identical orientation of the two complexes in the asymmetric unit.
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Figure 4.4 Co-crystal structure of a C-terminal domain truncated ParBACTD-parS
complex from Caulobacter crescentus revealed the multiple conformations of the N-
terminal domain. (A) Co-crystal structure of two C. crescentus ParBACTD monomers (dark
green and light blue) bound on a 22-bp parS DNA. The nucleotide sequence of the 22-bp parS
is shown below the co-crystal structure, the core parS sequence is highlighted in bold. (B) The
structure of ParBACTD chain D bound to a parS half site with key features highlighted. (C)
Superimposition of C. crescentus ParBACTD chain C and D (light blue and dark green,
respectively) shows two different orientations of the NTD (a1-4). The arrow above each chain
shows the direction each NTD projects towards. The dashed box shows the flexible loop
(elbow) that connects helix a3 and sheet (34 together. (D) A top-down view of the
superimposition of chain C and D shows that the NTD (a1-4) of chain C and D are oriented
~80° apart from each other.
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ParBACTD structure, | observed that each NTD is orientated differently (Fig. 4.5B, Fig. 4.6A-
B). In the H. pylori ParB-parS co-crystal structure, the NTD extends outwards (in an extended
conformation), while the C. crescentus ParB points either inwards (chain D) or side-ways
(chain C) (Fig 4.5A-C).

By superimposing all three chains, | noted that the elbow (V120-L123) swivels around the a3
axis, hence permitting the NTD to adopt three distinct conformations (Fig. 4.5B). Sequence
alignment of ~1800 ParB orthologs displayed an enrichment for charged and polar uncharged
residues in the elbow region (Fig. 4.5B). This amino acid preference is typically found in
intrinsically disordered proteins and may confer flexibility to the elbow connecting a3 and 34
together (Romero et al., 2001; Vucetic et al., 2003). A subsequent structure superimposition
and showed that the NTD of an apo-T. thermophilus ParBACTD also adopts a similar open
conformation, to chain D in the C. crescentus ParBACTD-parS co-crystal structure (Fig. 4.5C).
Next, | observed a second level of flexibility of the N-terminal most peptide (residues 1-64) of
ParB. This amino acid region is extended in the T. thermophilus ParBACTD structure (pink
dashed line, Fig 4.5C), however in the C. crescentus ParBACTD this region folds back to
contribute the fourth strand to the core B-sheet at the NTD (green dashed line, Fig. 4.5C).
Interestingly, the equivalent region was not observed in the H. pylori ParBACTD co-crystal
structure. Due to the alternate conformations of this N-terminal region and of the NTD as a
whole, the ParA-interacting region (residues 1-30, Fig. 1 and Fig. 4.5), it is likely that this

region can potentially explore a very large space surrounding ParB.

Altogether, by performing a three-way structural comparison, | suggest that the NTD of ParB
can adopt multiple alternate conformations regardless whether ParB is in complex with parS.
Our finding contrasts previous observations made by Chen et al., (2015), as my C. crescentus
ParBACTD-parS co-crystal structure demonstrated that nucleation to parS alone is not
sufficient enough to induce a transition (at the NTD) from a spreading-incompetent to a
spreading-competent state. Indeed while ParB spreading has been observed in various
bacterial species in vivo, (Breier and Grossman, 2007; Graham et al., 2014; Lagage et al.,
2016; Murray et al., 2006; Rodionov et al., 1999; Tran et al., 2018) parS-dependent ParB
spreading has resisted biochemical reconstitutions (in agreement with my C. crescentus
ParBACTD-parsS structure) (Fisher et al., 2017; Graham et al., 2014; Madariaga-Marcos et al.,
2019; Taylor et al., 2015). These unsuccessful attempts at reconstituting ParB spreading in
vitro suggests that additional factors may be missing. In the next section, | further expand on

the co-factor required for ParB spreading in vitro.

4.5 parS DNA increases the CTP binding and hydrolysis rate of C. crescentus ParB
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Figure 4.5 Structural comparisons of the C. crescentus ParBACTD-parS complex to
other ParB family members. (A) Structures of two adjacent symmetry complexes of H. pylori
(upper panel) and C. crescentus ParBACTD -parS (lower panel). In the H. pylori ParBACTD-
parS complex, ParB adopts an open conformation in which its NTD projects outwards to
contact a neighbouring monomer. However, no such interaction was seen between the NTD
of the two adjacent C. crescentus ParB monomers. (B) A side-view of the superimposition
between C. crescentus ParBACTD chain C (light blue), chain D (dark green), and H. pylori
ParBACTD (golden) shows the three distinct orientations of the NTD (see also Fig. 4.6). (C) A
top view of the superimposition between C. crescentus ParBACTD chain C, chain D, and H.
pylori ParBACTD. The dashed box shows the flexible loop (elbow) that connects helix a3 and
sheet B4 together. The conservation of amino acids at the flexible elbow is presented as
sequence logos. Amino acids are coloured based on their chemical properties (GSTYC: polar;
QN: neutral; KRH: basic; DE: acidic; and AVLIPWFM: hydrophobic). (D) Superimposition of
C. crescentus ParBACTD chain D (dark green) and T. thermophilus ParBACTD chain C (pink)
shows the two different conformations of the N-terminal-most peptide (dashed dark green and
pink lines).
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Figure 4.6 Structural comparisons of the C. crescentus ParB-parS complex to other
ParB family members. Superposition of all crystallographic independent subunits from (A)
H. pylori ParB-parS; (B) H. pylori ParB-parS and chain C and D of C. crescentus Ct-ParB-
parS; (C) T. thermophilus apo-ParBACTD; (D) T. thermophilus Ct-ParBACTD and chain C and
D of C. crescentus ParBACTD-parS. Superimposition was based on the DNA-binding domain

and helices a3-a4 of the N-terminal domain.
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More recent studies have demonstrated that B. subtilis ParB and M. xanthus PadC are
members of a new CTPase protein family that bind and hydrolyse cytidine triphosphate (CTP)
to cytidine diphosphate (CDP) (Osorio-Valeriano et al., 2019; Soh et al., 2019). By employing
a membrane-spotting assay (DRaCALA), we showed that C. crescentus ParB binds to
radiolabelled CTP in the presence of parS DNA (Fig. 4.7A). An excess of unlabelled CTP, but
no other NTPs, could compete with radioactive CTP for binding to C. crescentus ParB,
suggesting that C. crescentus ParB does not bind other NTPs (Fig. 4.7B). The CTP binding
of ParB was reduced when a non-cognate DNA site (NBS) (Wu et al., 2009) was used instead
of parS. We also failed to detect CTP binding in our DRaCALA assay or by isothermal titration
calorimetry when DNA was omitted. Nevertheless, we robustly detected CTP hydrolysis to
CDP and inorganic phosphate when C. crescentus ParB and CTP were included, albeit at a
very low rate of ~0.4 CTP molecules per ParB per hour (Fig. 4.7C). A background level of
inorganic phosphate was observed when C. crescentus ParB was incubated with ATP, GTP,
or UTP (Fig. 4.7C). Crucially, the addition of a 22-bp parS DNA, but not a non-cognate 22-bp
NBS DNA, increased CTP turnover rate sevenfold to ~3 CTP molecules per ParB per hour
(Fig. 4.7C). Lastly, the CTP hydrolysis was reduced to the background in the nucleation-
competent but spreading-defective ParB (R104A) variant (Fig. 4.7C). Altogether, our data
suggest that parS DNA stimulates C. crescentus ParB to bind and hydrolyse CTP. Next we

sought to determine whether CTP influence the nucleation of ParB to parS.

4.6 CTP reduces the nucleation of C. crescentus ParB on parS

To determine if CTP or other NTP alone affects ParB-parS interaction, we attached a linear
20-bp biotinylated parS DNA to a streptavidin-coated probe to measure the bio-layer
interference (BLI). We monitored in real-time interactions between immobilized parS DNA and
purified C. crescentus ParB or a premix of ParB + NTP (Fig. 4.8A). Consistent with previous
reports (Figge et al., 2003; Tran et al., 2018), C. crescentus ParB bound site-specifically to
parS (Fig. 4.8B). In the presence of ATP, GTP, or UTP, we observed a small reduction in
ParB-parS binding at steady state regardless of whether Mg?* was included in binding buffer
or not (Fig. 4.8B-C), suggesting that C. crescentus ParB is slightly sensitive to highly
negatively charged compounds or possibly to counter-ions (Na*) in NTP solutions. However,
we noted that CTP had a pronounced effect on ParB-parS interaction, specifically in the
presence of Mg?* (Fig. 4.8B-C). An increasing concentration of CTP (but not CMP or CDP)
gradually reduced the binding of ParB to parS (Fig 4.8D-E). On closer inspection, we noted
that ParB + CTP slowly dissociated from parS even before the probe was returned to a protein-
free buffer (a gradual downward slope between 30" and 150" sec, Fig. 4.8A), suggesting that
CTP facilitated ParB removal from a 20-bp parS DNA. To investigate further, we monitored

