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Abstract

The partitioning of low-copy number broad host range plasmids depend on a cen-
tromere binding protein (CBP) that binds to a centromere-like site on plasmid. For
RK2 plasmid, the CBP is a 358 residue, multi-domain protein, KorB. KorB contains an
N-terminal domain (NTD), a central DNA-binding domain (DBD), and a C-terminal
dimerisation (CTD) domain and the protein binds to the Og site on the plasmid as a
dimer. Structures of central DBD and CTD have been elucidated whilst limited infor-
mation is available about the N-terminal of the KorB.

In this study, NTD KorB protein was expressed and purified. Size exclusion chro-
matography and analytical ultracentrifugation data confirm that the NTD KorB be-
haves as a monomer in solution. Using solution-state NMR spectroscopy data, majority
of the backbone and side-chain resonances for the NTD KorB are assigned and an en-
semble structure of the protein is calculated. The flexibility of the NTD KorB is studied
with coarse-grain Molecular Dynamics simulation package, AWSEM. The N-terminal
of the NTD KorB is mostly unstructured whilst two a-helices towards the C-terminal
of the protein exhibit limited motion.

Two C-terminal KorB deletion mutants capable of binding the Oy DNA (CA100 KorB
and NA31CA100 KorB) were purified and characterised using circular dichroism (CD)
and mass spectrometry. DNA-binding properties of these two deletion mutants are
compared to the KorB wild-type (WT) using circular dichroism, fluorescence anisotropy
and microscale thermophoresis measurements, indicating weaker binding of the dele-
tion mutants with respect to the KorB WT to its centromere-like site (Og). Considering
the current state of structural information about the KorB and homologous proteins, a

DNA partitioning model for the KorB is proposed.
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1 Introduction

very organism needs to reproduce and fidelity in segregation of genetic material
E is a quintessential criterion for self-perpetuation. DNA partitioning (in bacteria)
or DNA segregation (in eukaryotes) is the process by which genetic material is evenly
distributed to newly formed daughter cells. Chromosome segregation in eukaryotic
cells is accomplished by formation of spindle fibres, which helps the chromosomes
to migrate to the opposite poles (Heald, 2000; Heald and Khodjakov, 2015). Accurate
segregation of genetic material, chromosomes as well as plasmids, in bacteria is also

crucial for their existence but so far the process has been less clear.

1.1 Plasmids

Plasmids are self-transmissible genetic elements that are extra-chromosomal DNA with
their own replicative machinery (Pansegrau et al., 1994). Incompatible plasmids are
said to be those plasmids that cannot coexist in the same host for several generations.
This can be due to a shared replication mechanism or a similar partitioning system.
As the host cannot distinguish between the types of plasmid, one plasmid is lost in due
course of time from host population. One such group of incompatible plasmids is IncP,
capable of maintaining in a few gram-positive bacteria and all gram-negative bacteria.
Based on the analysis of the plasmid replication region and transfer region, the IncP
plasmids are divided into IncP-«, (RK2-like plasmids) and IncP-$ (R751-like plasmids)
(Datta and Hedges, 1972).

1.1.1 RK2 plasmid

The RK2 plasmid is a broad-host range plasmid that belongs to the IncP-1« family and
carries multiple antibiotic resistance genes. The RK2 plasmids were first identified at

the Burns Research Unit, Birmingham (UK) as they conferred resistance to several an-
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tibiotics in Pseudomonas sp. (Lowbury et al., 1969; Macartney et al., 1997). RK2 plasmid
contains 60 kbp of DNA (62% G+C content), with a low-copy number of four to eight
units in a single cell (Figurski and Helinski, 1979). All IncP plasmids diverged into «
and (3 groups and evolved from a common ancestor, a conjugative P plasmid, as indi-
cated by the sequence similarity in the replication region and transfer region (Chikami
et al., 1985). IncP « and [ plasmids can be distinguished on the basis of restriction
enzyme analysis. Plasmids RP1, RP4, RK2, R18, R68 are different isolates, isolated at
different times, belonging to IncPa subgroup and are indistinguishable from each other

(Pansegrau et al., 1994).

1.2 Plasmid partitioning

Plasmid partitioning is a dynamic process where upon cell division, each daughter cell
gets at least one copy of the plasmid. The high-copy number plasmids passively diffuse
to daughter cells. On the other hand, most low-copy number plasmids utilise partition
(par) systems for partitioning. These partition systems are found in most bacterial chro-
mosomes and plasmids (Baxter and Funnell, 2014). Our understanding of prokaryotic
partitioning has primarily resulted from cellular, genetic and biochemical data of low-
copy number plasmids (Schumacher, 2008). In most cases, plasmid partitioning system
consists of two proteins and one or more conserved regions on the plasmid (partition
sites). The partition or par sites are centromere-like sites on the plasmid that direct
the action of partitioning machinery (Baxter and Funnell, 2014). Partitioning depends
on a site-specific centromere-binding protein (CBP) that binds to a centromere-like site
on the plasmid and a nucleotide triphosphatase (NTPase) for mediating the plasmid
partitioning. Both CBP and motor (NTPase) proteins are encoded on the plasmid and
form the minimal machinery required for partitioning. Both CBP and motor proteins
interact with plasmid DNA to accomplish the partitioning and the mechanism is briefly

outlined in figure 1; a) the CBP binds to a centromere-like site on plasmid DNA to form
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a protein-DNA complex i.e. partition complex, b) this complex then recruits a motor
protein or an NTPase (not shown), ¢) further to recruitment, the NTPase mediates plas-
mid separation using a mechanism that has remained elusive. In this process, the CBP
acts as an adaptor protein linking the NTPase and the plasmid DNA by interacting
with the NTPase while simultaneously binding to the centromere-like site. The par-
titioning systems have been classified into multiple types, depending on the type of
cytoskeletal-like NTPase (Schumacher, 2008). The mechanisms for partitioning associ-

ated with individual systems differ and are discussed in the next section (1.3).

1.3 Models of bacterial partitioning systems

Multiple partitioning mechanisms have been proposed in the literature regarding par-
titioning of plasmids in bacteria. These mechanisms are based primarily on the type of
NTPase present in the partition system and in this section, different types of partition
systems have been discussed (Gerdes et al., 2000).

The most common type of partition system is the type I system (pulling model). In
type I systems, the NTPases are called ParA and CBPs are called ParB. Based on the
size and sequence of the CBP and NTPase proteins, the type I partition system (section
1.3.1) can be divided into Ia and Ib. In type II system the NTPases are called ParM and
CBPs are called ParR. R1 plasmid of E. coli is the best studied type II partition system
(pushing model, section 1.3.2). The type III system, primarily studied in the pBtoxis
plasmid (tramming model, section 1.3.3) utilises NTPases and CBPs called TubZ and
TubR respectively as the principle proteins for partitioning. In addition, section 1.3.4
and 1.3.5 describes type IV partitioning system and diffusion ratchet model for plas-
mid partitioning. The partition proteins are encoded on the plasmid and the amounts
of these are carefully auto-regulated at the transcriptional level (Schumacher, 2008).
NTPases are responsible for auto-regulation in the type Ia systems whilst CBP proteins

are responsible for auto-regulation in the type Ib, Il and III systems (Schumacher, 2012).
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Partition com-
plex/ pairing
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/ ujsmid separation
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Figure 1: Illustration of general steps of plasmid partitioning. (A) The circular DNA
in red and blue represents the plasmid at mid-cell position and two black dots on the
plasmid refer to centromere-binding proteins (CBP). The CBP binds to the plasmid at
centromere-like site and forms the partition complex. (B) After plasmid pairing, mo-
tor protein (not shown) gets recruited to the partition complex and both the proteins
drive the two plasmids towards the opposite poles. In partitioning, the CBP acts as an
adaptor protein by interacting with the motor protein while simultaneously binding to
the plasmid. (C-D) After partitioning, the plasmids are at the mid-cell position in the
daughter cells. The illustration is adapted from Schumacher, 2008.
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1.3.1 Type I partition system

The type I partition systems consist of a centromere binding protein, an NTPase be-
longing to Walker-type ATPase and a centromere-like DNA site. As mentioned ear-
lier, type I systems have been further divided into type Ia and Ib, depending on the
genetic organisation of the par operon and on the basis of sequence and size of the Par
proteins (Schumacher, 2008). In type Ia systems, the CBP gene is sandwiched between
the centromere-like site and the gene encoding for the NTPase. In type Ib systems,
the CBP gene is downstream of the motor protein, which in turn is downstream of the
centromere site. Figure 2(A1-A3) illustrates the type I partitioning system. The compo-
nents and structural biology of type I partition systems are given in table 1 and table 2
respectively. Well-studied type Ia systems include those from P1 and F plasmids from
bacterium E. coli (Ogura and Hiraga, 1983).

For the P1 plasmid, the DN A-binding protein, ParB, binds to a cis-acting centromere-
like sequence, parS and forms a higher order protein-DNA complex. This ParB-parS
complex is then pulled towards the opposite poles of bacterial cell by a filament-forming
ATPase protein, ParA (Bingle and Thomas, 2001). Formation of the ParA filament initi-
ates with a nucleating core when ParA-ATP dimers binds to the bacterial chromosome
(nucleoid), the filament then polymerises rapidly. Meanwhile, ParB binds to parS to
form a complex. The ATPase activity of the ParA-ATP is triggered when it encounters
a ParB bound to parS. ATP hydrolysis results in depolymerisation as ParA-ADP gets
released from the nucleoid DNA. On each ParA-ATP hydrolysis and depolymerisation
event (retraction of the ParA filament), ParB-parS complex is carried or ‘pulled” along

the length of the filament towards the cell pole (Gerdes et al., 2010; Schumacher, 2012).
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Table 1: Type I ATPase partition system.

Host Plasmid parsite CBP ATPase Reference

(bacterium)

E. coli, RK2, RP4 Ogp KorB IncC (Delbruck et al., 2002;
Pseudomonas sp. Khare et al., 2004; Williams

et al., 1998)
E. coli P1, P7 parS ParB ParA (Radnedge et al., 1998)
E. coli F sopC SopB SopA  (Ravin et al., 2003)

Table 2: Structural biology of type I partition system.
Protein Plasmid PDB ID Reference

CBP: KorB RP4 11GQ, 1IGU  (Delbruck et al., 2002)

(dimerisation domain)

CBP: KorB RP4 1R71 (Khare et al., 2004)
(DNA-binding domain)
CBP: ParB P1 17X4, (Schumacher and Funnell,
2NTZ 2005; Schumacher et al.,
2007b)
CBP: SopB F 3KZ5 (Schumacher et al., 2010)

(dimerisation domain)

CBP: SopB F 3MKW, (Schumacher et al., 2010)
(DNA-binding domain) 3MKY,
3MKZ
ATPase: ParA P1 3EZ7,3EZ2, (Dunham et al., 2009)
3EZ6

ATPase: ParA P7 3EZ9, 3EZF  (Dunham et al., 2009)
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1.3.2 Type II partition system

The type II partition system consists of a CBP, an ATPase belonging to the actin/hsp70
superfamily and a centromere-like site (Gerdes and Molin, 1986). The genetic organi-
sation of type II resembles the type Ib partition system. The system includes an ATPase
encoding gene sandwiched between a centromere-like site (upstream) and a gene cod-
ing for the CBP (downstream) (Schumacher, 2008). Figure 2(B1-B3) illustrates the type
IT partitioning system. The components and structural biology of type II partition sys-
tems are given in table 3 and table 4 respectively.

R1 plasmid of E. coli is the best studied type II system so far and an insertional
polymerisation model is proposed for plasmid partitioning. In this system, the NT-
Pases are called ParM and CBPs are called ParR. ParM is an ATP-dependent filament
forming protein that polymerises bidirectionally and contain pockets for ATP binding
(Moller-Jensen et al., 2003). ParR (from pB171 plasmid) is a dimer of dimers contain-
ing ribbon-helix-helix (RHH) motif that binds to the DNA. The C-terminal domain of
ParR forms a three helix “cap’ that has been proposed to strengthen the dimer itself and
stabilise the dimer of dimer (Moller-Jensen et al., 2007). Six dimers of dimers of ParR
assemble over 360° turn with N-termini facing outward and C-termini facing inward
towards helix centre. The ParR/parC superhelix once assembled, forms a clamp over
the growing ParM filaments. The complex caps and stabilises the terminal of single
ParM filament and binds to two ParM-ATP units using the ParR C-termini in the inte-
rior of the superhelix. Only one ParM-ATP subunit can be added at a time to the ParM
filament due to steric constraints. ATP hydrolysis allows the release of ParR/parC su-
perhelix on one side only and this then attaches to newly introduced ParM-ATP unit,
resulting in translocation. The translocation introduces necessary space for ParM-ATP
unit to be added. Iteration of the translocation process alongside continued growth of
ParM filament, pushes the plasmids towards the pole and facilitates the partitioning

process (Salje and Lowe, 2008; Schumacher, 2012).
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Table 3: Type II ATPase partition system.

Host Plasmid par ~ CBP GTPase Reference
(bacterium) site
E. coli R1, pB171 parC ParR ParM  (Ebersbach and Gerdes,

2001; Jensen et al., 1998)

Table 4: Structural biology of type II partition system.