the dissociation rates of pre-bound CTP-free ParB-parS complexes after probes were returned
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Figure 4.7 parS DNA increases the CTP binding and hydrolysis rate by C. crescentus
ParB. (A-B) CTP binding as monitored by DRaCALA assay using radiolabelled CTP a-P3.
The bulls-eye staining indicates CTP binding due to a more rapid immobilization of protein-
ligand complexes compared to free ligands alone. The starting concentration of proteins used
in panel A was 25 pM. The same concentration of radioactive CTP, unlabelled CTP, and DNA
was used in experiments shown in panels A and B. (C) A continuous monitoring of inorganic
phosphate (Pi) released by recording absorbance at 360 nm overtime at 25°C. The rates of
CTP hydrolysis were inferred from a Pi standard. The NTP hydrolysis of C. crescentus ParB
was also monitored in the presence of ATP, GTP, or UTP, with a 22 bp parS DNA duplex or
a non-cognate 22 bp NBS DNA duplex (a DNA-binding site of Noc protein (Wu and Errington,
2004). The nucleation-competent but spreading-defective ParB (R104A) mutant did not
hydrolyse CTP in the presence of parS DNA. All buffers used for experiments in this figure
contained Mg?*.
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Figure 4.8 CTP reduces the nucleation of C. crescentus ParB at parS. (A) Bio-layer
interferometric (BLI) analysis of the interaction between a premix of 1 uM ParB-Hisg dimer * 1
mM NTP and a 20-bp DNA duplex containing parS. Biotinylated DNA fragments were
immobilized onto the surface of a Streptavidin (SA)-coated probe (See Materials and
Methods). The BLI probe was dipped into a buffer only solution (0-30 sec), then to a premix
of protein £ NTP (30-150 sec: association phase), and finally returned to a buffer only solution
(150-270 sec: dissociation phase). Sensorgrams were recorded over time. (B) BLI analysis of
the interaction between purified C. crescentus ParB-Hiss (0.125 to 2 yM) and a 20-bp parS
DNA probe (C) Same as panel except Mg?* was omitted in the buffer solution (D) BLI analysis
of the interaction between purified C. crescentus ParB and an increasing concentration of
CTP-Mg?*. ParB-Hise (1 uM dimer) + 0-10 mM CTP, and a 20-bp DNA duplex containing parS
were used for this experiment. (E) BLI analysis of the interaction between a premix of 1 uM C.
crescentus ParB-Hise £ 1 mM cytidine mono-, di-, or triphosphate, and a 20-bp parS DNA.
Schematic of the DNA substrate is shown above the sensorgram (F) BLI analysis of the
interaction between 1 uM C. crescentus ParB-Hiss (without CTP) and a 20-bp parS DNA. For
the dissociation phase, the probe was returned to a buffer only or buffer supplemented with 1
mM CTP. All buffers used for experiments in this figure (with exception of Figure 4.8C)
contained Mg?*. Each BLI experiment was triplicated and a representative sensorgram was
presented.
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to a protein-free buffer with or without CTP, we found ParB dissociating ~seven times faster
in buffer with CTP than in buffer only solution (Fig. 4.8F). Given the short length of a 20-bp
parS DNA duplex that has only sufficient room for nucleation, our results suggest that CTP

might decrease ParB nucleation on parS or liberates pre-bound ParB from parS site.

4.7 CTP facilitates ParB association with a closed DNA substrate beyond nucleation

Next, we investigated the effect of CTP on ParB-DNA interaction by employing a longer 169-
bp parS-containing DNA fragment that has been labelled at both 5’ ends with biotin (Fig. 4.9A).
Immobilizing a dual biotin-labelled DNA on a streptavidin-coated BLI probe created a DNA
substrate where both ends were blocked (a closed DNA). The interactions between
immobilized DNA and purified C. crescentus ParB in the presence or absence of NTP was
then monitored. In the absence of NTP, we observed the usual nucleation event on parS with
1 uM ParB protein (Fig. 4.9A). Premixing ATP, GTP, or UTP with ParB did not change the
sensorgrams markedly (Fig. 4.9A). However, the addition of CTP significantly increased the
response by ~12 fold (Fig. 4.9A) suggesting that more ParB associated with a 169-bp parS
probe at steady state than by nucleation at parS alone. We observed that DNA-bound ParB
was salt sensitive and dissociated easily to the solution when the BLI probe was returned to
a low-salt protein-free buffer without CTP (Fig. 4.9A, dissociation phase). Noticeably, no
increase in response was observed when a 169-bp dual biotin-labelled DNA containing a
scrambled parS was employed instead (Fig. 4.9A). Furthermore, we observed that a
nucleation-competent but spreading-defective C. crescentus ParB (R104A) mutant did not
respond to the addition of CTP to the same extent as ParB (WT) (Fig. 4.9B). Our results

suggest that CTP is required for the increase in parS-dependent ParB accumulation in vitro.

To independently verify the BLI data, we performed an in vitro pull-down of purified His-tagged
C. crescentus ParB (Fig. 4.9C). Streptavidin-coated paramagnetic beads were incubated with
2.8-kb dual biotin-labelled DNA fragments containing either parS or scrambled parS sites.
Again, a dual biotin-labelled DNA formed a closed substrate on the surface of the beads. DNA-
coated beads were incubated with purified C. crescentus ParB either in the presence or
absence of NTP before being pulled down magnetically. Pulled-down ParB was released from
beads and their protein level was analysed by an a-Hiss immunoblot (Fig. 4.9C). We found~13-
15 fold more pulled-down ParB when CTP was included (Fig. 4.9C). No enrichment was
observed when scrambled parS-coated beads were used, confirming that the extensive in
vitro association of ParB with DNA is dependent on parS (Fig. 4.9C). Also, consistent with the
BLI experiments, no further enrichment of ParB was seen when ATP, GTP or UTP was

included (Fig. 4.9C). Furthermore, a nucleation-competent but spreading-defective ParB
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Figure 4.9 Cytidine triphosphate (CTP) enhances ParB association with a parS
containing DNA beyond by nucleation alone (A) BLI analysis of the interaction between a
premixed of 1 uM C. crescentus ParB-His6 + 1mM NTP and a 169-bp dual biotin-labelled DNA
containing a parS or a scrambled parS site. Interactions between a dual biotinylated DNA and
a streptavidin (SA)-coated probe created a topologically closed DNA substrate (see the
schematic cartoon of the BLI probe above the sensorgram). (B) Interactions between a
nucleation-competent but spreading-defective ParB (R104) variant with a 169 parS DNA
fragment in the presence or absence of CTP were also recorded. (C) A schematic of the pull-
down assay and immunoblot analysis of pulled-down C. crescentus ParB-Hiss. The length of
bound DNA is ~2.8 kb. Beads were incubated with ParB protein for five minutes before being
pulled down magnetically. All buffers used for experiments in this figure contained Mg?*.
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(R104A) variant was not enriched in our pull-down assay regardless of whether CTP was
present or not (Fig. 4.9C). Altogether, our results suggest that the parS-dependent spreading
ability of ParB on a closed DNA substrate requires CTP.

4.8 A closed DNA substrate is required for an increased ParB association with DNA
Next, we investigated whether a DNA substrate with a free end (an open DNA) can also
support ParB accumulation in vitro. The 169-bp dual biotin-labelled DNA was designed with
unique BamHI and EcoRlI recognition sites flanking the parS site (Fig. 4.10A). To generate an
open end on DNA, we immerged the DNA-coated probes in buffers contained either BamHl
or EcoRI (Fig. 4.10A-C). Subsequently, probes were washed of restriction enzymes and
returned to a binding buffer. Before restriction enzyme digestion, we again observed an
enhanced ParB association with a closed DNA substrate in the presence of CTP (Fig. 4.10A).
After restriction enzyme digestion, the inclusion of CTP had no effect on the BLI response,
indicating that ParB did not accumulate on an open DNA substrate in vitro (Fig. 4.10A-C).
Taken together, these findings suggest that ParB spreads but quickly escapes by sliding off
the free DNA end.

4.9 The crystal structure of the C-terminal truncated (ACTD) Caulobacter ParB in
complex with the slow hydrolysable CTP analogue, CTPYS

Next, to gain insights into the spreading state of ParB, | attempted to crystallise C. crescentus
ParB in complex with the slow hydrolysable analogue of CTP, CTPyS. After screening several
constructs, | was able to obtain crystals of the C. crescentus ParBACTD in complex with
CTPyS. Diffraction data was collected to a resolution of 2.7 A and the structure was solved
using molecular replacement with the C. crescentus ParBACTD as a template (Chapter 2).
The X-ray crystallographic data are summarised in Table 4.1. At this resolution, it was not
possible to assign the position of the ligand sulphur atom. Indeed, the placement of the sulphur
atom may vary from one ligand to the next leading to an averaging of the electron density.
Hence, CTP instead of CTPyS was modelled into the electron density (Fig. 4.11A). The
asymmetric unit contains two copies of ParBACTD, each with a CTPyS molecule and a
coordinated Mg?* ion bound at the NTD (Fig. 4.11A). In contrast to the open conformation of
the ParBACTD-parS structure, nucleotide-bound NTDs from opposite subunits self-dimerize
(with an interface area of 2111 A2, as determined by PISA) (Krissinel, 2015) (Fig. 4.11A).
Multiple CTPyS-contacting residues also directly contribute to the NTD self-dimerization
interface (summarized in Fig. 4.12), indicating a coupling between nucleotide binding and self-
dimerization. Furthermore, the C. crescentus ParBACTD-CTPyS structure is similar to that of
the CDP-bound B. subtilis ParBACTD (RMSD=1.48 A) (Soh et al., 2019) and the CTP-bound
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Figure 4.10 A closed DNA substrate is required for an increased association of ParB
with DNA. (A) BLI analysis of the interaction between a premix of 1 uM C. crescentus ParB-
Hise £+ 1mM CTP and a 169-bp dual biotin-labelled parS DNA. (B) Same as panel A but
immobilized DNA fragments have been restricted with BamHI before BLI analysis. (C) Same
as panel A but immobilized DNA fragments have been restricted with EcoRI before BLI
analysis. Schematic of DNA fragments with the relative positions of parS and restriction
enzyme recognition sites are shown above the sensorgram. Each BLI experiment was
triplicated and a representative sensorgram was presented. All buffers used for experiments
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Figure 4.11 Co-crystal structure of a C. crescentus ParBACTD-CTPyS complex reveals
a closed conformation at the NTD. (A) (Left panel) The front view of the co-crystal structure
of C. crescentus ParBACTD (dark green and grey) bound to a non-hydrolysable analogue

CTPyS (orange) and M92+ ions (dark green and grey spheres). (Right panel) The top view
of the C. crescentus ParBACTD-CTPyS co- crystal structure. (B) Structural comparisons of
the C. crescentus ParBACTD-CTPyS complex to the B. subtilis ParBACTD-CDP complex and
the M. xanthus PadCANTD-CTP complex. Superimposition of nucleotide-bound structures of
C. crescentus ParBACTD (dark green), B. subtilis ParBACTD (magenta) PDB: 6SDK, and M.
xanthus PadCANTD PDB: 6RYK (light blue) with their corresponding pairwise root- mean-
square deviation values (RMSD). (C) The chemical structure of CTPyS.
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Figure 4.12 Sequence alignment of the chromosomal ParB protein family. An alignment
of ~1800 chromosomal ParB proteins was constructed and presented as a sequence logo.
The height of the stack indicates the sequence conservation, while the height of symbols within
the stack indicates the relative frequency of each amino acid residue at that position. Amino
acids are coloured based on their chemical properties. Secondary-structure elements for C.
crescentus ParBACTD are shown below the alignment. Dashed lines indicate unmodeled
residues due to poor electron density in the C. crescentus ParBACTD-CTPyS co-crystal

structure. Residues that contact CTP\(S-Mg2+ and/or mediate the NTD self-dimerization are
also labelled.
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M. xanthus PadCANTD (RMSD=2.23 A) (Osorio-Valeriano et al., 2019) (Fig. 4.11B),
suggesting that the closed conformation at the NTD is structurally conserved in nucleotide-

bound ParB/ParB-like proteins.

4.10 The CTP-binding pocket (C-pocket) of C. crescentus ParB

In the co-crystal structure of the C. crescentus ParBACTD-CTPyS complex, two CTPyS
molecules are sandwiched between helices a1, a2, a3 from one subunit and helix a3’ from
the opposite subunit (Fig. 4.11A, 4.13A-B). Ten amino acids form hydrogen-bonding contacts
with three phosphate groups of CTPYS, either directly or via the coordinated Mg?®* ion (Fig.
4.13A-B). These phosphate-contacting residues were referred to as P-motifs 1 to 3,
respectively (P for phosphate motif, Fig. 4.13A-B). Four amino acids at helix a1 and the a1-
B2 intervening loop provide hydrogen-bonding interactions to the cytosine ring, hence were
termed the C- motif (C for cytosine motif, Fig. 4.13A-B). Lastly, six additional residues contact
the ribose moiety and/or the pyrimidine moiety via hydrophobic interactions (Fig. 4.13A-B).
Nucleotide- contacting residues in C. crescentus ParB and their corresponding amino acids in
ParB/ParB-like homologs were summarized in figure 4.12 and figure 4.20. The C-motif forms
a snug fit to the pyrimidine moiety, thus is incompatible with larger purine moieties such as
those from ATP or GTP. Hydrogen-bonding contacts from the G79 main chain and the S74
side chain to the amino group at position 4 of the cytosine moiety further distinguish CTP from
UTP (Fig. 4.13A-B). Taken all together, my structural data is consistent with the known
specificity of C. crescentus ParB for CTP (Fig. 4.7A-B).

4.11 Conformational changes between the nucleating and spreading state of C.
crescentus ParB

A direct comparison of the C. crescentus ParBACTD-parS structure to the ParBACTD-CTPyS
structure further revealed the conformational changes upon nucleotide binding. In the
nucleating state, as represented by the ParBACTD-parS structure, helices a3 and a4 from
each subunit bundle together (32° angle between a3 and a4, Fig. 4.14). However, in the
spreading state, as represented by the ParBACTD-CTPYS structure, a3 swings outwards by
CTP 101° to pack itself with a4’ from the opposite subunit (Fig. 4.14). Nucleotide binding most
likely facilitates this “swinging-out” conformation since both a3 and the a3-a4 loop i.e. P- motif
3 make numerous contacts with the bound CTPyS and the coordinated Mg** ion (Fig. 4.15A-
B). The reciprocal exchange of helices ensures the packing in the a3-a4 protein core remains
intact, while driving the conformational changes for the rest of the NTD as well as the DBD
(Fig. 4.15A). Indeed, the residues 44-121 at the NTD wholesale rotates by 94° to dimerize
with its counterpart from the opposite subunit (Fig. 4.15A, 4.16A). Also, residues 161-221 at
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Figure 4.13 The nucleotide-binding pocket of C. crescentus ParB. (A) The amino acid
residues that contact the CTPyS molecule and the coordinated Mg?* ion are shown (B)
Protein-ligand interaction map of CTPyS bound to C. crescentus ParBACTD. Hydrogen bonds
are shown as dashed green lines and hydrophobic interactions as red semi-circles. Nitrogen,
oxygen, phosphate, and magnesium atoms are shown as blue, red, purple, and green filled
circles, respectively. (C) Omit mFobs-DFcalc difference electron density calculated at 2.73 A
resolution for Mg-CTP. The omit map was calculated using phases from the final model, with
the displayed atoms omitted, after the application of small random shifts to the atomic

coordinates, re-setting temperature factors, and re-refining to convergence (rendered in blue
mesh at a contour level of ~3.50).
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Figure 4.14 Conformational changes between the nucleating and the spreading state of
C. crescentus ParB. Structures of C. crescentus ParBACTD in complex with parS (left panel)
and with CTPyS (right panel), with the pairs of helices (a3-04, and a3’-a4’ for the opposite
subunit) shown in light blue and dark blue, respectively. Below each structure, only the a3-04,
a3’-a4’ pairs, and the angles between these helices are shown.
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Figure 4.15 The structure of a nucleotide-bound C. crescentus ParBACTD is
incompatible with specific parS binding at the DBD. (A) Structural changes between C.
crescentus ParBACTD-parS and ParBACTD-CTPYS structures. Helices a3 and a4 are shown
in light blue. The arrows next to the NTD (residues 44 to 1221) and the DBD (residues 161 to
21) show the direction that these domains rotate towards in the nucleotide-bound state. (B)
Superimposing the C. crescentus ParBACTD-CTPYS structure onto parS DNA shows DNA-
recognition helices (a6 and a6’, magenta) positioning away from the two consecutive major
grooves of parS, and helices a8-a9 and a8’-a9’ at the DBD (dashed box) clashing with parS
DNA.
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A C. crescentus ParBACTD-parS
C. crescentus ParBACTD-CTPyS

res. 44-121 (NTD) res. 161-221 (DBD)
RMSD =1.16 A RMSD =1.90 A

C. crescentus ParBACTD-parS C. crescentus ParBACTD-CTPyS

Figure 4.16 The structure of nucleotide-bound C. crescentus ParBACTD is incompatible
with specific parS binding at the DBD. (A) Residues 44 to 121 of the NTD and residues
161 to 221 of the DBD move in a near rigid-body motion between the ParBACTD-parS and
the ParBACTD-CTPyS structures. (Left panel) Structural comparison between the NTDs
(residues 44 to 121) from the ParBACTD-parS structure (black) and the ParBACTD-CTPyS
structure (dark green). (Right panel) Structural comparison between the DBDs (residues 161
to 221) from the ParBACTD-parS structure (black) and the ParBACTD-CTPyS structure (dark
green). The corresponding root-mean- square deviation value (RMSD) is shown below each
structural alignment. (B) The inter-domain distances between opposite DBDs in the
ParBACTD-parS and the ParBACTD-CTPyS structures. Distances (yellow dashed lines) were
measured between the centroid (magenta sphere) of each DBD.
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the DBD rotates upward by 26° in a near rigid- body movement (Fig. 4.15A, 4.16A). As the
result, the opposite DBDs of ParB are closer together in the spreading state (inter-domain
distance = 27.1 A) than in the nucleating state (inter-domain distance = 36.2 A) (Fig. 4.16B).
By overlaying the CTPyS-bound structure onto the parS DNA, it then became clear that the
DBDs in the spreading state clash severely with DNA, hence are no longer compatible with
parS DNA binding (Fig. 4.15B). My structural data are therefore consistent with our
biochemical reconstitutions that CTP decreases C. crescentus ParB nucleation on parS or
liberates pre- bound ParB from parS site (Fig. 4.8, 4.9). Overall, | suggest that CTP binding
induces a DNA-binding incompatible conformation that facilitates ParB escape from the high-

affinity nucleation parsS site.

4.12 The crystal structure of the Caulobacter ParBA44N in complex with CDP

As the CTPyS-bound C. crescentus ParB crystals diffracted to 2.7 A, | was unable to
confidently model any potential catalytic water molecules, preventing our understanding of the
mechanism of CTP hydrolysis by the ParB CTPase. To obtain a structural insight into ParB
mediated CTP hydrolysis, | sought to obtain a ParB-CTPyS co-crystal complex that would
diffract at a higher resolution. From comparing both ParBACTD crystal structures, | observed
that the electron density for the first 44 residues of ParBACTD were not present in the
structure, likely due to a disordered conformation. Indeed, truncating this region generated the
C. crescentus ParBA44NACTD variant generated crystals that diffracted to a much higher
resolution of 1.28 A. The phase was then solved by molecular replacement using the 2.9 A
structure of the C. crescentus ParBACTD ParB-parS as a search template. The X-ray

crystallographic data are summarised in Table 4.1.