Protein Plasmid PDB ID Reference

CBP: ParR pB171 2]D3 (Moller-Jensen et al., 2007)

CBP: ParR pSK41 2Q2K (Schumacher et al., 2007a)

ATPase: R1 IMWK, IMWM, 2ZHC, (Galkin et al, 2009; Gayathri

ParM 4A61, 4A6], 2ZGY, 2ZGZ, et al., 2012; Popp et al., 2008;
4A62 van den Ent et al., 2002)

1.3.3 Type III partition system

The system was identified in the plasmid pBtoxis from B. thuringiensis. Type III parti-
tion system consists of TubZ (GTPase), TubR (DNA-binding protein) and fubC as the
partition site (reviewed by Schumacher, 2008). Type III system has a distinct genetic
organisation in comparison to type I and II partition systems. The gene for the tubR
is upstream of the tubZ. In this system, the TubR protein (with putative HTH domain)
binds to the tubC. TubZ, being the motor protein of this system exhibits GTPase activity
and is distantly related to the tubulin/FtsZ GTPase superfamily (Larsen et al., 2007).
The components and structural biology of type III partition systems are given in table

5 and table 6 respectively.
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Host (bacterium)
B. anthracis

B. thuringiensis

Protein

GTPase:

TubZ
CBP:
TubR

pXO1 tubC TubR TubZ
pBtoxis  tubC TubR TubZ

Plasmid par site

Table 5: Type IIIl GTPase system.

CBP GTPase Reference

(Ni et al., 2010)
(Larsen et al., 2007)

Table 6: Structural biology of type III partition system.

Plasmid

pBtoxis

pBtoxis

PDB ID
3MB8K, 2XKB, 2XKA, 3M89

3MSE, 3MS8F, 3M9A,
4ASO (with 24-mer tubC),
4ASS (with 26-mer tubC)

Reference

(Aylett and Lowe, 2012;
Larsen et al., 2007)
(Aylett et al., 2010; Ni
et al., 2010)

Figure 2(C1-C3) illustrates the type III partitioning system. TubZ assembles into

double-stranded helical fragments and exhibits tramming or treadmilling behaviour

like free microtubules, both in presence and absence of the DNA-binding protein TubR,

which might help in binding TubZ to the plasmid. In this model, the TubR binds to the

pBtoxis plasmid to form TubR-pBtoxis complex. Using the solvent exposed C-terminal

domain of TubZ, the TubR-pBtoxis complex interacts with the filaments of TubZ. The

GTP hydrolysis within the TubZ filament assists in the treadmilling, polymerisation

at the plus end, retraction at the minus end and transporting TubR-plasmid to one

of the cell’s pole. Bending of the TubZ filament can stimulate detachment of TubR-

plasmid. Now, TubZ continues to treadmill in the opposite pole, attaching to another

TubR-plasmid complex and transporting it to the opposite pole (Larsen et al., 2007;

Schumacher, 2012).
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1.3.4 Type IV partition system

The type IV partitioning system requires only one protein (Schumacher, 2008). The
protein is labelled as Par (245 residues) and is identified in pSK1 plasmid from Staphy-
lococcus aureus (Simpson et al., 2003). Structural predictions suggest Par protein to have
a putative centromere-binding HTH motif in the N-terminal domain and hints towards
a central coiled-coil domain that might help the Par protein to polymerise, similar to
cytoskeleton proteins in eukaryotic cells (Weitao et al., 2000).

It is unlikely that a second protein is involved in the process as only one open read-
ing frame has been identified for a protein in the coding region (Simpson et al., 2003).
Conceivably, Par protein has structural attributes to perform both the functions in par-
titioning, but it is still unclear as to how Par protein performs both DNA-binding and

polymerisation roles.

1.3.5 A recent partitioning model: the diffusion ratchet model

The diffusion ratchet model is a more recent model of plasmid partitioning. Both P1 and
F plasmid encode an ATPase, ParA responsible for plasmid movement (in conjunction
with the bacterial nucleoid). In this model, the ParB-parS complex binds ParA but ParA
is no longer thought to form filaments. Instead, the movement of the plasmid is guided
by following the concentration of the ParA.

According to the model ParA exists in two forms; one is the active ParA form that
binds to the plasmid. The other form is the inactive ParA (diffusible form) that diffuses
in to cytoplasm. The conversion of ParA between the active form and the diffusible
form is a slow process and this conversion between the two forms rely on the ParA-
ATP binding cycle. The slow conversion of the ParA essentially creates two pools of
the protein; one that is bound to the nucleoid and the other one, which is free to diffuse

and creates a zone of depletion.
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Figure 3 illustrates the diffusion ratchet model. On the nucleoid (not shown in the
figure), ParB-plasmid DNA complex interacts with ParA, resulting in the conversion of
active form of ParA to the inactive form. The hydrolysis of the active ParA-ATP gives
rise to the ParA-ADP (inactive). The inactive ParA diffuses from its location, creating
a zone of depletion as it takes time to charge the ParA with ATP. ParA moves until
it encounters an ATP molecule and becomes active again. In a dividing bacterial cell,
when two ParB bound plasmids are present, the protein-DNA complex ratchets along
the surface of the nucleoid following the gradient of ParA protein and moves towards
higher concentration of active ParA (Baxter and Funnell, 2014; Hwang et al., 2013; Song
and Loparo, 2015; Vecchiarelli et al., 2010, 2013, 2012, 2014).

1.4 ParB superfamily of proteins

The ParB superfamily of proteins are centromere binding proteins (CBP) that share
common structural domains with similar functions: an N-terminal domain (NTD) for
oligomerisation and protein-protein interactions, a central DNA-binding region for
site-specific parS binding and a C-terminal domain (CTD) for ParB dimerisation (Schu-
macher, 2008). Figure 4 illustrates a simple model to understand the spatial organisa-
tion of protein-DNA interactions such as 1D spreading and 3D bridging. The interac-
tions are applicable to ParB proteins binding to either chromosomal or plasmid DNA.
In this section, emphasis is given on the ParB proteins containing a helix-turn-helix
(HTH) motif and common features shared by the N-terminal of CBPs. ParB proteins in-
clude KorB and Spo0J as both the proteins contain a flexible N-terminal domain, a cen-
tral DNA-binding domain and a C-terminal dimerisation domain. Centromere binding
proteins with an HTH motif along and the role of N-terminal of the CBPs are discussed

in sections 1.4.1 and 1.4.2 respectively.
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1.4.1 Centromere binding proteins with HTH motif

The CBPs with an HTH motif in the DNA-binding domains are mainly observed in
bacterial chromosome and plasmid partitioning type Ia system (Baxter and Funnell,
2014). The sequence similarity of residues is not high but the structural and functional
aspect of domain organisation is conserved (Lukaszewicz et al., 2002; Ravin et al., 2003;
Surtees and Funnell, 1999, 2001).

CBPs with an HTH motif typically bind to DNA sequences with inverted repeats, as
is the case with the parS sequences (Baxter and Funnell, 2014). KorB from RP4 plasmid
is a CBP and is a global transcription regulator that binds to an operator sequence called
Op (Bignell and Thomas, 2001). The CBPs of P1 and P7 plasmid in E. coli have bipartite
recognition sites with two distinct sequence elements.

One of the recognition sites is called the A-box (an inverted repeat sequence) and
the other is a hexamer sequence known as the B-box (Funnell and Slavcev, 2004). The
sopC site of F plasmid consists of a 43 bp repeat sequence with 12 copies in the plasmid
(Schumacher et al., 2010). Out of the 12 copies, only one is essential for the partitioning
process. The CBP for F plasmid i.e. SopB binds specifically to a 16 bp inverted repeat
within the 43 bp long sopC site and the rest of the sequence has been proposed to be
required for optimal spacing (Pillet et al., 2011). The CBPs with an HTH motif have
been found to oligomerise and spread along the DNA at a distance from their parS
sites (Baxter and Funnell, 2014).

The crystal structures for domains of three CBPs with an HTH motif have been
solved. These include KorB, ParB and SopB from RP4, P1 and F plasmid respectively
(Delbruck et al., 2002; Khare et al., 2004; Schumacher and Funnell, 2005; Schumacher
et al.,, 2010). The crystal structures of KorB, ParB and SopB are primarily helical in
nature, are similar to each other and contain a DNA-binding HTH motif (Baxter and
Funnell, 2014). The ‘recognition helix’ in the HTH region of the protein sits in the major-

groove of the DNA and the HTH part of the CBP binds to an inverted repeat sequence.
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The regions that impart specificity to the protein in relation to binding a specific
DNA sequence are different in these three CBPs (KorB, ParB, SopB). Residues in the a3
helix of ParB make specific contacts with the inverted repeat sequence on the plasmid
P1 (Schumacher and Funnell, 2005; Schumacher et al., 2007b). SopB utilises R219 along
with a3 helix in the HTH region for making specific contacts with F plasmid (Sanchez
et al., 2013; Schumacher et al., 2010). In case of KorB from RP4 plasmid, T211 (a6 helix)
and R240 (a8 helix) are the residues responsible for specificity and a3-a4 helix in the
HTH region are responsible for non-specific DNA-binding (Khare et al., 2004). The
NTD of these three CBPs fail to crystallise because the proteins are flexible in nature
(Hanai et al., 1996; Rajasekar et al., 2010; Ravin et al., 2003; Surtees and Funnell, 1999).
Possibly, flexibility in the NTD permits the proteins to bind to more than one partner

and carry out diverse biological roles.

1.4.2 N-terminal domain of CBPs

The NTD of the HTH CBPs are involved in forming oligomers on the DNA chain.
ParB proteins encoded by both bacterial chromosome and plasmid have the capacity to
bridge DNA. In addition, the NTD interacts with the NTPase involved in the plasmid
partitioning (Ah-Seng et al., 2009; Radnedge et al., 1998; Ravin et al., 2003; Surtees and
Funnell, 1999). Two positively charged and conserved residues, Lys3 and Lys7 in the
NTD of Spo0], a ParB superfamily protein have been shown to interact with the ATPase
Soj from Bacillus subtilis (Scholefield et al., 2011). Spo0J regulates the ATPase activity
along with the dimerisation state of Soj. A recent study by Graham et al., (2014) shows
that Spo0J is involved in DNA bridging. DNA bridging capabilities were diminished
with R79A, R80A, and R82A mutants in vitro and these three mutants could not spread
in vivo. The stretch of residues spanning amino acids (aa) 79-82 has been defined as
‘arginine patch’ and the residues have been implicated in the DNA bridging interac-

tions (Graham et al., 2014).
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The Spo0] from Helicobacter pylori (see section 1.4.3.2) has a flexible NTD involved
in protein-protein interactions and the protein folds into an elongated structure with
parS binding capacity through the conserved central DNA-binding domain. Chen et
al., (2015) proposed that adjacent and traverse protein-protein interactions led to the
oligomerisation of Spo0J on the DNA. The protein-protein interactions occur via the
‘arginine patch’, which is highly conserved in the ParB family. Using simulation stud-
ies, a similar model was presented by Broedersz et al., (2014) suggesting that the NTD
of CBP is involved in 1D spreading and 3D bridging over plasmid DNA (see figure 4);
they also proposed that these interactions can be important for the assembly of high-
order protein-DNA complex resulting into ParB spreading on to the DNA (Broedersz
et al,, 2014). The exact stoichiometry between the ParB and plasmid necessary for the
process of partitioning is still unclear. How CBPs interact with each other around the

par§ sites non-specifically and coat the DNA is yet to be deciphered.

1.4.3 KorB homologues

Spo0] (stage 0 sporulation protein]) is a member of the ParB family of proteins involved
in bacterial chromosomal segregation. Spo0] is an essential part of the ParABS partition
system, where ParA is the motor protein, ParB is the DNA-binding protein and parS
is the centromere-like site on the chromosomal DNA. Spo0J is a KorB homologue as
it binds to the parS§ sites in vivo with an HTH motif to facilitate bacterial chromosomal
segregation. The crystal structures of SpoQJ from Thermus thermophilus and Helicobac-
ter pylori are available in the protein data bank (PDB) and both of the structures are

discussed in the sections 1.4.3.1 and 1.4.3.2 respectively.

1.4.3.1 Spo0] protein from Thermus thermophilus

Spo0] is a KorB homologue from Thermus thermophilus which binds to par§ sites in vivo.
The structure of the N-terminus of the Spo0J protein (1-222) from the bacterium Ther-

mus thermophilus has been determined (PDB ID: 1VZ0). The Spo0J protein dimer was
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crystallised in the absence of DNA but the dimer does contain appropriate distance (34
A) to bind DNA (Leonard et al., 2004). Figure 5A shows the Spo0] dimer with the HTH
motif shown in yellow. Since Spo0]J has been crystallised, based on sequence alignment
and secondary structure prediction, there is increased chance that KorB construct with

amino acids 60-222 can form diffraction quality crystals.

1.4.3.2 Spo0] protein from Helicobacter pylori

The structure of the CTD-truncated Spo0J from Helicobacter pylori has been reported
(Chen et al., 2015). The Spo0J was crystallised as a dimer (at a resolution of 3.1 A)in
the presence of 24 bp par$ site (PDB ID: 4UMK). Two Spo0] molecules interact with the
DNA and the CTD primarily functions as the dimerisation domain. The N-terminal
of Spo0] being flexible in nature serves as a contact point for spreading on the DNA
(Chen et al., 2015; Graham et al., 2014; Havey et al., 2012). Figure 5B illustrates the
flexibility of the NTD as four SpoQJ protein molecules observed in the same crystal
structure (without the DNA) are superimposed for structural comparison. In the four
monomers, the helices in the C-terminal share a similar DNA-binding domain (112-227
aa with RMSD of 0.3-0.6 A for Ca atoms) whilst the N-terminal of the protein does not
superimpose (35-111 aa with RMSD of 3.9-8.1 A for Ca atoms). Various loop regions
are observed in the N-terminal suggesting high flexibility of the N-terminal domains
(Chen et al., 2015).

ParB binds to the chromosomal DNA specifically at parS sites and also non-specific-
ally (Breier and Grossman, 2007; Murray et al., 2006). Using simulations, Broedersz et
al., (2014) proposed that it is the combination of 1D spreading and 3D bridging which
is responsible for ParB coating the DNA. Based on experimental data, Chen et al. (2015)
have proposed a ParB spreading model on DNA (parS site). The model suggests that
multiple ParB protein molecules bind horizontally and vertically on a long and loop-
ing DNA molecule exploiting the NTD interactions. The model proposes a high-order
protein DNA complex with ParB bound to DNA (Chen et al., 2015).
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ParB spreads along the chromosomal DNA and this helps to segregate the DNA.
ParB utilises three domains to achieve this. The central DNA-binding domain of ParB
binds to the DNA at specific parS sites. ParB-parS complex is stabilised as ParB dimerises
with adjacent protein molecule using the CTD. The flexible NTD allows for multiple
protein-protein interactions and adjacent ParB dimers interact using horizontal inter-
actions, which help in spreading of the protein on the DNA. Dimer ParB on the looped
DNA interacts using vertical and traverse interactions because of the protruded NTD.
Considering the (non) specific interactions, the result is a multi-order protein DNA
complex. It is postulated that the protein DNA complex recruits energy rich ParA pro-
tein i.e. ParA-ATP and hydrolysis of nucleotide imparts the driving force necessary to

segregate the bacterial chromosome (Chen et al., 2015).

1.5 KorB protein from RK2 plasmid

In case of RK2 plasmid (low copy number and broad host range IncP-1 plasmid), the
motor protein is an ATPase, IncC and the CBP is the KorB protein and both IncC
and KorB are required for plasmid partitioning (Jagura-Burdzy et al., 1999; Motallebi-
Veshareh et al., 1990). In addition to a partitioning protein, KorB has also been shown to
play role in coordinating gene expression (Bingle et al., 2005; Kostelidou and Thomas,
2000). On the RK2 plasmid (RK2), KorB is encoded within the central control region
(CCR). The CCR encodes KorA, IncC and KorB and is regulated by both KorA and
KorB (Batt et al., 2009).

KorA is a repressor protein that acts in conjunction with KorB to regulate the ex-
pression of the CCR (Bingle et al., 2005). IncC contains an ATP-binding motif and it be-
longs to the ParA family of proteins (Motallebi-Veshareh et al., 1990). IncC can modu-
late KorB binding to its DNA operators (Jagura-Burdzy et al., 1999). The DNA-binding
functionality of KorB in plasmid partitioning, with its protein partner IncC, makes KorB

an important structural target to understand partitioning at molecular level.
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B

N-terminal domain

DNA binding domain

Figure 5: Structures of Spo0]J protein. SpoQJ protein is a KorB homologue and binds
to parS sites in vivo using an HTH motif. (A) Ribbon representation of Spo0J dimer
from Thermus thermophilus is shown. One of the monomers is shown in blue, the other
one in orange and the HTH motif in both monomers is shown in yellow. The dimer is
crystallised in the absence of the DNA but the dimer does contain appropriate distance
(34 A) to bind DNA (Leonard et al., 2004). (B) Ribbon representation of SpoQJ from
Helicobacter pylori is shown. Four Spo0] monomers (from the same crystal structure),
chains A (55-226, red), B (35-226, light blue), C (45-227, yellow), and D (51-226, green)
are superimposed for structural comparison. In the four monomers, the helices in the
C-terminal (112-227 aa) share a similar DNA-binding domain whilst the N-terminal
(35-111 aa) of the protein does not superimpose. Various loop regions are observed
in the N-terminal suggesting high flexibility of the N-terminal domains (Chen et al.,
2015). The image is rendered with POV-ray in Chimera.
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KorB is a 358 aa, multidomain, DNA-binding ParB homologue. The subunit mass of
KorB is 39.01 kDa and there are approximately 2000 molecules of KorB per bacterium
cell. KorB binds specifically to the operator sequence (O site) on the RK2 plasmid.
The palindromic O site [5-TTTAGC(G/C)GCTAAA-3'] is present 12 times in the 60
kb plasmid (Balzer et al., 1992; Delbruck et al., 2002; Pansegrau et al., 1994). The full-
length KorB behaves as a dimer in solution (Balzer et al., 1992). Intact or wild-type (WT)
KorB includes an N-terminal domain (1-137 aa), a central DNA-binding domain (DBD,
138-258 aa) and a C-terminal dimerisation domain (297-358 aa). Of these, the central
DNA-binding domain and the C-terminal domain have previously been crystallised
and these domains are discussed in sections 1.5.1 and 1.5.2 respectively.

Two additional regions in KorB are predicted from their sequence to be flexible and
intrinsically disordered. Secondary structure prediction based on amino acid sequence
indicates that 1-64 aa and 258-297 aa of KorB are flexible in nature (Rajasekar et al.,
2010). To date there is no structure of an intact KorB protein with or without DNA.
This is possibly due to the disordered regions described above, which pose a hindrance
to crystal formation of KorB and the intact protein is too big to be studied by solution

state NMR spectroscopy alone.

1.5.1 Central DNA-binding domain of KorB

The crystal structure of the central DNA-binding domain of KorB with residues 138-
252 (figure 6A) has been determined in the presence of O DNA (Khare et al., 2004).
The protein was crystallised in presence of a 17 bp operator O DNA oligonucleotide
in B-form conformation. The resultant model (KorB-Op DNA) contains two protein
dimer-DNA complexes i.e. two DNA oligonucleotides and four protein monomers.
The central region behaves as monomer in solution, indicated by size exclusion chro-
matography and cross-linking study with glutaraldehyde. Helices a3 and o4 form the

HTH motif, typical of other DNA-binding proteins such as prokaryotic and eukaryotic
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transcription factors. However, unusually, the HTH motif was observed to bind the op-
erator DNA using non-sequence specific water mediated H-bonds and van-der Waals
contacts at the major-groove of the DNA. Using site-directed mutagenesis, two residues
located on helices a2 and o4 helix, outside the HTH (T211 and R240) were shown to
play crucial roles in nucleotide base recognition using direct H-bond contacts to C and

G respectively (Khare et al., 2004).

1.5.2 C-terminal domain of KorB

The C-terminal domain of KorB (CTD KorB) facilitates in the dimerisation of the pro-
tein and has been crystallised (PDB ID: 11GQ and 1IGU) as a dimer (Delbruck et al.,
2002). CTD KorB consists of 62 amino acid residues, corresponding to 297-358 aa of
the full length protein and this was the first crystal structure determined for KorB from
RP4 plasmid (figure 6B). The CTD KorB structure is an all f-conformation with five an-
tiparallel S-strands (01, 52, 33, #4 and 35). These up-and-down strands are connected
with loops (L1, L2, L3 and L4). The structure of the CTD KorB is strikingly similar to
eukaryotic signalling proteins with Src Homology 3 (SH3)-like fold (Pawson and Sch-
lessingert, 1993). In KorB, (5 is elongated in comparison to eukaryotic SH3 domains.
Also the structure lacks the elongated loop between strand 51 and 2, which is impor-
tant for recognising motifs rich in proline content in SH3 proteins (Musacchio et al.,
1994). The CTD KorB is a dimer and does not form higher oligomers on its own, even
in the presence of the cross-linking agent, glutaraldehyde. Also, KorB mutants without
the C-terminal domain fail to dimerise (Lukaszewicz et al., 2002). C-terminal domain
promotes the dimerisation ability of KorB protein and does not play a role in DNA-
binding on its own. However, C-terminal domain does augment the binding capacity

of N-terminal of the KorB (1-294) towards the Oz DNA (Delbruck et al., 2002).
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Figure 6: Structure of KorB domains. (A) Ribbon representation of central DNA-
binding domain of KorB (138-252 aa, PDB ID: 1R71) bound to O DNA with an HTH
motif. The DNA-binding domain is crystallised as a dimer and the structure is deter-
mined to a resolution of 2.2 A (Khare et al., 2004). The chains A and B are shown in
red and orange respectively. The HTH motif in both chains A and B is shown in yel-
low and the DNA molecule is shown in grey. (B) Ribbon representation of C-terminal
domain of KorB (297-358 aa, PDB ID: 11GQ). The C-terminal domain is crystallised as
a dimer and the structure is determined to a resolution of 1.7 A (Delbruck et al., 2002).
The chains A and B are shown in orange and cyan respectively. The DNA-binding do-
main of KorB is primarily helical whilst the C-terminal domain is majorly strand. The
structures are rendered with POV-ray in Chimera.
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1.6 KorA protein from RK2 plasmid

The central control region in the IncP-1 plasmids encodes KorA, KorB and IncC (Bech-
hofer and Figurski, 1983; Macartney et al., 1997; Theophilus and Thomas, 1987). KorA
is a repressor protein that acts in conjunction with KorB to regulate the expression of
central control region and they act together as co-repressors (Bingle et al., 2005; Jagura-
Burdzy and Thomas, 1995; Kostelidou et al., 1999).

KorA is a 101 aa, homodimeric DNA-binding protein with two domains, an N-
terminal DNA-binding domain (DBD) containing an HTH motif and a C-terminal dime-
risation domain. (Kostelidou et al., 1999). The two domains of KorA are joined by a
highly flexible four residue linker (Rajasekar et al., 2016).

The crystal structures of free KorA and also of KorA bound to DNA has been deter-
mined (Rajasekar et al., 2016). In the free protein, two dimers of KorA (PDB ID: 5CKT)
were contained in the asymmetric unit (ASU). Figure 7 shows the two dimers of KorA
contained in the ASU. Each KorA monomer consists of an N-terminal DBD with four
a-helices and a CTD containing an a-helix and a S-strand. In the ASU, difference in
conformation was observed for KorA dimers; this is because of the linker connecting
the DBD and CTD being highly flexible.

The structures of individual domains of KorA have also been determined using so-
lution state NMR data. However, because of the lack of observable NOE information
between the individual domains, the relative orientation of the domains could not be
determined. The structures of each domain are consistent with the KorA structure elu-
cidated using X-ray crystallography (XRC). The crystal structures of KorA bound to O4
DNA (PDB ID: 5CM3) suggest that the DBDs of KorA are symmetrically bound to the
O, DNA while the orientation of the CTD differs. Even during the 100 ns molecular
dynamics (MD) simulation run, the KorA-DNA complex was observed to be flexible

with the CTD exploring a wide range of orientations (Rajasekar et al., 2016).
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Chain C

Figure 7: The crystal structure of KorA protein. Ribbon representation of crystal struc-
ture of KorA dimers. Two dimers of KorA are contained in the asymmetric unit (PDB
ID: 5CKT) and each monomer chain is labelled from A-D. Each KorA monomer consists
of an N-terminal DNA-binding domain (DBD) with four a-helices and a CTD contain-
ing an a-helix and a §-strand. The KorA DBD binds to the O 4 DNA with an HTH motif.
(A) Ribbon representation of KorA chain A (blue) and chain D (orange). In chain D, the
dashed line represents the hinge region (residues 65-69) between the two domains and
structural information about the region is not available. (B) Ribbon representation of
KorA'’s chain B (magenta) and chain C (lime). The structures are rendered with POV-
ray in Chimera.
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Based on NMR spectroscopy and mutational analysis data, the KorA CTD is in-
volved in interacting with KorB (Bingle et al., 2008). The mobility within the linker
between the two domains of KorA while bound to DNA, allows for KorA-KorB con-
tact at different relative orientations and contributes to KorA and KorB cooperativity
(Bingle et al., 2005, 2008). Rajasekar et al. (2016), have shown that a short but flex-
ible linker can be highly dynamic, suggesting that dynamics can be as crucial as 3D
structure in understanding the function of a protein. The P1 plasmid partitioning pro-
tein, ParB also contains a highly flexible four residue linker allowing the HTH domain
to rotate independently of the dimerisation domain (Schumacher and Funnell, 2005).
Similarly, the extensive flexibility of linkers in the DNA-binding partitioning proteins
allow the domains to contact DNA-binding sites in different arrangements, required

for partitioning,.