The asymmetric unit of the crystal contained a single molecule of ParBA44NACTD-CDP
monomer which forms a dimer due to the symmetry of crystal packing (Fig 4.17A-B). In the
crystal, C. crescentus ParBA44NACTD forms a compact dimer composed of two interlocking
polypeptide chains. Despite the ParBA44NACTD being co-crystallised with CTPyS, | was
unable to confidently model the third sulphur containing phosphate group, as such CDP was
modelled instead. Thus, despite the higher resolution, | was unable to determine the structural
basis of CTP-hydrolysis by the ParB CTPase. Structural comparisons between the C.
crescentus ParBA44NACTD-CDP complex and the C. crescentus ParBACTD-CTPyYS
revealed that both proteins adopt a similar conformation of the NTD and DBD (RMSD = 0.7.
A) (Fig. 4.18A). Nevertheless, from comparing the C-pocket of the ParBACTD-CTPYS | was
able to compare the contacts mediated between ParB-CTPyS and CDP (Fig. 4.19). Noticeably
both E135 and N136 which form side chain contacts through a coordinated Mg?* ion with P-
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Figure 4.17 The crystal structure of a C. crescentus ParBA44NACTD in complex with
cytidine diphosphate (CDP) (A) The asymmetric unit contained one copy of the C.
crescentus ParBA44NACTD (aquamarine and grey) bound to CDP (magenta). (B) A dimer of
the C. crescentus ParBA44NACTD that self-dimerizes at the N-terminal domain (NTD).
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B. subtilis ParBACTD-CDP

RMSD =27 A

Figure 4.18 Structural superimposition between the C. crescentus ParBA44NACTD-CDP
complex, C. crescentus ParBACTD-CTPYS, and B. subtilis ParBACTD-CDP complex. (A)
Superimposition of nucleotide-bound structures of C. crescentus ParBA44NACTD
(aquamarine) C. crescentus ParBACTD (green) (B) Superimposition of nucleotide-bound
structures of C. crescentus ParBA44NACTD (aquamarine) and B. subtilis ParBACTD
(magenta) with their corresponding pairwise root- mean-square deviation values (RMSD).
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Figure 4.19 Comparison of the nucleotide binding pocket between the CTPyS bound C.
crescentus ParBACTD and the CDP bound C. crescentus ParBA44NACTD (A) The amino
acid residues that contact the CTPyS molecule and the coordinated Mg?* ion are shown (B)
The amino acid residues that contact the CDP molecule and water molecules are shown (C)
Protein-ligand interaction map of CTPyS bound to C. crescentus ParBACTD. Hydrogen bonds
are shown as dashed green lines and hydrophobic interactions as red semi-circles. Nitrogen,
oxygen, phosphate, and magnesium atoms are shown as blue, red, purple, and green filled
circles, respectively. (D) Protein-ligand interaction map of CDP bound to C. crescentus
ParBA44NACTD.
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C. crescentus ParBAC-CTPyS

C. crescentusParBAC-CDP

Bacillus subtilisParBAC-CDP  Myxococcus xanthus PadCAN-CTP

(6SDK, Soh et al., 2019)

(6RYK, Osorio-Valeriano et al., 2019)

P-region 1

C-pocket

P-region 2

P-region 3

Hydrophobic interactions
to the cytidine moiety

to the ribose moiety

Q58 (side chain)
R60 (side chain)

S74 (side chain)

G79 (main chain)
L81 (main chain)
Q82 (main chain)

G101 (main chain)
E102 (main chain)
R103 (side chain)
R104 (side chain)

E135 (side chain, via Mg?)
N136 (side chain, via Mg?*)
R139 (side chain)
A140 (main chain)

L71 (side chain)
1134 (side chain)
175 (side chain)
V80 (side chain)
R139 (side chain)

to the cytidine and ribose moiety Q138 (side chain)

Q58 (side chain, via H,0)
R60 (side chain, via H,0)

S74 (side chain)

G79 (main chain)
L81 (main chain)
Q82 (main chain)

G101 (side chain, via H,0)
E102 (side chain, via H,0)
R103 (side chain)
R104 (side chain)

R139 (side chain)

L71 (side chain)
1134 (side chain)
175 (side chain)
V80 (side chain)
R139 (side chain)
Q138 (side chain)

R39 (side chain)

853 (side chain)

G58 (main chain)
L60 (main chain)
Q61 (main chain)

G77 (main chain, via Ca?")
E78 (main chain, via Ca?")
R79 (side chain)
R80 (side chain)

E111 (side chain, via H,0 and Ca*")

R311 (side chain)

E322 (side chain)

G327 (main chain)
L329 (main chain)
F330 (main chain)

G347 (main chain)
F348 (main chain)
R349 (side chain)
R350 (side chain)

E382 (side chain, via H,0 and Mg*)

N112 (side chain, via H,0 and Ca?")

R115 (side chain)
E116 (main chain)

L50 (side chain)
1110 (side chain)
V54 (side chain)
159 (side chain)
R115 (side chain)
Q114 (side chain)

T387 (main chain)
L319 (side chain)

1323 (side chain)
Q328 (side chain)

H385 (side chain)

Figure 4.20 Summary of nucleotide-contacting residues of ParB. The nucleotide-binding
residues from C. crescentus ParBACTD-CTPYS structure, C. crescentus ParBA44NACTD
structure, B. subtilis ParBACTD-CDP structure (PDB accession code: 6SDK), and M. xanthus
PadCANTD structure (PDB accession code: 6RYK) are shown. Positional equivalent residues
that do not contact nucleotides are shown in light grey.
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Structure

C. crescentus

ParBACTD-parS

complex
Data collection
Diamond Light Source beamline 104-1
Wavelength (A) 0.916
Detector Pilatus 6M-F
Resolution range (A) 72.96 —2.90
(3.08 — 2.90)

Space Group P2,

Cell parameters (A/°)

Total no. of measured intensities
Unique reflections

Multiplicity

Mean l/o(/)

Completeness (%)

Rmerge®

Rrmeas®

CCy°

Wilson B value (A?)

Refinement
Resolution range (A)

Reflections: working/free?

Ruwork®

Riree®

Ramachandran plot:
favoured/allowed/disallowed" (%)
R.m.s. bond distance deviation (A)
R.m.s. bond angle deviation (°)
Mean B factors: protein/DNA/water
/other/

overall (A?)

PDB accession code

a=54.3 b= 172.9,
c=72.9, f=90.5

198135 (33888)
29654 (4775)
6.7 (7.1)

8.7 (1.4)

99.7 (100.0)
0.135 (1.526)
0.146 (1.646)
0.997 (0.677)
81.6

72.96 —2.90 (2.98 —
2.90)

28155/1466

0.240 (0.366)

0.263 (0.369)

95.2/4.8/0

0.005
1.05

98/74/-1-/92

6T1F

C. crescentus
ParBACTD
CTPyS

complex

103

0.976

Eiger2 XE 16M
7059 - 273
(2.86 —2.73)
P24

a = 695, b =
56.1,¢c=714, 8
=08.4

92266 (8473)
14516 (1756)
6.4 (4.8)

5.4 (1.2)

98.8 (91.4)
0.195 (1.210)
0.212 (1.357)
0.991 (0.825)
57.7

7059 - 273
(2.80 — 2.73)
13824/678
0.248 (0.371)
0.284 (0.405)

95.5/4.5/0

0.002
1.19

81/-1-161/77

7BM8

C. crescentus
ParBA44NACTD
CDP

complex

104

0.980

Eiger2 XE 16M
69.38 — 1.26
(1.28 - 1.26)
P24212

a =561 b =
69.4,c=55.2

2057626 (2872)
58976 (2872)
34.9 (14.5)
24.0 (1.0)

100.0 (99.4)
0.061 (2.100)
0.062 (2.173)
0.999 (0.522)
19.1

69.42 — 1.26
(1.29 — 1.26)
56152/2763
0.176 (0.343)
0.200 (0.366)

98.9/1.1/0
0.008

1.482

31/-/39/23/31

Table 4.1 X-ray data collection and processing statistics for the crystal structures of the C.

crescentus ParBACTD-parS complex, C. crescentus ParBACTD-CTPyS complex and C.

crescentus ParBA44NACTD-CDP complex
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Values in parentheses are for the outer resolution shell. @ Rmerge = Y hkl 5 i |li(hkl) = {I(hkI)
) | Yhki Yili(hki).

b Rmeas = Shkl ININ = 1)]1/2 x Si|lithkl) = <I(hkl)> |/ Shki Sili(hkl), where li(hkl) is the ith
observation of reflection hkl, (I(hkl)) is the weighted average intensity for all observations i

of reflection hkl and N is the number of observations of reflection hkl.

C CC12 is the correlation coefficient between symmetry equivalent intensities from random
halves of the dataset.

d The dataset was split into "working" and "free" sets consisting of 95 and 5% of the data
respectively. The free set was not used for refinement.

€ The R-factors Rwork and Rfree are calculated as follows: R = 5 (| Fobs - Fcalc |)/Y| Fobs |,
where Fobs and Fcalc are the observed and calculated structure factor amplitudes,
respectively.

f As calculated using MolProbity (Davis et al., 2007).
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region 3 of CTPyS no longer forms any covalent interaction with CDP (Fig 4.19A-D). Next,
A140 which hydrogen bonds through its main chain with CTPyS no longer interacts with CDP
in the ParBA44NACTD-CDP complex (Fig 4.19A-D). Additionally, the sidechains of Q58 and
R59 which form a direct interaction with the y-phosphate of CTPyS now forms water mediated
contacts with the 2" phosphate group in CDP (Fig 4.19A-D). Furthermore, despite being co-
crystallised in the presence of MgCly, | was unable to observe any clear density to model in
any Mg* atoms in the C-pocket of the ParBA44NACTD-CDP complex (Fig 4.19A-D). It is
therefore likely that CTPyS was hydrolysed during the crystallisation of ParBA44NACTD-
CTPyS complex and the ParBA44NACTD-CDP complex exists in a post-hydrolysis state.
Indeed structural comparison between ParBA44NACTD-CDP complex and the previously
solved B. subtilis ParBACTD-CDP (Soh et al., 2019) demonstrated both proteins adopt a
similar conformation of both the NTD and DBD (Fig. 4.18B). While M. xanthus ParB displayed
a weak affinity to CDP and NTD of B. subtilis failed to self-engage in the presence of CDP
(Osorio-Valeriano et al., 2019; Soh et al., 2019), it is likely that the ParBA44NACTD-CDP
complex still maintained NTD self-dimerization due to the high concentration of protein in the

crystal.