1.7 Intrinsically disordered proteins and flexible KorB

An intrinsically disordered protein (IDP) is a protein that lacks a regular secondary
structure. IDPs can exist as completely unstructured to partially structured proteins.
Also, IDPs can contain short stretches of amino acids that form flexible or unfolded
structures called intrinsic disordered regions (IDR) in large multi-domain proteins. (Bu
and Callaway, 2011; Dunker et al., 2001, 2008; Dyson and Wright, 2005). The term IDP
includes proteins that contain IDRs within an otherwise well-ordered protein as well
as fully disordered proteins. Essentially, IDPs are a large and functionally important
class of proteins having distinct properties in terms of sequence, structure, function and
interactions and can be considered different from structured proteins in many ways
considering that IDPs lack regular secondary structure (van der Lee et al., 2014).
When compared to bacterial and archaeal proteins, IDRs are more prevalent in vi-
ral and eukaryal proteins (Chen et al., 2006a,b; Oldfield et al., 2005; Pancsa and Tompa,

2012). About 10-35% of prokaryotic proteins contain unstructured regions and 15-45%
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of the total eukaryotic proteins exhibit intrinsic flexibility in their structure (Pancsa and
Tompa, 2012; Tompa, 2012). Inside a cell, these proteins play a central role in multiple
biological functions including but not limited to molecular recognition, protein fold-
ing and regulating the gene expression (Gsponer et al., 2008; Hartl, 1996; Tompa, 2005)
IDPs interacting with partner(s) may involve conformational changes. IDPs can func-
tion by folding before binding to a partner, ‘conformational selection” or they can fold
after binding, ‘induced folding’ (Tompa, 2012). Both conformational selection or in-
duced fit are usually governed by complex kinetics so it is often difficult to distinguish
between the two mechanisms, however these two mechanisms can be distinguished
by varying the concentration of the reactants. (Gianni et al., 2014). In addition, Vogt
and Di Cera (2013) suggest that in order to better describe the kinetics data in general,
conformational selection is a more versatile model.

Disorder enables a protein to have large surface area available for binding and to
possess multiple conformational states. This proves helpful for binding multiple differ-
ent partners to the same protein, with specific but weak binding. Disorder in proteins
has been implicated in cell signalling, regulation, transcription, remodelling and mod-
ifying chromatin (Iakoucheva et al., 2002; Sandhu, 2009).

IDRs in protein often occur as highly flexible linkers connecting structured domains.
The length of linker sequences vary but the flexibility of linkers allow the connecting
domains to freely twist and rotate to recruit their binding partners and may induce
large scale conformational changes (Bu and Callaway, 2011; Dunker et al., 2001). As
mentioned in section 1.6, a short but highly flexible linker in KorA helps in binding
DNA and the partner protein, KorB. Likewise, flexibility in disordered regions in KorB
may help to bind multiple protein partners and/or DNA, which is important for plas-
mid partitioning.

KorB can be understood as an ordered protein [the central DNA-binding domain
(DBD) and the C-terminal domain (CTD)] containing intrinsically disordered regions

(the N-terminal domain and the linker connecting DBD and CTD). Obtaining a refined
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description of KorB in DNA partitioning requires atomic-level information from struc-
tural and dynamics studies. Therefore, the overarching goal of this project is to un-
derstand the structural properties of KorB in order to study its molecular interactions
with DNA and partner protein, KorA. The approach used in this thesis, involves over-
expression and purification of wild-type and mutants of KorB followed by Thrombin
digestion wherever necessary. The purified KorB constructs will be studied using mul-
tiple biophysical and structural techniques.

In this study, circular dichroism (CD) method will be used to gain preliminary sec-
ondary structure information about the protein constructs, whilst analytical ultracen-
trifugation (AUC) will provide information about the molecular mass of the protein
molecules in solution. NMR spectroscopy will be used to gather structural informa-
tion about the N-terminal of the KorB. Binding of KorB mutants containing the DNA-
binding domain will be tested with Oz DNA using CD, fluorescence anisotropy (FA)
and microscale thermophoresis (MST). The data from all these methods will comple-
ment each other and will allow us to build structural model of the KorB with DNA. This
will help to understand DNA partitioning at molecular level. This understanding will
assist in developing novel strategies in combating bacteria containing IncP plasmids
carrying antibiotic resistance genes. This approach can also be extended to other bio-
logical processes wherein proteins with intrinsically flexible /disordered regions play

a pivotal role.

1.8 Aims and outline of the thesis

The primary focus of this research is to study and further our understanding about
the structure and function of DNA-binding protein, KorB from the RK2 plasmid using
structural and biophysical methods. In terms of domain organisation, KorB can be
divided into an N-terminal domain (1-137 aa), a central DNA-binding domain (138-258
aa) and a C-terminal dimerisation domain (297-358 aa). The current state of structural

information about the KorB is shown in figure 8.
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Crystal structures of central DNA-binding domain and C-terminal dimerisation do-
main have been previously elucidated (Delbruck et al., 2002; Khare et al., 2004) where
as limited structural information is available on the N-terminal domain of the KorB.
This became the motivation of studying primarily the N-terminal domain (NTD) of the
KorB. Illustration of all the mutants of the KorB and the protein nomenclature used in
this study is given in chapter 2 (see figure 9).

NTD KorB's purification scheme along with biophysical characterisation of the pro-
tein using analytical ultracentrifugation and circular dichroism is documented in chap-
ter 3. Also, the partial disorder of NTD KorB is discussed in this chapter.

Through the application of solution state NMR spectroscopy, an ensemble structure
of N-terminal domain of the KorB is calculated. Molecular Dynamics (MD) simulations
are performed on the solution state NTD KorB structure using the coarse-grain simu-
lation package, AWSEM to study the mobility of the protein. The details about the
flexibility of NTD KorB are discussed in chapter 4 suggesting important structural in-
sights.

In chapter 5, optimisation of purification for two constructs containing the DNA
binding domain (CA100 KorB and NA31CA100 KorB) of the KorB is described. Both
constructs are characterised using mass spectrometry and circular dichroism and their
biophysical insights are discussed in this chapter.

In chapter 6, KorB-DNA interaction studies undertaken using the techniques in-
cluding fluorescence anisotropy, circular dichroism and microscale thermophoresis are
discussed. Various mutants of the KorB (WT, CA100 KorB and NA31CA100 KorB) ca-
pable of binding to the DNA are tested and binding affinities of the KorB-DNA inter-
actions are compared and discussed in this chapter. KorB-KorA interactions studied
using the 2D NMR spectroscopy (HSQCs) are also discussed.

Finally, general conclusion and outlook summarising structural characterisation of
NTD KorB and KorB-DNA interactions are presented and considering the current state

of information about the KorB and homologous proteins, a DNA partitioning model for
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KorB is proposed in chapter 7.

’
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C

Figure 8: Current state of the KorB structure. The crystal structure of C-terminal do-
main (CTD) and central DNA-binding domain (DBD) are shown in green and blue
respectively (top). The DBD is primarily helical whilst the CTD is majorly strand. The
DBD binds to the Oz DNA shown in grey. The dashed line represents the linker con-
necting the two domains and structural information about the linker is not available.
The N-terminal domain of the KorB is shown in red and structural information about
the domain is limited. The coloured ribbon (bottom) represents the corresponding
amino acids and domain organisation of the KorB. The protein structures are rendered
with POV-ray in Chimera.
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2 Materials and Methods

2.1 The pET System

he pET system (Rosenberg et al., 1987; Studier and Moffatt, 1986) is one of the
T most used expression systems for cloning and expression of recombinant pro-
teins in the E. coli. The gene of interest is cloned into a specific pET plasmid and the
gene is under the control of bacteriophage T7 transcriptional elements. The expression
of protein is induced by the addition of a suitable source of T7 RNA polymerase in the
E. coli. The pET vector is usually used in conjunction with a modified host containing a
ADE3 lysogen [BL21(DE3)]. Expression of the target protein can be induced by adding
IPTG as the host contains a chromosomal copy of T7 RNA polymerase gene under the
control of lacUV5. Being selective and active, T7 RNA polymerase dictates the host’s
resources to express the target gene. The resulting protein can reach up to 50% of the
total cell protein within a few hours after induction. The schematic representation of
pET28a(+) vector (Novagen, Merck Biosciences, Darmstadt, Germany) with its multi-

ple cloning site (MCS) is given in appendix (page 228).

2.2 Protein sample preparation

2.2.1 Protein expression
2.2.1.1 Bacterial transformation with DNA

Plasmid DNA in 100 mM Tris HC], pH 7.5, 1 mM EDTA was used to transform com-
petent E. coli BL21 cells using the heat-shock method. Competent E. coli BL21 (ADE3)
(New England Biolabs, Ipswich, USA) cells were used to transform the plasmid DNA
containing the gene for the protein of interest. Aliquoted BL21 cells stored at -80 °C
were thawed on ice for ~ 2 min. Plasmid DNA (1 uL of DNA at 40-80 ng/uL) was
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used to transform 20 ;L of competent cells in a microcentrifuge tube. Competent BL21
cell-plasmid DNA mixture was incubated on ice for 20 min immediately proceeded by
a heat-shock treatment at 42 °C for exactly 90 seconds. The transformed cells were in-
cubated for 2 min on ice followed by addition of 80 xL of Super Optimal Broth (SOC)
or Lysogeny Broth (LB) without the addition of any antibiotic. Transformed cells were
left for 45 min in a shaking incubator with 200 rpm at 37 °C. Transformed cells were
plated onto LB-agar-kanamycin (15 g/L agar and 30 g/ mL kanamycin) plates at room
temperature (RT) and were left to grow overnight at 37 °C for colonies to develop and

appear on the plate. The bacterial strains used in this study are given in table 7.

2.2.1.2 Isolation and purification of DNA for KorB constructs

DNA for the KorB constructs was transformed into competent E. coli subcloning ef-
ficiency DH5« cells (Invitrogen) cells (see section 2.2.1.1 for transformation protocol),
plated on LB agar (+ antibiotic) plates followed by overnight incubation. The KorB
constructs used in this study are shown in figure 9. The protein constructs with their
respective biochemical characteristics are given in table 8 and table 9. A single bacterial
colony was then picked with a smear loop to inoculate 5 mL of LB, left overnight in a
shaking incubator with 200 rpm at 37 °C. The overnight bacterial culture was pelleted
in an Eppendorf® 5810R centrifuge with rotor S-4-104 (Eppendorf) at 4,000 rpm for 6
min at 4 °C. All of the KorB DNA constructs used in the present study were purified
following the instructions supplied with the QIAprep Spin Miniprep Kit (Qiagen). The
concentration of purified DNA was measured in ng/ yL using NanoDrop 1000 (Thermo

Fisher Scientific) and the DNA was stored at -20 °C for future use.
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Strain Genotype Features
BL21 fhuA2 [lon] ompT gal (X | Competent E. coli strain used for
(ADE3) DE3) [dcm] AhsdS transformation and high-level ex-
(NEB) A DE3 = X sBamHIo pression of recombinant protein.
AEcoRI-B This is a T7 expression strain de-
int::(lacl::PlacUV5::T7 ficient in two proteases: lon and
genel) i21 Aninb outer membrane protease, ompT.
DH5«a F~ ®80lacZAM15 Competent E. coli strain with a
(Invitrogen)| A(lacZYA-argF) U169 | high transformation efficiency of
recAl endAl hsdR17(r,, | plasmid DNA used for routine
m;) phoA supE44 thi-1 | subcloning procedures. This strain
QyrA96 relA1 A~ contains recAl which prevents un-
wanted recombination and end A1
which improves the yield of plas-
mid DNA.
XL10-Gold | Tet" A(mcrA)183 Competent E. coli strain offering
(Agilent) A(mcrCB-hsdSMR-mrr)173 | highest transformation efficiencies

endAl supE44 thi-1 recAl
QyrA96 relAl lac Hte [F'
proABlacl'ZAM15  Tnl0

(Tet") Amy Cam"]

for cloning large plasmids and lig-
ated DNA. This strain contains the
high transformation phenotype
(Hte). The strain is endonucle-

ase deficient (endA) and recom-
bination deficient (recA) which
enhances the quality of miniprep
DNA and provides insert stability

respectively.

Table 7: Bacterial strains used in this study.
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N-terminal domain DNA binding domain C-terminal domain

1 297 358
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1 31 137 258

C CA100 KorB

NA31CA100 KorB

NTD KorB

®
@

Figure 9: Illustration and nomenclature of all the mutants of KorB used in this
study. (A) The wild-type (WT) KorB protein with N-terminal domain, DNA-binding
domain and C-terminal domain is shown in orange, blue and green respectively. The
N-terminal contains a His-tag (23 residues) shown with a hook and the flexible regions
are shown in grey. (B) 100 residues from the C-terminal of the KorB WT are truncated
and the resulting protein is named CA100 KorB. The CA100 KorB is without the linker
and the CTD but contains N-terminal His-tag for purification with the same cleavage
site as of KorB WT. (C) The His-tag along with first 31 residues from the N-terminal of
the CA100 KorB are truncated and the resulting protein is named NA31CA100 KorB.
(D) Removing the DNA-binding domain from the NA31CA100 KorB resulted in a pro-
tein named NTD KorB (with N-terminal His-tag).
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Protein construct  Vector Residue Molecular Affinity tag
type number weight (Da)

KorB WT pET28a 1-358 41537.8 N-terminal
6xHis-tag

CA100 KorB pET28a 1-258 30591 N-terminal
6xHis-tag

NA31CA100 KorB pET28a 31-258 25284.2 None

NTD KorB pET28a 31-137 14083.4 N-terminal
oxHis-tag

KorA WT pET28a 1-101 11305.9 None

Table 8: Protein construct table (I)

Protein construct  Antibiotic Cleavage tag Molar extinction coefficient
resistance (residue) M !em™)
KorB WT Kanamycin ~ Thrombin 23950
(17/18)
CA100 KorB Kanamycin ~ Thrombin 15470
(17/18)
NA31CA100 KorB Kanamycin ~ None 15470
NTD KorB Kanamycin ~ Thrombin 9970
(17/18)
KorA WT Kanamycin ~ None 13980

Table 9: Protein construct table (II)
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2.2.1.3 Large scale expression of unlabelled KorB constructs

Following transformation as described in section 2.2.1.1, a single colony was picked
with an inoculation loop to inoculate LB medium (10 mL) supplemented with Kanamycin
(30 ug/mL). Cultures were then left to incubate overnight at 37 °C with shaking at 220
rpm. The overnight starter cultures were used to inoculate 1 L (2*500 mL) LB media (10
mL overnight culture per 1 L LB media) supplemented with Kanamycin (30 ug/mL).
Once the culture reached an Ag reading of 0.6 [measured using the BioMate 3 (Thermo
Scientific™)], the temperature of the incubator was dropped to 18 °C. The cells were
grown in 1L (2*500 mL) LB media with Kanamycin to an A of about 0.6 at 37 °C. At
this stage, the temperature was reduced to 18 °C and expression of T7 RNA polymerase
was induced with 1 mM Isopropyl -D-1-thiogalactopyranoside (IPTG) and the culture

was then left to incubate overnight for 16 hours.