4.13 Discussion

In this chapter, we report that a small molecule (CTP) is required to enable C. crescentus ParB
proteins to spread in vitro. Furthermore, | provide the structural insights into the nucleating
and sliding states of C. crescentus ParB. Nucleating ParB is an open clamp in which parS
DNA is held tightly (nM affinity) at the DBD (Tran et al., 2018). The NTDs of nucleating ParB
can adopt multiple alternative conformations, and crucially there is no contact between
opposite NTDs. We liken this conformation of the NTD to that of an open gate (NTD-gate),
through which parS DNA might gain access to the DNA-binding domain (Fig. 4.18). In the
sliding state, CTP promotes the self-dimerization of the NTDs, thus closing the NTD-gate (Fig.
4.18). Opposite DBDs also move approx. 10 A closer together, bringing about a DNA
incompatible conformation. Again, | liken this conformation of the DBDs to that of a closed
gate (DNA-gate) (Fig. 4.18). Overall, the DNA-gate closure explains how CTP binding might
switch ParB from a nucleating to a sliding state. These findings support our observations from
BLI analysis that CTP facilitates the dissociation of ParB from parS (Fig. 4.8). Upon escaping
parS, CTP-bound ParB is then able to spread or diffuse along the non-specific DNA flanking
parS. Indeed, we demonstrated CTP-bound C. crescentus ParB did not accumulate on an
open DNA suggesting that C. crescentus ParB diffuses laterally along the DNA (Fig. 4.10).
Similarly, cross-linking experiments on Bacillus ParB (Soh et al., 2019) proposed that the

ParB-CTP complex forms a sliding clamp that moves along the DNA.
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Figure 4.21 A model for C. crescentus ParB nucleating and sliding cycle. (A) ParB (dark
green) consists of three domains: an N-terminal CTP-binding domain (NTD), a central parS
DNA-binding domain (DBD), a C-terminal dimerization domain (CTD), and a 20 amino acid
linker that connects the DBD and the CTD together. Nucleating ParB is an open clamp, in
which parS DNA is captured at the DNA-binding domain (the DNA-gate). Upon binding CTP
(orange), the N-terminal domain (NTD) self-dimerizes to close the NTD-gate of the clamp.
CTP-binding and the exchange of helices a4 and a4’ (blue) stabilize this closed conformation.
The DNA-binding domains also move closer together to close the DNA-gate, potentially driving
parS DNA into a compartment between the DNA-gate and the CTD. In the nucleotide-bound
state, the DBD and the DNA-recognition helices (a6 and a6’, magenta) are incompatible with
DNA binding. CTP hydrolysis and/or the release of hydrolytic products (CDP and inorganic
phosphate Pi) may re-open the gates to discharge DNA. (B) C. crescentus ParB sliding and
spreading on DNA. CTP-bound ParBs diffuse from the nucleation site parS and can run off
the free DNA end unless they are blocked by DNA-bound roadblocks such as transcriptional
regulators e.g. TetR. CTP hydrolysis is not required for ParB to escape from the nucleation
parS site but might contribute to ParB recycling. It is not yet known whether both CTP
molecules on a ParB dimer are concertedly hydrolysed/dissociated for ParB to escape from
the chromosome or a heterodimer state of ParB with a single CTP bound also exists in vivo.
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The closure of the two gates most likely drives parS DNA into a compartment in between the
DBD and the CTD. Previously, Soh et. al., (2019) compared B. subtilis ParBACTD-CDP co-
crystal structure to that of a H. pylori ParBACTD-parS complex and proposed that DNA must
be entrapped in the DBD-CTD compartment (Soh et al., 2019). Here, the available structures
of nucleating and sliding ParB from the same bacterial species provides further support that
the compartment between the DBD and CTD likely acts as the DNA-entrapping compartment.
The linker that connects the DBD and the CTD together is not conserved in amino acid
sequence among chromosomal ParB orthologs (Fig. 4.12), however | noted that the linker is
invariably ~20 amino acid in length and positively charge lysines are over-represented (Fig.
4.12) The biological significance of the linker length and its lysines, if any, is currently
unknown. However, it is worth noting that a human PCNA clamp was proposed to recognize
DNA via lysine-rich patches lining the clamp channel, and that these lysine residues help
PCNA slides by tracking the DNA backbone (De March et al., 2017). Investigating whether
these lysine residues in the DBD-CTD linker of ParB have a similar role is an important subject
for the future. If not already bound on DNA, the closed ParB clamp presumably cannot self-
load onto parS due to its now inaccessible DBD. Indeed, Soh et. al., (2019) parS DNA
enhances the CTP-dependent NTD-gate closure, thus is likely a built-in mechanism to ensure
gate closure results in a productive DNA entrapment (Soh et al.,, 2019). However, the
molecular basis for the parS-enhanced gate closure remains unclear due to the lack of a

crystal structure of C. crescentus apo-ParB despite my extensive effort.

Herein both the C. crescentus ParBA44NACTD-CDP and the previous structure of a B. subtilis
ParBACTD-CDP complex also have the NTD-gate closed (CTP was hydrolysed to CDP during
the crystallisation), hence it is likely that both CTP hydrolysis and the subsequent release of
hydrolytic products are necessary to re-open the gates (Soh et al., 2019). However, ParB has
a weak to negligible affinity to CDP, hence the CDP-bound ParB species might be short-lived
in solution and might not play a significant biological role (Osorio-Valeriano et al., 2019). Once
the clamp is re-opened, entrapped DNA might escape via the same route that it first enters.
Other well-characterized DNA clamps, for examples, topoisomerases Il open their CTD to
release trapped DNA. However, the CTDs ParB are stably dimerized independently of parS
and CTP, hence we speculate that the CTD of ParB is mostly impassable to the entrapped
DNA. The released ParB clamp might re-nucleate on parS and binds CTP to close the gate,
hence restarting the nucleation and sliding cycle. The CTP-bound structure of a M. xanthus
ParB-like protein, PadC, was solved to a high resolution (1.7 A), however, PadC does not
possess noticeable CTPase activity (Osorio-Valeriano et al., 2019). While the co-crystal of B.
subtilis and C. crescentus ParB with CDP was also solved to a high resolution (1.8 A and 1.28

A resolution respectively) but represents a post-hydrolysis state instead. Lastly, our CTPyS-
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bound C. crescentus ParB crystals diffracted to 2.7 A, thus preventing water molecules,
including a potential catalytic water, from being assigned with confidence. Therefore, the
mechanism of CTP hydrolysis by a ParB CTPase remains unresolved. Given that ParB is a
founding member of a new CTPase protein family, further studies are needed to fully
understand the molecular mechanism of CTP hydrolysis so that the knowledge gained might

be generalized to other CTPases.

Taken together | propose the structural basis for a CTP-operated gating mechanism that
regulate the opening and closing of a DNA-clamp ParB. CTP functions as a molecular switch
that converts ParB from a nucleating to a sliding and DNA-entrapping state. Overall, CTP is
crucial for the formation of the higher-order ParB-DNA complex in vivo, and ultimately for the
faithful chromosome segregation in the majority of bacterial species. Nevertheless, as all the
crystal structures | report in this chapter were truncated at the CTD, the role of the CTD in
addition to being a dimerization interface is less clear. In the next chapter | investigate the role

of the CTD of C. crescentus ParB in bacterial chromosome segregation.
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Chapter 5: Dissecting the role of the C-terminal
domain of C. crescentus ParB in chromosome

segregation

Parts of this chapter have been deposited in BioRxiv, for which | performed most of the

experiments and wrote the first draft of the manuscript:

Jalal, A.S., Pastrana, C.L., Tran, N.T., Stevenson, C.E., Lawson, D.M., Moreno-Herrero, F.,
and Le, T.B.. (2019). Structural and biochemical analyses of Caulobacter crescentus ParB
reveal the role of its N-terminal domain in chromosome segregation. BioRxiv. 816959.

5.1 Introduction

5.2 Engineering a lysine-rich surface into the C. crescentus ParB C-terminal domain

(CTD) resulted in variants with non-specific DNA-binding in vitro

5.3 Engineering a lysine-rich surface into the C. crescentus ParB CTD resulted in

variants with enhanced non-specific DNA condensation activity in vitro

5.4 C. crescentus cells harbouring ParB variants with in vitro DNA condensation

activity are viable in vivo

5.5 C. crescentus ParB variants with enhanced in vitro condensation do not spread out

more extensively in vivo
5.6 Discussion

5.7 References
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5.1 Introduction

In roughly two-thirds of known bacterial species, the conserved ParA-ParB-parS complex
ensures faithful chromosome segregation (Donczew et al., 2016; Fogel and Waldor, 2006;
Harms et al., 2013; Ireton et al., 1994; Jakimowicz et al., 2002; Kawalek et al., 2018; Lin and
Grossman, 1998; Livny et al., 2007; Mohl et al., 2001; Tran et al., 2018). The parS site is the
first DNA locus to be segregated after chromosome replication (Lagage et al., 2016; Lin and
Grossman, 1998; Livny et al., 2007; Toro and Shapiro, 2010). ParB, a DNA-binding protein,
nucleates on parS before binding to cytidine triphosphate (CTP) to slide along the adjacent
non-specific DNA (spreading) to form a network of protein-DNA complexes (Jalal et al., 2020;
Osorio-Valeriano et al., 2019; Soh et al., 2019). This nucleoprotein network in turn interacts
with ParA to partition the parS locus, hence the chromosome to each daughter cell.
Chromosomally encoded ParBs contains an N-terminal domain (NTD), a central parS-specific
DNA-binding domain (DBD), and a C-terminal domain (CTD) (Figure 5.1). The NTD and DBD
are generally conserved between ParB orthologs, while the CTD exhibits high sequence
variability, with exception to a conserved leucine-zipper residues that mediate ParB
dimerisation (Fisher et al., 2017). The NTD contains the highly conserved arginine rich patch
(GERRXR) that has been shown to be essential for ParB spreading by forming the CTP
interacting pocket (Jalal et al., 2020; Osorio-Valeriano et al., 2019; Soh et al., 2019).