2.2.1.4 Large scale expression of labelled KorB constructs

The over-expression and purification of isotopically labelled protein was performed as
described in the previous section (2.2.1.3). The isotopic labelling of the protein sample
was done by growing the bacteria in minimal medium, M9.

The recipe to make 1L of the M9 medium: mix the salts as described in table 10, top
up to 970 mL, adjust the pH to 7.3 and autoclave the medium. Next, make up 30 mL of
the nutrient mix (table 11), filter sterilise the solution with 0.2 ym and store at 4°C for
future use. The metal mix (used in the nutrient mix) consists of 4 mM ZnSO,, 1 mM

MnSO,, 4.7 mM, H3BO; and 0.7 mM CuSO,.
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Chemical Amount
Na,HPO, 6g
KH,PO, 3g
NaCl 05¢g

Table 10: Minimal medium salt mix recipe

Chemical Amount
Glucose (1*C, 99%) 2¢g
NH,CI (99%) lg

1 M MgS0O, 2mL

1 M CaCl, 10 uL

1 M FeCl; (dissolved in HCI) 400 pL
Thiamine (20 mg/mL) 1mL
Metal mix 0.5 mL
Kanamycin (30 mg/mL) 1mL

Table 11: Minimal medium nutrient mix recipe

2.2.1.5 Harvesting bacterial cells by centrifugation

The culture was centrifuged in Beckman Coulter Avanti® J20/1, rotor JLA 8.1 at 6,000
rpm for 20 min. The supernatant was discarded and pellet was suspended in 50 mM
Tris HCI, pH 7.5, 0.1 mM EDTA (~50 mL) and centrifuged again at 6,000 rpm for 20
min to ensure that the cells were media-free. The sample aliquots of before and after in-
duction were analysed on a 4-12% Criterion ™ XT Bis-Tris SDS-PAGE gel with loading

dye (Sigma-Aldrich) to check for expression.
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2.2.1.6 Mechanical homogenisation of bacterial cells

The cell pellet from 1 L of culture was resuspended in ~40 mL of 10 mM Imidazole, 50
mM Na phosphate, pH 8, and 300 mM NaCl containing Phenyl Methane Sulfonyl Flu-
oride, (PMSF) and a protease inhibitor tablet (EDTA free, from Roche). The cells were
homogenised at 15,000 psi (pound per square inch) for five continuous cycles using a
C3 EmulsiFlex cell homogeniser (AVESTIN Europe GmbH, Mannheim, Germany) at 4
°C. To pellet the cell debris, the homogenised solution was centrifuged at 25,000 rpm
in Beckman Coulter Avanti® J series centrifuge using JA-25.50 rotor for 45 min. The
pellet was discarded and the supernatant was filtered using a 0.45 pm filter, followed

by a 0.2 ym Minisart® filter.

2.2.2 Protein purification
2.2.2.1 Initial protein purification by affinity chromatography

As the KorB proteins were His-tagged, the initial protein purification was done us-
ing a 5 mL HIS-Select Nickel Affinity Gel column (Sigma-Aldrich) at RT. The column
was equilibrated with buffer containing 10 mM Imidazole, 50 mM Na phosphate, pH
8.0, 300 mM NaCl, and 10 ug/mL PMSF. Homogenised supernatant (~ 20 mL) was
loaded onto a Ni-NTA column. The column was pre-equilibrated with 50 mL buffer
containing 10 mM Imidazole. A linear gradient of Imidazole (20 mM to 250 mM) was
applied to elute the proteins with N-terminal His-tag. The presence of protein in the
fractions was confirmed using Bradford reagent (Bradford, 1976) at Asgs. In order to
confirm the presence and purity of the KorB samples, SDS-PAGE was performed. The
protein samples were prepared for electrophoresis by mixing 1:1 with gel loading dye
A precast criterion gel was run with a BioRad apparatus at 180 V for 45 minutes and
the gel was stained at RT with Expedeon InstantBlue protein stain — a ready to use
Coomassie protein stain for polyacrylamide gels; followed by gentle shaking of the gel

in 30 mL of InstantBlue stain for 30 minutes. Fractions containing the protein were
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dialysed into 10 mM Tris HCl, pH 7.5, 100 mM NaCl, and 0.1 mM EDTA and then
concentrated on an Amicon Ultrafiltration cell using Millipore (MWCO: 3/10/30 kDa)
ultrafiltration membrane. Further purification of the protein was performed using size

exclusion chromatography.

2.2.2.2 Determination of protein purity by SDS-PAGE

Pre-and-post-induction cell samples and protein samples were prepared by mixing
samples (~1-20 L) with equal volume of 2x Laemmlli Concentrate buffer (Merck, USA)
and samples were then loaded onto an 18/26-well pre-cast 4-12% Criterion™ XT Bis-
Tris protein gel (Bio-Rad Laboratories, USA). The SDS-PAGE gels were typically run
at 180 V for 45 min in 1x XT-MES running buffer (Bio-Rad Laboratories, USA) or until
the leading edge of the Bromophenol blue sample buffer had reached the other end
of the gel plates. Prestained protein markers (Bio-Rad) were run alongside lysate and
protein samples to compare the molecular weight against known standards. Follow-
ing the electrophoresis run, the gels were stained with InstantBlue™ Coomassie stain
(Expedeon, UK) until protein bands were visible. The background stain on the gels
was removed by rocking the gels in H,O for an hour. Once ready, the images of the
gels were captured with a FinePix AX650 digital camera (Fujifilm, Tokyo, Japan) and
optimised with PhotoScape X 2.4.2.

2.2.2.3 Protein purification by size exclusion chromatography

Protein fractions purified from affinity chromatography were concentrated in Amicon
concentrators (3 or 10 kDa MWCO) to <5 mL and centrifuged at 4,000 g for 10 min.
Ni-NTA purified protein (with contaminants) was further purified using a Superdex
75, 26 cm, by 60 cm, size exclusion column with an AKTA Purifier P-900 (GE Health-
care, Chicago, USA) and the chromatogram was monitored at 280 nm. The column
was equilibrated with size exclusion chromatography (SEC) buffer: 10 mM Tris HC],
pH 7.5, 100 mM NaCl, 0.1 mM EDTA for 1.2 CVs. The flow rate was set to 2 mL/min.



| 2 | Materials and Methods 42

Protein from affinity chromatography was concentrated to 4 mL and was loaded on to
the column at RT. A 5 mL Hamilton syringe, pre-washed with SEC buffer was used to
inject the concentrated protein sample into a 5 mL sample loop attached to the AKTA
Purifier. Following sample injection, the column was washed with 1 column volume of
buffer and the sample was collected in 12 mm tubes with 4 mL fraction volume. Eluted
fractions containing the protein were pooled according to the highest absorbance peaks
in the chromatogram. To gauge the purity of protein, samples were analysed by SDS-
PAGE. Fractions with purified protein were pooled again concentrated using the Ami-
con (Merck) centrifugal filter units with molecular weight cut-off (MWCO) of 3/10/30
kDa in an Eppendorf 5810R bench-top centrifuge at 4,000 g to ~2 mL. Quantification
of protein concentration was done with BioMate 3 (Thermo Scientific'™) spectropho-
tometer. All SEC experiments were performed at room temperature. Note: for labelled
protein samples ("°’N/ °C), the buffer used was phosphate buffer with 10 mM Na phos-
phate, pH 7, 100 mM NaCl and 0.1 mM EDTA. The proteins were further concentrated

using the Thermo Scientific Pierce®

concentrator having MWCO 9 kDa on a Thermo
Scientific Heraeus Megafuge 11R at 2500 g to about 1 mL (10-22 mg/mL) in volume for

protein crystallisation trials.

2.2.2.4 Determination of protein concentration by A, measurement

The concentration of the purified proteins was determined by taking absorbance read-
ings at 280 nm on a BioMate 3 UV spectrophotometer and computing the concentrations
using the molar extinction coefficient (table 9) for the protein sequence [obtained from

ProtParam (web.expasy.org/protparam)] into the Beer-Lambert equation:

A=ccl/d (2.1)

where A = observed absorbance at 280 nm, ¢ = molar extinction coefficient (M~'cm™!),

¢ = concentration (M), [ = path length (cm), d = dilution factor.
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2.3 Biophysical characterisation of KorB constructs

2.3.1 Polydispersity analysis with analytical ultracentrifugation experiments

Analytical ultracentrifugation (for theoretical background of AUC, see section 3.3.2)
experiments were performed on Beckman Coulter ProteomeLab™ XL-1 Protein Char-
acterisation System (Pasadena, California, USA). The experiments were performed in
a two-chamber centerpiece and the data were collected using absorbance and interfer-
ence optics. Purified proteins were dialysed into 10 mM Tris HCl, pH 7.5, 100 mM
Na(l, and 0.1 mM EDTA and 0.5 mL of each protein sample was used for the exper-
iment. Three concentrations of proteins (Asgy — 0.1, 0.5, 0.9) were used for the exper-
iment. The samples were centrifuged overnight at 20 °C at 40,000 rpm in the T1i/50
rotor. The absorbance was measured continuously for 20 hours at 280 nm and 120
scans were collected. Experimental data were processed in SEDFIT (Vistica et al., 2004)

program using the ¢(S) distribution based on Lamm equation (Schuck et al., 2000).

2.3.2 Binding constants and secondary structure estimation with circular dichroism

experiments

For CD experiments, both proteins and DNA were diluted in 100 mM NaClO,, 10 mM
Tris HCl, pH 7 and 0.1 mM EDTA. NaCl was substituted with (NaClO,) as perchlo-
rate ions absorb much less in the 180-190 nm range than chloride (NaCl) ions (Kelly
et al., 2005). All CD measurements were recorded at RT. Most of the CD experiments
were performed using a Jasco J-1500 spectrophotometer (Essex, UK). Measurements
were made between 340 nm and 190 nm with step size of 1 nm and bandwidth of 1-2
nm. Fixed quartz cuvettes (Hellma, UK) of path-length 10 mm were used with an av-
eraging time of 1 s and 4-8 scans were recorded. The data from CD experiments were
submitted to DICHROWEB, a web server that perform analyses of Circular Dichroism
data, (Lobley et al., 2002; Whitmore and Wallace, 2004, 2008) for secondary structure

estimation; the CDSSTR analysis program (Sreerama et al., 2000; Sreerama and Woody,
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2000) was used with reference sets 3 and 6. Protein-DNA titration measurements were
performed with a Chirascan Plus spectrometer (Applied Photophysics, Surrey, UK) on
beamline B23 at the Diamond Light Source (Oxfordshire, UK). The protein and DNA

concentrations used for CD titration experiments are given in table 12.

KorB Concentration ds Oz DNA Concentration
construct (M) (M)
NA31CA100 80 Full-length 10
NA31CA100 80 Half-length 20

CA100 60 Full-length 15

CA100 60 Half-length 20

Table 12: Concentration of KorB constructs and double stranded (ds) Og DNA used
for CD experiments.

DNA was measured between 240-340 nm and protein-DNA samples measured be-
tween 180-360 nm. For each sample, average of four scans were subtracted from aver-
age of four buffer scans. The spectra of buffer were taken under identical conditions
and subtracted from that of the respective protein and /or DNA spectra. The data fitting
for protein-DNA titrations was done with non-linear regression analysis to a modified

quadratic equation

z+z4+k—/(x+z2+k)?—4xz

5 (2.2)

f:y0+(l*

using SigmaPlot 13 (Systat Software, San Jose, US). Here, y, is the initial (non-zero)
value of CD signal, a is the difference between the maximum and minimum CD signal
i.e. max(y)-min(y), z is the protein concentration, z is the DNA concentration (constant),
and K is the dissociation constant. Theoretical background of CD is given in section

6.2.2 and details on the above modified quadratic equation is given in section 6.3.
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2.4 Protein-DNA interactions experiments

2.4.1 Og DNA containing oligonucleotides

The modified 3'-fluorescein tagged oligonucleotides containing O DNA were ordered
from Eurofins Genomics (Eurofins Scientific, Luxembourg). The double stranded full-
length DNA (dsFL) is a 17 bp sequence containing the palindromic consensus operator
(Og) sequence for KorB binding. The double stranded half-length DNA (dsHL) is a 12
mer sequence containing one half of the palindromic Og sequence. For dsFL DNA, the
tagged strand and its untagged complementary strand were dissolved in filtered TE
buffer (20 mM Tris, 1 mM EDTA) and annealed by heating to 70 °C for 5 minutes in a
water bath before cooling to room temperature (24 uM). Likewise for dsHL DNA, the
tagged and complementary strand were dissolved in the same TE buffer and mixed to
a final concentration of 50 M. The sequences of Oy DNA containing oligonucleotides
used for KorB-DNA interactions are given in table 13. All DNA was stored at -20 °C

and the DNA was wrapped inside aluminium foil.

O DNA  Sequence Concentration
dsFL 5-GGTTTAGCGGCTAAAGG-3 24 uM
dsHL 5-GCCTTTAGCGGC-3 50 uM

Table 13: Og DNA containing oligonucleotides. dsFL and dsHL stands for double
stranded full-length Oy DNA and double stranded half-length Oy DNA respectively.

2.4.2 Microscale thermophoresis

All microscale thermophoresis (for theoretical background of MST, see section 6.2.3)
experiments were performed at RT on a Monolith NT.115 (NanoTemper Technologies,
Miinchen, Germany) containing a red/blue filter set. Blue-Red excites fluorescence
with wavelengths 460-480nm and 600-650nm; also the filter detects wavelengths be-

tween 510-530 nm and 675-690 nm. The blue filter was used for labelled DNA samples
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and the red one for NHS (fluorescent dye) tagged KorA. The NanoTemper 647-NHS
dye contains ‘NHS-ester chemistry’, that reacts with 1°amine groups of solvent ac-
cessible lysine residues (usually) in the protein of interest to form stable dye-protein
adducts. The NHS-ester chemical reaction is given in appendix on page 218.

The proteins conjugated with NHS label fluoresce with excitation and emission
maxima of ~650 and ~670 nm respectively. The protein samples were centrifuged at
13,000 rpm in a bench-top centrifuge for 5 min to discard any precipitates. The samples
were prepared in microfuge tubes (supplied in the MST kit) and 1 yL (10 mg/mL) of
BSA was added so as to minimise adsorption of the protein sample to the tube walls.
With capillary action, a sample volume of ~5 yL. was loaded into the NanoTemper
standard glass capillary and microthermophoresis was carried out. MST experiments
should contain a labelled molecule for the detection of the signal and one or more un-
labelled binding partners. A capillary scan (capscan) was used to determine the mini-
mum amount of fluorescently labelled partner. The capscans were carried out at 10%
LED power and the binding experiments were done with 20% MST power. The LED
power was adjusted (typically between 10-20%) so as to have fluorescence counts be-
tween 500-1000, minimum being 300 counts. The buffer used for protein-DNA mea-
surements was 20 mM Na phosphate, pH 7.6, 100 mM NaCl. 1 L of fluorescein labelled
DNA was added to 200 ;L of buffer and blue LED was used to excite the DNA at 10%
power resulting in 500-600 counts. Dilution series with 8-16 points of unlabelled bind-
ing partner were prepared by diluting the partner in equal part buffer (1:1). Consistent
pipetting of the samples should yield fluorescence count (for the labelled molecule) to
be within +10% for all concentration points in the titration. Most of the experiments
were measured at varying MST power (10, 20 and 50%) and best results were obtained

at 10 or 20%. BSA was used as a negative control for the MST experiments.
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2.4.3 Fluorescence anisotropy

All the Fluorescence Anisotropy (for theoretical background of FA, see section 6.2.1.2)
experiments were performed on a PerkinElmer luminescence spectrometer LS 50B (Wal-
tham, Massachusetts, USA) and data were collected using the program FL WinLab
2.01 at RT. Fluorescently labelled DNA and unlabelled KorB constructs KorB WT, NTD
KorB, CA100 KorB and NA31CA100 KorB were used for the anisotropy experiments.

Excitation maximum and emission maximum for fluorescein is 495 nm and between
516-520 nm respectively. The excitation wavelength was optimised by scanning in the
range 400-500 nm (keeping the emission maximum at 518 nm) and emission wave-
length in the range of 500-600 nm (keeping the excitation maximum at 495 nm) and
staying below the limit of 1000 units of intensity (INT). Slit width of 5 nm was used for
both the polarisers and an integration time of 5 s was used to measure the anisotropy
values. Before measuring the anisotropy value at each protein concentration, fluores-
cence intensity was monitored for quenching and keeping the intensity within the spec-
trometer’s detectable range of 100-1000 intensity units. To minimise the effect of ran-
dom error both on intensity and anisotropy, the fluorescence intensity was maximised
while keeping its intensity below 1000 intensity units.

The vials containing fluorescein were wrapped with aluminium foil to minimise the
decay of fluorescence by photo-bleaching. The experiments were done in 20 mM Na
phosphate, 100 mM NaCl throughout. 1 uL of fluorescein labelled DNA was added
to 100 pL of buffer. Bovine serum albumin (BSA) was used as a negative control for
the anisotropy experiments. Prior to being titrated into the fluorescein-labelled DNA,
serial dilutions of the proteins were prepared. The averaged anisotropy values were
determined from at least three sets of protein-DNA samples. The anisotropy data were
fitted using the Hyperbola, Single Rectangular I, 3 Parameter equation (given below)

in Sigmaplot 13.
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a*xx
b+ x

f:yo_l'

In the equation, y, is the initial anisotropy value, a is the difference between maximum
and minimum values of anisotropy, x is the protein concentration, and b is the dissoci-

ation constant (K;).

2.5 X-ray crystallisation trials

Initial protein crystallisation trials were done using a Mosquito® nanolitre crystalli-
sation robot (TTP Labtech Limited, Melbourn, UK). Prior to setting up crystallisation
trays, unlabelled proteins were purified to >95% homogeneity as analysed by SDS-
PAGE (described in section 2.2.2.3). Proteins were dialysed into 10 mM Tris HCI, pH
7,100 mM NaCl, 0.1 mM EDTA and concentrated to 10-22 mg/mL using concentrator
having 3/10 kDa MWCO on a Eppendorf 5810R centrifuge with rotor S-4-104 at 4,000
rpm at 4 °C. First, 400 nL of protein was mixed with 400 nL of precipitant in a 96-well
plate and hanging drop crystallisation method was used. Two protein crystal screen-
ing trays were setup using Molecular Dimensions i) JCSG- plusTM Screen Box 1 and
Box 2 and ii) Morpheus® HT-96 Screen Box 1 and Box 2. Both screens are a 96 reagent,
sparse-matrix screen optimised for protein crystal formation. Second, the sitting drop
method was used for the trial experiments on a combinatorial crystallisation plate. Im-
mediately before setting up the crystal trays, the protein was centrifuged at 13,000 for 5
minutes at 4°C; pellet was discarded (if any) and the protein was transferred to a sterile
tube. 100 pL of sparse matrix solution was added to reservoir well for 96 conditions,
1-48 (Box 1), 49-98 (Box 2). 1 L of protein was mixed with 1 uL of well solution to form
a sitting drop on the tray at RT. The trays were sealed with crystal clear tape and were
left undisturbed in a room maintained at 18 °C for vapour diffusion to take place and

crystal growth is initiated. The preliminary precipitant condition was 0.1 M ammo-
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nium sulfate, 0.1 M BIS-Tris, pH 5.5, 30% PEG 3350 with protein:DNA as 2:1.1, where
100 um sized protein crystals were observed. The hit was used to further optimise the
condition by varying the ratio of DNA and keep the protein constant and adding cry-
oprotectant in the well (glycerol and DMSO). The volume in the reservoir and volume

of the sitting drop was also varied with respect to each other.

2.6 NMR experiments

The NMR spectra were collected at the Henry Wellcome Building NMR Centre at the
University of Birmingham. The experiments were performed on a 500 MHz Bruker, a
600 MHz Varian, an 800 MHz Varian and a 900 MHz Bruker spectrometer. For NMR
experiments, all ?C /"N protein samples were made in same batch and in 20 mM Na
phosphate, pH 6, 100 mM NaCl and 0.1 mM EDTA. Processing of the spectra were
done with NMRPipe software (Delaglio et al., 1995). The spectra were analysed using
the software package NMRFAM-SPARKY (Lee et al., 2015). The sequence specific back-
bone assignment ("HN, N, *C’, ¥ Ca) and side chain assignment (**Cf) for NTD KorB
were obtained and assigned using the following experiments: HNCO, HN(CA)CO,
HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH, CBCA(CO)NH (CB only). The pro-
tons for the side chains were obtained and assigned using the HBHACONH experi-
ment. For theoretical background of these above mentioned NMR experiments, see
section 4.3.

The secondary structure of the protein was predicted computationally using the
online servers Jpred4 (Drozdetskiy et al., 2015) and Psipred 3.3 (Buchan etal., 2013). The
secondary structure for the NTD KorB was calculated with sequence specific chemical
shift values using TALOS+ (Shen et al., 2009) with a prediction accuracy of about 89%.
The structural alignment for NTD KorB and ParB homologues was performed with
ENDscript (Robert and Gouet, 2014). The resulting ucsf files were imported in SPARKY
to be visualised and analysed. The ucsf files were visualised in SPARKY and the files

were exported in postscript (.PS) file format. PS file format is a versatile file format for
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producing high resolution vector files. Inkscape 0.92, a vector graphics editor was used

to render the PS files for image production.

2.6.1 N KorA and CA100 KorB HSQC titrations

A range of concentrations of CA100 KorB protein were titrated against a fixed concen-
tration of ’N KorA protein. The buffer used for both the proteins (*°N KorA and CA100
KorB) was 10 mM Na phosphate, pH 7, 100 mM NaCl, 0.1 mM EDTA. All titration ex-
periments were done on a 900 MHz Bruker magnet at 35 °C. The volume used for each
titration experiment was 600 pL with 10% of DO (540 uL of sample and 60 pL of D;O).
The range of ratios of KorA:CA100 KorB used for the experiments were 1:1, 1:2, 1:3, 1:4
and 1:5. The concentrations of both KorA and CA100 KorB used in the titrations are

listed in table 30 (section 6.5.2).

2.6.2 NMR structure calculation and analysis

In order to calculate the NTD KorB structure, the protein sequence, a list of backbone
chemical shifts assignments, a list of TALOS+ predicted backbone torsion angles and
3D-NOESY (**C and °N) spectra were submitted as input to Ponderosa-C/S (Lee et al.,
2014) server (hosted by National Magnetic Resonance Facility at Madison, NMRFAM),
with its refinement option calculating the initial structure of NTD KorB.

Ponderosa Analyzer is a program within Ponderosa client which was used to eval-
uate the calculated protein structure. The Analyzer program was used to iteratively
reduce the violations in the structure i.e. refine the distance and angle constraints and
export the refined data to the Ponderosa server for iterative structure calculations. Fur-
ther, the water refinement of the structure was done by the Ponderosa server to calcu-
late the final 20 models of the NTD KorB (XPLOR-NIH, Schwieters et al., 2003).

The final ensemble structure of the NTD KorB with 20 models was analysed using
the PSVS (protein structure validation software) suite (Bhattacharya et al., 2006) and to

evaluate the structural integrity and stereo-chemical quality of the ensemble, multiple
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analysis tools were employed including MolProbity (Davis et al., 2007), RAMPAGE
(Lovell et al., 2003), ProSA-web (Sippl, 1993; Wiederstein and Sippl, 2007), Verify3-D
(Bowie et al., 1991; Liithy et al., 1992) and PROSESS (Berjanskii et al., 2010).

2.6.3 Molecular dynamics simulations

All molecular dynamics (MD) simulations were carried out using the LAMMPS molec-
ular dynamics package (Plimpton, 1995) with AWSEM-MD program implemented in-
side the LAMMPS (Davtyan et al., 2012). The temperature in all the simulations was
kept constant at 27 °C using the Nosé-Hoover thermostat algorithm. Simulations of
the NTD KorB were performed using the model number 8 of the NTD KorB’s ensem-
ble structure as starting coordinates. The model number 8 of the NTD KorB contains
residues 1-130 where first 23 residues are from the His-tag and the N-terminal domain
corresponds to residue 31-137 of KorB (for NTD KorB sequence, see figure 85).

The structural knowledge of the 20 NTD KorB models was used to bias the simula-
tions. Out of 20 models in the NTD KorB ensemble, 19 were used (excluding the model
number 8) to generate overlapping fragment information called memories. The addi-
tional energy term associated with memories is called Fragment Memory. To include
fragment memories from the 19 NTD KorB models, a fragment library was generated
using the scripts in the AWSEM-MD package (awsem-md.org/index.html).

All the simulations were done on the super-computing facility at the University of
Maryland'’s high-performance computing cluster, Deep Thought 2. As the MD simula-
tions are extensive and resource hungry in nature, a limited amount of computing time
was allocated on the Deep Thought 2 cluster (glue.umd.edu/hpcc/dt2.html). AWSEM
package computes in serial mode and considering the time constraints on using the
cluster, the MD simulations of the NTD KorB were performed for 110 ns. The simula-
tion trajectories for the NTD KorB were visualised with VMD (Humphrey et al., 1996)
and UCSF CHIMERA (Pettersen et al., 2004).
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3 Biophysical characterisation of N-terminal of KorB

3.1 Results

3.1.1 Over-expression of N-terminal of KorB

I I 1 he NTD KorB with amino acids 31-137 (MW: 14083 Da) was over-expressed in
E. coli BL21 (DE3). The NTD KorB’s expression was induced with IPTG and the

cells were homogenised to release the protein into the solution.