In the previous chapter (Chapter 4), | provided the structural basis for the transition between
nucleation to spreading by solving co-crystal structures of were truncated at the CTD C.
crescentus ParB with parS and with a CTP analogue. ParB nucleates as an open clamp,
whereby parS is captured by the DNA-binding domain (DNA-gate). Upon binding CTP, the N-
terminal domain (NTD) self-engages to form a patch clamp. The DNA-gate also closes to likely
drive parS into compartment between the DNA-gate and the C-terminal domain, thus enabling
ParB to spread by sliding along the non-specific DNA flanking the parS site as patch clamp
ring. However, as both co-crystal structures lacked the CTD, the role of the CTD in ParB
spreading by C. crescentus ParB remains less clear. Interestingly, in B. subtilis, in addition to
the NTD, the CTD of ParB has been proposed to mediate the formation of the ParB-DNA
nucleoprotein complex (Fisher et al., 2017; Madariaga-Marcos et al., 2019; Taylor et al.,
2015). B. subtilis ParB was shown to bind non-specific DNA to condense both DNA in vitro;
these activities were attributed to a positively charged lysine rich surface found within the CTD
(Fisher et al., 2017; Taylor et al., 2015). Despite this, the sequence of the CTD diverges more
rapidly than other domains of ParB, thus it is unclear whether ParBs from other bacterial
species also possess a functionally equivalent CTD. Moreover, the relationship between the

in vitro DNA condensation and the in vivo spreading is unclear.
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In this chapter we show that the CTD of C. crescentus ParB, in contrast to that of B. subtilis
ParB, does not display non-specific DNA-binding or DNA condensation activities in vitro
(Fisher et al., 2017; Taylor et al., 2015). Engineered C. crescentus ParB variants with an
enhanced non-specific DNA-binding activity can condense DNA in vitro but do not spread
further than wild-type protein in vivo. Overall, these results suggest that the CTD in C.

crescentus ParB most likely functions as a primary dimerisation interface.

5.2 Engineering a lysine-rich surface into the C. crescentus ParB CTD resulted in
variants with non-specific DNA-binding in vitro

Previously, B. subtilis ParB was reported to condense DNA in vitro independently of parS and
the DNA condensation activity was mediated by a positively charged lysine rich surface on the
CTD (Fisher et al., 2017; Taylor et al., 2015). However, unlike B. subtilis ParB, the CTD of C.
crescentus ParB lacks a lysine-rich patch and the wild-type protein does not bind or displays
weak affinity to non-specific DNA in vitro (Tran et al., 2018) (Fig 5.2A). Thus, | hypothesised
that the introduction of a lysine rich surface into the CTD of C. crescentus would generate C.
crescentus ParB with enhanced non-specific DNA-binding activity in vitro. To test this
hypothesis, | systematically introduced either single (1K), double (2K), triple (3K), quadruple
(4K), or quintuple (5K) lysine substitutions from the B. subtilis ParB CTD into equivalent
positions on the CTD of C. crescentus ParB (Fig. 5.1A-B). Ten variants were purified to
homogeneity using a one-step Ni** affinity column as detailed in Chapter 2 (Material and
Methods), and purity of each protein was assessed by SDS-PAGE analysis (Fig. 5.1B). To
directly assess their binding to a parS or a scrambled parS DNA i.e. non-specific DNA, |
attached a linear 20 bp biotinylated parS or scrambled- parS containing DNA to a streptavidin-
coated probe to measure by bio-layer interference (BLI). BLI assay monitors wavelength shifts
(responses) resulting from changes in the optical thickness of the probe surface during
association or dissociation of the analyte (see Chapter 2). Observed protein-DNA interactions
were recorded as BLI-responses (nm), and three different concentrations of protein (1000 nm,

500nm, 250nm) were used.

As expected, all ten tested ParB variants retained their binding activities to parS (Fig. 5.2).
Interestingly, BLI response (nm) of the lysine-bearing ParB variant with the parS containing
DNA was much higher than that to C. crescentus ParB (WT). Hence, it is likely that the
presence of these lysine residues increases the overall affinity of ParB towards the parS site.
| was unable to detect any noticeable non-specific DNA-binding activity for the 1K and 2K
variants (Fig. 5.2), suggesting that the introduction of more lysine residues at the CTD is

required to generate a C. crescentus ParB with enhanced non-specific DNA binding activity in
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Figure 5.1 Lysine bearing C. crescentus ParB variants at the C-terminal domain (CTD)
(A) Sequence alignment between C. crescentus (dark green) and B. subtilis ParB (blue)
shows that C. crescentus ParB lacks the equivalent lysine-rich amino acid patch at its CTD.
Lysine residues that are important for the nonspecific DNA-binding and DNA condensation
activities in B. subtilis ParB, and positional equivalent residues in C. crescentus ParB are
highlighted in blue and green, respectively. Secondary-structure elements for B. subtilis ParB
CTD (PDB accession number: 5NOC) are shown above the sequence alignment. (B) C.
crescentus ParB (WY) and lysine bearing variants were expressed in E. coli and purified to
near homogeneity. All variants were C-terminally His-tagged (KLAAALEHHHHHHR).
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Figure 5.2 Lysine bearing C. crescentus ParB variants at the C-terminal domain (CTD)
binds non-specific DNA in vitro. Introducing three or more lysine residues to the C.
crescentus CTD resulted in ParB variants with enhanced non-specific DNA-binding activity. In
vitro binding affinities between ParB variants and parS DNA (left panel), and non-specific
scrambled parS DNA (right panel). Bio-layer interferometry assays were used to measure the
binding affinity of ParB (250, 500, and 1000 nM) to 20-bp double-stranded DNA that contains
a parS site or a scrambled parS site. The level of ParB binding to DNA was expressed as
response units (nm in shifted wavelength). Error bars represent standard deviation (SD) from
three replicates.
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vitro. Indeed, the further introduction of lysine residues created 3K, 4K, and 5K variants that
binds with nonspecific DNA similarly to that of B. subtilis ParB (Fig. 5.2). Next, | wondered
whether these C. crescentus ParB variants with B. subtilis-like in vitro non-specific DNA

binding would also condense DNA in vitro.

5.3 Engineering a lysine-rich surface into the C. crescentus ParB CTD resulted in
variants with enhanced non-specific DNA condensation activity in vitro

To determine whether the engineered non-specific DNA-binding activity of C. crescentus ParB
(3K-5K) variants (Fig. 5.3) would also condense DNA in vitro, we performed magnetic tweezer
experiments on these variants and compared their ability to condense DNA to that of wild-type
C. crescentus and B. subtilis ParBs (Fig. 5.3A) (A collaboration with Dr. Cesar L. Pastrana
and Prof. Fernando Herrero-Moreno, CSIC, Spain). Briefly, in this setup, a DNA containing a
single parS site is attached onto a glass slide on one end and onto a magnetic bead on the
other (Taylor et al., 2015). Above the bead are a pair of magnets which allows the application
of force onto the DNA, hence permitting the change in the extension of the DNA. The extension
of a tethered DNA is then tracked, and any observation of a decrease in extension that was
substantially larger than by the applied force alone is an indication of DNA condensation (Fig.
5.3A).

The C. crescentus ParB (WT) and variants (3K-5K) with engineered non-specific DNA-binding
activity were purified using a three-step column-procedure (as detailed in Chapter 2). In brief,
overproduced Hisg-tagged ParB variants (3K-5K) were purified from an E. coli cell lysate using
a Ni** affinity column, followed by a Heparin column, and a final gel filtration purification step.
The purity of each eluted fraction was assessed by SDS-PAGE. Magnetic tweezer
experiments were performed at 1 yM concentration of proteins and at different forces using
an identical setup and conditions described in experiments with B. subtilis ParB (Fisher et al.,
2017; Taylor et al., 2015). Previously, B. subtilis ParB was shown to condense both non-parS
DNA and parS containing DNA (Fisher et al., 2017; Taylor et al., 2015). As expected, no
noticeable change in extension in relation to applied force was observed when C. crescentus
ParB (WT) was incubated with either parS or the non-parS containing DNA 1 uM concentration
(Fig.5.3B). Therefore, in contrast to B. subtilis ParB, C. crescentus ParB does not possess
any noticeably DNA condensation activity in vitro, likely due to C. crescentus ParB (WT)
displaying a low binding affinity to non-specific DNA in vitro. However, the incubation of the
3K, 4K, or 5K ParB variants with the tethered parS or scrambled parS containing DNA,
resulted in a decrease in the DNA extension that was greater than that attributable to a
decrease in applied force alone (Fig. 5.3B). These findings demonstrate that introduction of

three to five lysine residues to the C. crescentus ParB CTD resulted in the ability to condense
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Figure 5.3 Lysine bearing C. crescentus ParB variants at the C-terminal domain (CTD)
condense non-specific DNA in vitro. (A) Schematic of the magnetic tweezer assay that
monitored ParB-dependent DNA condensation (see also the Materials and Methods). (B)
Mean force-extension curves for parS DNA or scrambled parS DNA in the presence of 2 yM
C. crescentus ParB (WT) (dark green), B. subtilis ParB (WT) (blue), and C. crescentus ParB
(8K-5K) variants (pink, orange, and brown). Data for bare DNA were fitted to the worm-like
chain model. Solid lines for data in the presence of ParB variants serve as a guide to the eye.
Data for non-condensed DNA were fitted to the worm-like chain model. Errors are the standard
error of measurements on different molecules (N = 15 molecules).
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DNA non-specifically in vitro. In the next section, | sought to determine whether the generated

ParB with enhanced in vitro DNA condensation activity would affect ParB function in vivo.