3.1.2 Purification of N-terminal of KorB
3.1.2.1 Affinity chromatography

The initial NTD KorB purification was done using a HIS-select Nickel affinity gel col-
umn as the N-terminal His-tag of the protein has affinity towards the Ni-column. A
linear gradient of Imidazole was used to elute NTD KorB from the column. In the
eluted fractions, presence of the NTD KorB was confirmed using Bradford reagent and
an SDS-PAGE gel was run to check the fractions for protein purity. The results of Ni-

column purification and SDS-PAGE gel are shown in figure 10A and 10B respectively.

3.1.2.2 Size exclusion chromatography

The fractions from affinity chromatography with NTD KorB were concentrated and
the protein was purified on a size exclusion column. Figure 11 represents the chro-
matogram and SDS-PAGE gel for the NTD KorB. SDS-PAGE gel was not able to resolve
the species present in the fractions as single band was observed but we can observe two
peaks in the chromatogram. Fractions 7 to 15 were pooled and concentrated and total

yield of the NTD KorB obtained from 1 L of culture was 22 mg.
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Figure 10: Purification of the NTD KorB by affinity chromatography and analysis by
SDS-PAGE. (A) The chromatogram of the NTD KorB showing the peak between 10 and
30 mL of elution volume. Fractions 4 to 7 contain the purified NTD KorB (turquoise
box). (B) SDS-PAGE gel with NTD KorB in the lanes labelled 4, 5, 6 and 7. Dashed
box and arrowhead indicate the over-expression of the NTD KorB. From left to right:
molecular weight marker (Marker), supernatant after filtration (Filtrate), flow-through
from soluble lysate fraction (FT1 and FT2), wash with buffer (Wash) and eluted frac-
tions (1-8). The fraction size is 4 mL, flow rate is 2 mL/min and length of the run is 60
mL. 20-400 mM Imidazole gradient is used for elution. NTD KorB is eluted from the
column between 100 mM and 180 mM of Imidazole. NTD KorB in the pooled fractions
is further purified to homogeneity by size exclusion chromatography.
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Figure 11: Purification of the NTD KorB by size exclusion chromatography and anal-
ysis by SDS-PAGE. (A) Chromatogram of the NTD KorB showing the absorbance trace
(Azgp) of eluent and peaks between 160 mL and 200 mL of elution volume. Fractions
on the X-axis indicate each 4 mL of collected fraction. Void volume of the column is
100 mL. The flow rate is 2 mL/min and length of the run is 380 mL. Fractions 7 to 14
contain the purified NTD KorB (turquoise box). (B) Image of the SDS-PAGE gel with
NTD KorB in the lanes labelled 7, 8, 9, 10, 11, 12, 13 and 14, showing presence of a sin-
gle protein species in solution. From left to right - eluted fractions from size exclusion
chromatography run (1-3 and 7-15) and molecular weight marker (Marker). Dashed
box and arrowhead indicate the purified NTD KorB after size exclusion run.
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3.1.3 Optimisation of thrombin digestion of N-terminal of KorB

NTD KorB contains a 23 residue N-terminal His-tag with thrombin cleavage site be-
tween residue 17 and 18. In order to remove the N-terminal tag from the NTD KorB,
thrombin digestion was done. To remove the tag and to optimise the temperature, the
protein was incubated with thrombin at 4 °C and room temperature (RT). Thrombin
concentration was optimised for the digestion experiment. Thrombin was diluted 100
fold in the same buffer and the reaction was stopped at different times using the in-
hibitor, PMSF. Figure 12A shows the SDS-PAGE gel with the optimisation of thrombin
digestion of the NTD KorB. After optimising the thrombin digestion, the N-terminal
tag was removed by incubating the NTD KorB in presence of thrombin at 4 °C for 20
hr. The tag was successfully cleaved with thrombin. The SDS-PAGE gel for the throm-
bin digestion experiment for the NTD KorB is shown in figure 12B. After the affinity
chromatography, the NTD KorB was immediately incubated with thrombin and then
the mixture of the NTD KorB and thrombin was loaded on to the size exclusion column

to further purify the NTD KorB.

3.2 Crystallisation trials of N-terminal of KorB

The crystallisation trays of the NTD KorB were set using two sparse screens with varied
precipitants. In both the screens, precipitation was observed for almost one-third of
the conditions and about 70 um sized protein micro-crystals of the NTD KorB were
observed. The sparse-matrix solution conditions that facilitated micro-crystal growth
for the NTD KorB are noted in the appendix (page 231). In order to obtain bigger,
diffraction quality protein crystals of the NTD KorB, the initial conditions were varied
with trials varying NaCl concentrations (0.2-3 M) at different Tris-HCl, pH values (5.5-

8.5) but the NTD KorB micro-crystals failed to grow in size with time.
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Figure 12: Thrombin digestion of the NTD KorB. (A) The N-terminal tag was re-
moved by incubating NTD KorB in presence of thrombin at RT and 4 °C. SDS-PAGE
gel showing the optimisation of thrombin digestion of the NTD KorB. NTD KorB in
lanes 2-8 are incubated with thrombin at RT whereas the protein in lanes 9-16 are incu-
bated with thrombin at 4 °C. From left to right - lane 1: stock NTD KorB kept at RT; lane
2: NTD KorB with thrombin at 0 hr (at RT); lane 3: NTD KorB with thrombin at 1 hr; at
2 hr (lane 4); at 4 hr (lane 5); at 5.5 hr (lane 6); at 20 hr (lane 7); at 25 hr (lane 8); lane 9:
stock NTD KorB kept at 4 °C; lane 10: NTD KorB with thrombin at 0 hr (4 °C); lane 11:
NTD KorB with thrombin at 1 hr (4 °C); at 2 hr (lane 12); at 4 hr (lane 13); at 5.5 hr (lane
14); at 20 hr (lane 15); at 25 hr (lane 16); and molecular weight marker (Marker). (B)
SDS-PAGE gel of thrombin cleavage of the NTD KorB. The protein was incubated with
thrombin at 4 °C for 20 hr. From left to right - molecular weight marker (Marker); lanes
1 and 2: NTD KorB before and after digesting the protein with thrombin respectively.
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3.3 Biophysical characterisation of N-terminal of KorB

3.3.1 Circular Dichroism

Circular dichroism (CD) is a biophysical technique with a wide gamut of applications in
different fields and is a relatively quick measurement method with easy sample prepa-
ration. (Siligardi et al., 2014). In biochemistry and structural biology, CD is used to
determine the secondary structure of biological molecules especially proteins. The de-
tails about the phenomenon of CD will be explained in section 6.2.2.

CD of the NTD KorB was done to determine the percentage of secondary structure
in the protein. Also the CD of the NTD KorB was measured in the presence of a solvent,
2,2,2-trifluoroethanol (TFE). TFE is often used in protein solutions to aid the formation
of secondary structures in proteins and TFE has been proposed to induce a-helical char-
acter in proteins (Povey et al., 2007; Shiraki et al., 1995). Figure 13 shows the CD spectra
of the NTD KorB in the presence and absence of TFE.

The CD data from NTD KorB measurements were deconvoluted from DICHROWEB
webserver. The secondary structure percentages for the CD measurements are listed
in table 14. The CD data suggest that the NTD KorB (with /without the tag) is partially
unfolded. About two-third of the protein has secondary structure characteristic whilst
rest is disordered. An increase in a-helical character was observed for the NTD KorB

(with/without the tag) with the addition of 20% TFE.
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Figure 13: Circular dichroism of the NTD KorB. CD spectra of the NTD KorB
(with /without the tag) and in the presence and absence of trifluoroethanol (TFE). Data
are shown in the range of 190-240 nm. Delta epsilon (Ae¢) is also known as molar circular
dichroism and is measured in per residue molar absorption units of CD.

Protein (condition) a-helix | g-strand | Turn Disorder
(%) (%) (%) (%)

NTD KorB (without-tag) 54 14 10 21

NTD KorB (with-tag) 51 15 12 22

NTD KorB 61 10 10 19

(without-tag +20% TFE)
NTD KorB 60 15 9 16
(with-tag + 20% TFE)

Table 14: Secondary structure deconvolution of the NTD KorB from the CD data.
CD data deconvoluted for the NTD KorB from DICHROWEB analysis webserver. The
data suggest that NTD KorB (with /without the tag) is partially unfolded. About two-
third of the protein has secondary structure characteristic whilst rest is disordered. An
increase in a-helical character is observed for the NTD KorB (with/without the tag)
with the addition of 20% trifluoroethanol (TFE).
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3.3.2 Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC, invented by Svedverg in 1923 and awarded Nobel
prize in 1926) is a complementary technique used for structural analysis of proteins
(The Nobel Prize, 1926). AUC is one of the best-known methods to identify polymers
and especially proteins. The method is very good to identify mass, polydispersity, size
and even conformational change or complex formation. The sedimentation velocity is
one of the two types of approaches that can be used for structural analysis. A relatively
high rotor speed helps in measuring the rate of sedimentation and yields sedimentation
coefficient(s) which is used to calculate size of the molecule being studied with AUC.
The other way is the sedimentation equilibrium that is used to investigate oligomeric
states and equilibrium assembly constants (Lebowitz et al., 2009; Schuck et al., 2002).
The velocity AUC measurements were run for the NTD KorB at three different con-
centrations in order to observe the concentration dependent polydispersity of the NTD
KorB. Figure 14 shows the analysed AUC data for the NTD KorB at three different
concentrations — Ajgp of 0.1, 0.5 and 0.9. AUC measurements for three protein concen-
trations agree with each other and processed velocity run data suggest that the NTD
KorB behaves as a single species in solution. The frictional ratio for the analysis was
1.39246 and buffer viscosity was 0.01002 Poise. The NTD KorB molecular mass cal-
culated from the AUC data for different protein concentrations was 19.5 kDa at 1.2
mg/mL, 18.4 at 0.6 mg/mL and 15.7 at 0.2 mg/mL. The NTD KorB behaves as a single
species in solution with apparent molecular mass on the higher side when compared to
the expected molecular mass of 14.1 kDa as predicted from the protein sequence with
ProtParam server (Gasteiger et al., 2005). For the NTD KorB, any oligomeric species or

higher order aggregates were not observed.
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Figure 14: Analytical ultracentrifugation data analysis of the NTD KorB. The AUC
velocity run data represent the distribution of sedimentation coefficient of the NTD
KorB. Symmetric single peak for the NTD KorB at 1.2 mg/mL, 0.6 mg/mL and 0.2
mg/mL indicates that the protein behaves as a single species in solution with apparent
molecular mass on the higher side when compared to the expected molecular mass
of 14.1 kDa as predicted from the protein sequence with ProtParam server (Gasteiger
et al.,, 2005). For NTD KorB, any oligomeric species or higher order aggregates are not
observed.
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3.3.3 Molecular mass estimation by Mass Spectrometry

In order to check the structural integrity of the NTD KorB protein, mass spectrometry
(MS) was done on the NTD KorB. The purified NTD KorB was subjected to Electrospray
Ionization-Mass Spectrometry (ESI-MS) for estimation of molecular mass and the pro-
tein samples were given to the mass spectrometry facility in the School of Chemistry at
the University of Birmingham. Figures 15 and 16 show the mass spectrometry data for

the NTD KorB before and after cleaving the N-terminal tag with thrombin respectively.
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Figure 15: Molecular mass estimation of the NTD KorB (with tag) by mass spec-
trometry. The ESI-MS spectrum is shown for the NTD KorB before the N-terminal tag
cleavage. The molecular mass calculated for the protein is 13,806.8 Da and the theoreti-
cal mass of the protein calculated from the amino acid sequence with ProtParam server
(Gasteiger et al., 2005) is 14,083 Da.



| 3 | Biophysical characterisation of N-terminal of KorB 63

100- 12056.73
12057.74
12054.741l 15058 75
12053.74
12059.76
2
12077.72
12238.78
1207873 12239.80
12052.72 I R
12236.78
12095.73 12241.80
(2051.67 12116.68 12242.79
' 12122.67 12235.80 12262.72
12297.68
(0o ool e sl oty I il il I | ! LAl |
11950 12000 12050 12100 12150 12200 12250 12300

Mass (Dalton)

Figure 16: Molecular mass estimation of the NTD KorB (without tag) by mass spec-
trometry. The ESI-MS spectrum is shown for the NTD KorB after cleaving the N-
terminal tag. There is reduction in the molecular mass of the NTD KorB as the first
17 residues were cleaved after digesting the protein with thrombin. The molecular
mass calculated for the protein is 12,056.7 Da and the theoretical mass of the protein
calculated from the amino acid sequence with ProtParam server (Gasteiger et al., 2005)
is 12,234 Da.
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3.4 Discussion

NTD KorB was expressed and purified to homogeneity. From 1 L of the culture, 22
mg of the NTD KorB was obtained, sufficient amount to perform the biophysical ex-
periments. In the size exclusion chromatogram for the NTD KorB, two peaks were
observed that might suggest the presence of more than one species. It is plausible that
there is protein monomer-dimer equilibrium or the protein is modified.