5.4 C. crescentus cells harbouring ParB variants with in vitro DNA condensation
activity are viable in vivo

Next, | wondered whether these C. crescentus ParB variants with enhanced in vitro DNA
condensation activity were functional in vivo. In C. crescentus, ParB is essential for cell
viability, thus mutations that perturb ParB function are lethal. A flag tag was fused into the
ParB-encoding gene of each lysine-bearing variant (1K-5K) and each allele was cloned
downstream of a vanillate-inducible promoter (P.an) (Thanbichler et al., 2007). | then used
transduction to transform a strain of C. crescentus where its native parB is under the control
of a Py, and repressed by glucose with the vanillate-inducible FLAG-ParB lysine-bearing
variants. Western blotting using anti-FLAG antibodies was then used to confirm the presence
of the FLAG-ParB lysine-bearing variants in these C. crescentus strains (Fig. 5.4A). When
PYE was supplemented with xylose, the Py, promoter is able to drive the transcription of the
native parB, thereby allowing chromosome segregation and cell viability. The addition of
glucose however inhibits parB transcription in this strain of C. crescentus and results in ParB
depletion, followed by cell death. C. crescentus cells were viable when the PYE medium was
supplemented with both vanillate and glucose as the P.., promoter was able to initiate the
transcription of parB (1K-5K) variants (Fig 5.4B-C). These findings therefore suggest that the

additional lysine residues at the CTD did not impair ParB function in C. crescentus.

Western blot analysis using anti-FLAG antibodies was then performed to determine whether
these lysine-bearing ParB variants were produced at a stable level in vivo. Overnight cultures
of C. crescentus strains harbouring the ParB lysine-bearing variants were grown in PYE
supplemented with vanillate and glucose. Cells were left to grow at an ~ODego, before being
pelleted and loaded onto an equal volume of total protein was loaded SDS-PAGE gel. Indeed,
western blotting using a-FLAG antibodies confirmed that the ParB variants were produced at
a roughly equal level compared to ParB (WT) (Fig 5.4D). | then sought to use chromatin
immunoprecipitation coupled to deep sequencing (ChlP-seq) to determine whether these

ParB variants would spread further on the C. crescentus chromosome.

5.5 C. crescentus ParB variants with an in vitro DNA condensation activity did not
spread more extensively in vivo
Next, | wondered whether these C. crescentus ParB with enhanced DNA-condensation activity

of the ParB (3K-5K) variants would display an increased spreading ability in vivo. To test this,
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Figure 5.4 Lysine bearing C. crescentus ParB variants at the CTD are functional in vivo.
(A) a-FLAG immunoblot analysis of the generated C. crescentus strains to confirm the
presence C. crescentus ParB (1K to 5K) variants. Strains were grown in medium
supplemented with xylose and vanillate. (B-C) C. crescentus ParB (1K to 5K) variants were
expressed from the van locus (vanillate inducible) in the ParB (WT)-depletable background
(C. crescentus MT148: parB::Pxyl-parB). In the presence of xylose, ParB (WT) was produced
and all strains were viable, including strain 7 that expressed yfp from the van locus. On the
other hand, the addition of glucose repressed the production of ParB (WT) while other ParB
variants were not produced, leading to loss of viability. In the presence of both glucose and
vanillate, only ParB (1K to 5K) variants were produced. Cell growth for strains (2 to 6, and 8
to 12) indicated that ParB (1K to 5K) variants can complement the lack of ParB (WT) in C.
crescentus. (D) a-FLAG immunoblot analysis of C. crescentus strains 1, 10, 11, 12 (see panel
B) grown in medium supplemented with glucose and vanillate.
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| performed a-FLAG ChIP-seq experiments on C. crescentus strains expressing individual
FLAG-tagged ParB variant in a ParB (WT)-depletable background (Thanbichler and Shapiro,
2006). As a positive control for these ChIP-seq experiments, | used a strain of C. crescentus
expressing a FLAG-tagged version of ParB (WT). While as a negative control, a non-
spreading FLAG-ParB (R104A) mutant (Tran et al., 2018), and a non-DNA-binding protein
FLAG-YFP were included. C. crescentus cells were depleted of the native untagged ParB,
and the expression of the ParB (WT) and variants were induced by the addition and glucose
and vanillate before cells were fixed with 1% formaldehyde for ChlP-seq. DNA-bound to
FLAG-ParB (WT), variants and FLAG-YFP was then pulled down through the use of a-FLAG

antibody coupled to sepharose beads.

Consistent with the previous findings, the ChIP-seq profile of a FLAG-ParB (WT) showed a
clear enrichment above the background in the ~10 kb region from 4030 to 4040 kb on the
chromosome (Fig. 5.5) (Tran et al., 2018). This extensive ChlP-seq profile is consistent with
ParB (WT) spreading on the chromosome in vivo and contrasts the ChIP-seq profile observed
in the spreading impaired FLAG-ParB (R104A) in which the enrichment was confined to just
~500 bp immediately surrounding parsS sites (Tran et al., 2018) (Fig. 5.5). As expected for a
negative control, no enrichment was seen in the ChIP-seq profile for the FLAG-YFP.
Interestingly, the ChIP-seq profiles of the FLAG-ParB (3K-5K) variants were less extended
than the FLAG-ParB (WT), despite these ParB variants displaying enhanced DNA
condensation activity in vitro. Noticeably, the overall heights of the ChIP-seq profiles of ParB
(8K-5K) were lower when compared to the ChlP-seq profile of ParB (WT). Itis likely that ParB
(8K-5K) might bind DNA non-specifically along the chromosome, thereby titrating ParB
molecules away from the parS cluster, hence resulting in a lower concentration of DNA-bound
ParB near parS. Another possibility is ParB (3K-5K) are defective at the parS nucleation step,
however this is unlikely as ParB (3K-5K) retain their pars binding activities in vitro (Fig. 5.2)
and were expressed to a comparable level to wild-type protein in vivo (Fig. 5.4D). Thus, these
results demonstrate that the C. crescentus ParB variants with an enhanced in vitro DNA

condensation activity do not display any increase in intrinsic spreading ability in vivo.

5.6 Discussion

In this chapter, | characterise the relationship between the CTP-independent in vitro DNA
condensation and in vivo spreading abilities of ParB, by generating C. crescentus ParB
variants with enhanced in vitro DNA condensation activity. Previously (Chapter 4), |
demonstrated the structural basis of ParB spreading, whereby CTP-binding promotes NTD-

NTD engagement and the DNA-binding domain adopts a conformation that no longer favours
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Figure 5.5. Engineered C. crescentus ParB variants with an enhanced DNA
condensation activity in vitro do not spread further than the wild-type protein in vivo.
ChIP-seq profiles of a FLAG-tagged C. crescentus ParB (WT) (dark green), a spreading-
incompetent FLAG-ParB (R104A), a non-DNA-binding protein FLAG-YFP (grey), and FLAG-
ParB (3K-5K) variants (pink, orange, and brown). ChlP-seq signals were reported as the
number of reads at every nucleotide along the genome (RPBPM value). The genomic context
(4030 kb to 4042 kb) and parS sites are shown below the ChIP-seq profiles.
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were truncated at the CTD, thus the role of the CTD (in addition to dimerisation) is less clear.
While in B. subtilis, the CTD of ParB contributes of towards the formation of the ParB-DNA
nucleoprotein complex by acting as both as a dimerisation and DNA-binding and bridging
interface via its non-specific DNA binding and condensation activities, the CTD is poorly
conserved and C. crescentus ParB lacks lysine rich surface and does not condense DNA in
vitro (Fisher et al., 2017; Graham et al., 2014; Madariaga-Marcos et al., 2019; Taylor et al.,
2015). Indeed, C. crescentus ParB possessing a B. subtilis like DNA condensation activity,
displayed no enhancement in ParB spreading. It is therefore likely that CTD of C. crescentus

ParB may function primarily as a dimerisation interface.

Initially, it was surprising to find that C. crescentus ParB displays little affinity to non-specific
DNA in vitro since both current models for ParB-DNA nucleoprotein complex assembly
(“spreading and bridging”, “nucleation and caging” and “spread by sliding”) require some
degree of interaction between ParB and nonspecific DNA (Broedersz et al., 2014; Debaugny
et al., 2018; Fisher et al., 2017; Graham et al., 2014; Jalal et al., 2020; Osorio-Valeriano et al.,
2019; Sanchez et al., 2015; Soh et al., 2019; Taylor et al., 2015). However, while | did not
observe non-specific DNA-binding activity at 1 yM C. crescentus ParB in vitro, the local
concentration of ParB in close proximity to parS has been estimated to reach ~500 uM inside
C. crescentus cells (Lim et al., 2014). At this high concentration, it can be speculated that the
central DBD can bind to DNA non-specifically. Intriguingly, in C. crescentus the five parsS sites
that displays the strongest affinity to C. crescentus ParB cluster more closely (within a ~5 kb
DNA segment (Tran et al., 2018) whereas in B. subtilis, the four strongest parS sites are
dispersed within a ~57 kb region on the chromosome (Lee and Grossman, 2006). Thus, it is
likely that a closer clustering parS sites, promotes the formation of the C. crescentus ParB-
parS nucleoprotein complex, despite C. crescentus ParB displaying a lower affinity for non-
specific DNA. Interestingly, in B. subtilis cells, the concentration of ParB is much lower than in
C. crescentus (~140 dimers compared to ~360 dimers per origin of replication (Lim et al.,
2014). As the parS sites in B. subtilis is more dispersed than in C. crescentus, it is likely that
B. subtilis ParB requires the enhanced non-specific DNA binding/condensation activity to

promote the formation of the ParB-DNA nucleoprotein complex.

Furthermore, the role of CTP in the DNA bridging and condensation activities of B. subtilis
ParB is not fully understood. Certainly our single-molecule biophysical approaches have
demonstrated that C. crescentus ParB is unable to condense DNA, despite being able to form
the higher order ParB-parS complex in vivo (Tran et al., 2018). As CTP was required to
reconstitute the spreading ability of ParB in vitro, it is not unreasonable to speculate that CTP

may promote the DNA bridging and condensation activities of C. crescentus ParB (Jalal et al.,
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2020). Studies utilizing B. subtilis ParB has complicated attempts to distinguish the difference
between ParB bridging (NTD-NTD oligomerization) and DNA condensation (Chen et al., 2015;
Fisher et al., 2017; Graham et al., 2014; Madariaga-Marcos et al., 2019; Song et al., 2017;
Taylor et al., 2015). Although it is clear that NTD-NTD oligomerization of ParB is also
necessary for DNA condensation, neither B. subtilis CTD alone nor B. subtilis ParB with
mutations at the arginine-rich patch (at the NTD) can condense DNA in vitro (Fisher et al.,
2017; Madariaga-Marcos et al., 2019). As C. crescentus ParB lacks this CTP-independent
DNA condensation activity in vitro, perhaps future studies utilizing C. crescentus ParB may
enable us to further distinguish between the bridging and condensation activities of ParB and

clarify the involvement of CTP in these functions.
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Chapter 6: CTP regulates the membrane-binding

activity of the nucleoid occlusion protein Noc

This chapter has been deposited published in Molecular Cell, for which | performed almost all

of the experiments and wrote the first draft of the manuscript:
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6.7 The association of Noc-NBS DNA with liposomes is reversible
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targeting amphipathic helix in an autoinhibitory conformation
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with an autoinhibitory conformation of the amphipathic helix
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6.1 Introduction

While ATP and GTP switches are ubiquitous in biology, CTP switches have rarely been
identified but may be more widespread than previously appreciated. A recent discovery
showed ParB, a crucial protein for bacterial chromosome segregation, is the founding member
of a new class of CTP-dependent molecular switch (Osorio-Valeriano et al., 2019; Soh et al.,
2019). ParB nucleates on a parS DNA sequence and must associate with neighbouring DNA,
a process known as spreading, to enable faithful chromosome segregation (Breier and
Grossman, 2007; Funnell, 2016; Graham et al., 2014; Jalal and Le, 2020; Murray et al., 2006;
Sanchez et al., 2015). CTP induces ParB self-dimerisation to create a clamp-like molecule.
The ParB clamp self-loads at parS, then spreads by sliding to neighbouring DNA while still
entrapping DNA (Breier and Grossman, 2007; Funnell, 2016; Graham et al., 2014; Jalal and
Le, 2020; Jalal et al., 2020a; Murray et al., 2006; Sanchez et al., 2015; Soh et al., 2019)
Essentially, CTP serves to switch ParB from a parS-nucleating open clamp to a DNA-sliding
closed clamp state (Jalal et al., 2020a; Soh et al., 2019). The end result is the formation of a
higher-order nucleoprotein complex with multiple ParB-CTP clamps entrapped at the vicinity
of the parS locus. The higher-order nucleoprotein complex stimulates the ATPase activity of
ParA, a partner of ParB, driving the segregation of replicated chromosomes to daughter cells
(Hwang et al., 2013; Jalal and Le, 2020; Lim et al., 2014; Vecchiarelli et al., 2013, 2014).

In Firmicutes, the nucleoid occlusion protein Noc is a paralogue of ParB (Jalal et al., 2020b;
Sievers et al., 2002; Wu and Errington, 2012), however the role of Noc is different from that of
a canonical ParB (Pang et al., 2017; Veiga et al., 2011; Wu et al., 2009). Noc directs the
assembly of the cell division machinery towards the middle of a dividing cell where the
concentration of chromosomal DNA (the nucleoid) is the least, thus ensuring a binary cell
division (Adams et al., 2014; Rodrigues and Harry, 2012; Wu and Errington, 2004). Noc does
so by nucleating on 16-bp NBS sites scattered around the chromosome before spreading to
neighbouring DNA to form large Noc-DNA nucleoprotein complexes (Adams et al., 2015; Wu
et al., 2009). Unusually, Noc is also a peripheral membrane protein that directly associates
with the cell membrane via an N-terminal amphipathic helix (Fig. 6.1A) (Adams et al., 2015).
The recruitment of the chromosomal DNA to the membrane is crucial to prevent the division
machinery formation over the chromosome; a Noc variant lacking the amphipathic helix is
impaired in nucleoid occlusion activity. In Bacillus subtilis, Noc was observed to associate with
the cell membrane in a transient manner in vivo (Wu et al., 2009). It was thought that a strong
membrane-binding activity of Noc might have been selected against since a stable association
with the membrane might hamper chromosome replication and segregation, yet it is unclear
how the membrane-binding activity of Noc is regulated. Furthermore, Noc must bring the

chromosomal DNA to the membrane to physically inhibit the division machinery formation; an
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unregulated membrane-binding activity would likely confine apo-Noc permanently to the cell
membrane, thus unfavourably limiting the recruitment of DNA to the membrane (Adams et al.,
2015). Again, it remains unclear whether the membrane-binding activity of Noc is regulated,

and if so how.

To investigate further, | biochemically reconstitute NBS-dependent Noc spreading and
membrane association events using purified B. subtilis Noc protein and phospholipid vesicles
(liposomes). | show that, similar to a canonical ParB, Noc is a CTPase enzyme that binds CTP
to form a protein clamp that can slide and entrap DNA. Importantly, CTP binding, but not
hydrolysis, is required to switch Noc-DNA from a membrane inactive to an active state, thus
locking Noc into a pathway in which it has to spread before associating with the cell
membrane. | solve an X-ray crystal structure of a C-terminal domain truncated apo-Noc from
Geobacillus thermoleovorans, in which its membrane-targeting amphipathic helix adopts an
autoinhibitory conformation, restricted from interacting with the membrane. | suggest that CTP
binding might liberate the amphipathic helix, thereby switching Noc to a membrane-active
state. Altogether, | demonstrate that CTP directly regulates the membrane-binding activity of

the nucleoid occlusion protein Noc, further expanding the role of CTP switches in biology.

6.2 NBS DNA increases the CTP binding and hydrolysis rate of Noc

Given the shared ancestry between ParB and Noc, we wondered if B. subtilis Noc also binds
and hydrolyses CTP. To investigate, Ngat Tran employed a membrane-spotting assay
(DRaCALA) and showed that B. subtilis Noc binds radiolabelled CTP but only in the presence
of a cognate 22-bp NBS DNA (Fig. 6.2A). An excess of unlabelled CTP, but no other NTP,
outcompeted radiolabelled CTP for binding to Noc, suggesting that B. subtilis Noc binds CTP
specifically (Fig. 6.2B). Similarly, an N-terminally truncated Noc variant lacking the 10-AA
membrane targeting amphipathic helix (NocNA10) also bound radiolabelled CTP in the
presence of NBS DNA (Fig. 6.2C). However, the Noc (R89A) and Noc (N121S) (with both R89
and N121S being found in the NTD) variants, whose equivalent substitutions in ParB have
been shown to impair spreading and CTP binding (Fig. 6.1B), did not bind radiolabelled CTP
at the tested concentration (Fig. 6.2C) (Jalal et al., 2020a; Osorio-Valeriano et al., 2019; Soh
et al., 2019). Next, | performed a quantitative nucleotide-binding assay using isothermal
titration calorimetry (ITC) with a non/slow hydrolysable CTP analogue (CTPyS) to ensure the
heat exchange was solely due to nucleotide-binding but not hydrolysis or DNA binding. | found
that B. subtilis Noc binds CTPyS with a moderate affinity (Kq = 67.5 + 23 uM), while Noc
(N121S) bound CTPyS weaker at K4 =231.5 + 66 uM, and Noc (R89A) did not detectably bind
nucleotide (Fig. 6.3). Consistent with a previous report, B. subtilis Noc also showed CTP

hydrolysis activity, albeit at a low rate of ~1 CTP per Noc per hour when only the purified
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Figure 6.1 Schematic representation of the Noc protein (A) The domain architecture of B.
subtilis Noc: a membrane-targeting sequence (MTS) that contains an amphipathic helix, an
N-terminal domain (NTD), a central DNA-binding domain (DBD), and a C-terminal domain
(CTD). (B) A sequence alignment between B. subtilis Noc and its paralog ParB. The
conserved arginine-rich patch that mediates CTP binding in B. subtilis ParB is shown in a solid
box. Residues E29 (blue), R89 (red) and N121 (red) in B. subtilis Noc, whose equivalent
substitutions in B. subtilis ParB have been showed to impair spreading and CTP binding, were
substituted by alanine and serine, respectively.
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Figure 6.2 Noc binds CTP in the presence of NBS DNA. CTP binding as monitored by
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