Crystallisation trays of the NTD KorB were set using two sparse screens with varied
precipitants and precipitation was observed for almost one-third of the conditions. The
micro-crystals for the NTD KorB were observed but the micro-crystals failed to grow
in size with time. The difficulty to crystallise the NTD KorB in a stable conformation
could be attributed to its partial unfolded character, as indicated by the CD data.

AUC velocity run suggests that the NTD KorB behaves as a single species in solution
with average molecular mass of three concentrations as 17.9 kDa and this observation
is consistent with the size exclusion chromatography as NTD KorB primarily elutes as
a single, monodisperse species with molecular mass of 17-18 kDa. Thus, from AUC
velocity data and size exclusion chromatogram, it is conclusive that the NTD KorB
behaves as a single species in solution but with higher molecular mass in comparison
to the predicted molecular mass. The MS data indicated that the molecular mass of
the NTD KorB agreed with the theoretical mass but not exactly. The implication of the
difference in the protein mass will be discussed in the next chapter.

CD data predict that the NTD KorB with His-tag has 66% (a-helix: 51%; -strand:
15%) secondary structure character. In absence of the tag, secondary structure predic-
tion increases slightly to 68%. On the other hand, in the presence of TFE, the secondary
structure of the NTD KorB increases to 75% and 71%. The CD data suggest that NTD
KorB (with /without the tag) is partially unfolded. About two-third of the protein has

secondary structure characteristic whilst rest is disordered. In the presence of TFE, a
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slight increase in a-helical character was observed for the NTD KorB (with/without
the tag). The TFE did increase the secondary structure of the protein but the effect did
not aid in the crystal trials of the NTD KorB.

Since a structure for the NTD KorB was not elucidated from the crystal trials, the
structure of the protein was approached with the help of solution state NMR spec-
troscopy. A structure of the NTD KorB will provide atomic level details. The structure
of the NTD KorB can be compared with the N-terminal domains of the structures of the
CBPs that have been characterised. The comparison between the structures can inform
about the similarities / differences between the different proteins. This information can
help to understand how CBPs interact with each other around the parS or Og sites.
Furthermore, the information from this study can be extended to other bacterial parti-
tioning systems with keen emphasis on the bacterial chromosomal distribution during
division.

In the next chapter, an ensemble structure of the N-terminal domain of KorB is cal-
culated using the solution state NMR spectroscopy data. Further, Molecular Dynamics
(MD) simulations on the 3D NTD KorB structure are performed using the coarse-grain
simulation package, AWSEM. The details from the NMR and MD experiments about

the flexibility of the NTD KorB are discussed suggesting important structural insights.
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4 Structure of the N-terminal domain of KorB

4.1 Introduction

n 1938 the phenomenon of Nuclear Magnetic Resonance (NMR) was first described
I by Isidor Rabi (Rabi et al., 1992) and in 1944 Isidor was awarded the Nobel Prize in
Physics (The Nobel Prize, 1944). In 1952, Felix Bloch and Edward Mills Purcell shared
the Nobel Prize in Physics for expanding the technique of NMR to liquids and solids
(The Nobel Prize, 1952). Since then the technique has been improved drastically.

NMR spectroscopy is an extremely powerful analytical technique in the field of
structural biology providing extensive information about the physical and the chem-
ical properties of a molecule. NMR is used for the determination of high resolution
3-dimensional (3D) solution structures and chemical environment of molecules. NMR
is unparalleled when it comes to determining the dynamics occurring at individual

atoms and NMR is also used in quality control to determine the purity of a sample.

4.2 Protein sample preparation for NMR analysis

The preparation of protein sample for NMR data collection is taxing when compared
to that of a typical protein purification strategy. Under natural conditions, the NMR
compatible isotopes are present but at very low concentrations. However, to observe
reasonable signal-to-noise ratio (SNR) in an NMR experiment, the sample has to be en-
riched with NMR active isotopes. A standard over-expression of a desired protein is
achieved by growing the bacteria in a rich medium such as Lysogeny Broth (LB) which
serves as a source for majority of the growth nutrients. On the other hand, minimal
medium with single nitrogen and carbon source is provided for enrichment of NMR-

compatible isotopes. The molecules for the protein production machinery must be syn-
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thesised from the single sources provided and this results in impeding the growth of
cells. Therefore, it becomes difficult for a bacterial cell to over-express protein in high
quantity. For most of the KorB constructs including the NTD KorB, the yield of the

protein in minimal medium was half that of the standard protein yield in LB.

4.3 NMR experiments

One-dimensional (1D) proton spectrum is the basic spectrum obtainable from an NMR
spectrometer. The key problem with the analysis of large molecular systems by 1D
NMR is the complexity of signal and the overlap of peaks. By introducing additional
spectral dimensions, the 1D spectrum can be simplified and additional information is
obtained. This led to the development of multidimensional NMR methods to study
and analyse larger molecular species.

Researchers have devised different types of multidimensional (2, 3 or 4D) experi-
ments to assign macromolecules like proteins. In 3D NMR experiments (‘triple reso-
nance’) three different nuclei (‘*H, *C, °N) are correlated and these experiments are
the method of choice for sequentially assigning proteins. The protein has to be labelled
with N and "°C for most of the 3D experiments including HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HNCACB, HN(CO)CACB and HBHA(CO)NH. Table 15 lists the NMR ex-
periments along with their salient features, which were used for structure calculation
of the NTD KorB. The advantage of the 3D spectra is their simplicity and because of

that they are used to assign the protein backbone using the sequential walk method.

4.3.1 Basic NMR experiment: 1D '"H-NMR

A 1D NMR spectrum is the basic spectrum obtainable and the chemical environment
of the molecule dictates the position of the peaks on the 1D scale. Simply put, for a par-
ticular molecule, this spectrum gives information about the chemical shift of protons in
different chemical environments and these shifts can be used to elucidate the structure

of small molecules. The signal from the water (55 M) dominate the 1D 'H spectrum
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and the contribution of water is suppressed with solvent presaturation or by gradient
pulses. By observing the proton signals across the 0-10 ppm range, a 1D 'H spectrum
indicates whether a particular protein occupies a folded conformation and the signals
from high-field methyl groups at < 0.5 ppm are indicative of the protons being close to
the aromatic residues. The 1D spectrum can help in deciding, if one should label the

protein for 2D experiments.

4.3.2 HSQC: acquiring fingerprint of a protein

HSQC stands for heteronuclear single quantum coherence spectroscopy and is a par-
ticularly significant experiment in the field of protein NMR. This experiment is used
to obtain a ‘fingerprint’ of a protein. The data from the BN-H HSQC experiment pro-
vides information about the overall fold and dynamics of a protein in solution.
N-"H HSQC is a classical NMR experiment correlating N and H nuclei. Ideally,
this experiment detects all NH groups present in a protein. The spectrum is 2D, with
one axis as 'H and other axis corresponds to a heteroatom (a nucleus other than 'H).
The spectrum gives a peak for each 'H-heteroatom pair being considered. Essentially
the name HSQC, heteronuclear single quantum coherence describes that the chemical
shifts of two nuclei (H and *C/N) are related. In this method, we observe signals
from 'H and the heteroatoms (**C/N) directly attached via a single bond to the proton.
The 'H signals are observed directly, while the heteroatoms are observed via the scalar
couplings, via one-bond scalar couplings for heteronuclear correlations as proton is
relatively more sensitive than ?C/'°N. It is not possible to detect Proline residues in an
N-"H HSQC spectrum because of the absence of an amide proton. The HSQC method
is the building block for most of the 3D or higher dimensional NMR spectra (Teng,
2007). The 3D experiments used in this study include HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HNCACB, HN(CO)CACB, HBHA(CO)NH, HNN, HCCH-TOCSY, "*C-
NOESY-HSQC and N-NOESY-HSQC and are described in the succeeding sections.
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Table 15: NMR experiments used for structure calculation of NTD KorB.

NMR Minimal  Dimensions Information gathered
experiment labelling  acquired
HSQC N 2 (H,N) Ideally a single amide peak per

residue, additional peaks from
sidechain of amine residues

HN(CA)CO BN, B¥C 3(H,N,C) Two peaks are observed at NH
frequency: CO(i), CO(i-1)

HNCO BN, ®C  3(H,N,C’)  Asingle peak is observed at NH
frequency: CO(i-1)

HN(CO)CA BN, B¢ 3(H,N, C) A single peak is observed at NH
frequency: Ca(i-1)

HNCA 5N BC 3(H,N,C) Two peaks are observed at NH
frequency: Caf(i), Ca(i-1)

HN(CO)CACB PN, ¥C 3(H, N, C) Two peaks are observed at NH
frequency: Ca(i-1), CA(i-1)

HNCACB N, BC  3(H,N,C)  Four peaks are observed at NH
frequency: Ca(i), Ca(i-1), Cj(i),
Cp(i-1)

HBHA(CONH "N,"”C  3(H,H,N)  Two peaks are observed at NH
frequency: Ha(i-1), HA(i-1)

HCCH-TOCSY "“C 3(H,H,C)  All the Hydrogen atoms at-
tached to all the carbon atoms
within a residue (apart from the

aromatics)
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NMR Minimal  Dimensions Information gathered

experiment labelling  acquired

N-NOESY- N 3(H H,N)  AlltheHydrogenatoms withina

HSQC radius of 5-6 A of the NH group
observed.

BC-NOESY- BC 3(H, H,C) All the Hydrogen atoms within a

HSQC radius of 5-6 A of the CH group

observed. Aromatics are usually
recorded separately.

HNN 5N 3(H, N, N) Three peaks are observed at
NH(i) frequency: HN(-1),
HN(7), HN(i-1)

Table 15: NMR experiments used for structure calculation of NTD KorB (continued).

4.3.3 HNCO and HN(CA)CO experiments

HNCO is the most sensitive 3D NMR experiment (Ikura et al., 1990). The magnetisation
is transferred from the NH proton i.e. "H™ to the ’N™ and then selectively to the *CO
of previous residue (i-1) via the "N"-"*CO J-coupling, followed by evolution of the C’
chemical shift (figure 17A). Following the evolution, magnetisation is transferred in
reverse order from *CO (i-1 residue) to N and then to '"HY. The chemical shift is
evolved for °CO, "N and "HN resulting in a 3D spectrum. This experiment results in
a single peak per residue in the spectrum correlating N(i))H(i) and C'(i-1). Because of
this experiment, the distinction between the i and the i-1 ?CO residue is achievable in
the HN(CA)CO experiment.

The HN(CA)CO experiment is similar to the HNCO experiment and contains addi-
tional information (Grzesiek and Bax, 1992). The magnetisation is transferred from the

NH proton i.e. "H" to the "N and then via the "N"-"*Ca J-coupling to both the *CO
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of the residue i and to the CO of the previous residue (i-1) followed by evolution of the
chemical shift (figure 17B). Following the evolution, the magnetisation is transferred
in the reverse order from *CO (both i residue and i-1 residue) to *Ca(i) and then to
5NH(7) and then to 'HY(i) . The chemical shifts are evolved for *CO, °’N* and 'HY
resulting in a 3D spectrum. Two peaks are observed in this experiment at each NH

chemical shift, one for the i >*CO residue and other for the i-1 *CO residue.

4.3.4 HN(CO)CA and HNCA experiments

The HN(CO)CA (Kay et al., 1990) experiment is used in conjunction with the HNCA
experiment (Ikura et al., 1990). In HN(CO)CA, information about the i-1 residue is
collected. The magnetisation is transferred from the NH proton i.e. "HY to the "N"
followed by transfer to ?CO(i-1) (backbone carbonyl carbon; CO). It is then transferred
to the >Ca of the previous residue (i-1) followed by evolution of the chemical shift
(figure 17C). Following the evolution, the magnetisation is transferred in the reverse
order to CO(i-1) to °N%(i) and then to 'HY(i). Here, the chemical shift is evolved for
BCa, N" and "H".The chemical shift is not evolved for ?CO. At the end we get one
peak for one i-1 Ca residue correlated with each NH(i) resonance. It is majorly because
of this experiment that the distinction between the i and the i-1 Ca residue is achievable
in the HNCA experiment.

The HNCA experiment is similar to the HN(CO)CA experiment but in HNCA, in-
formation about the Ca resonance of both the i residue and the i-1 residue is collected.
In this experiment, magnetisation is transferred from the NH protoni.e. "H" to the "N™
followed directly to the °Ca of itself i.e. i and previous residue (i-1) followed by evolu-
tion of the chemical shift. Following the evolution, the magnetisation is transferred in
the reverse order from *Ca (both i and i-1) to °N* and then to 'HY (figure 17D). Here,
the chemical shift is evolved for >Ca, "N and 'H" and in the process, information
about two resonances are collected. At the end of it, we get a spectrum that is similar to

the HN(CO)CA spectrum but we get two peaks in this spectrum, one from the Co of i
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residue and the previous residue. Note: Two peaks are observed because the coupling
constant of NH to Ca for both residues i and i-1 is similar; also, because the coupling
constant of NH to C’ (i-1) is much bigger than to C'(i), only one peak is observed via C’
(i-1).

4.3.5 HNCACB and HN(CO)CACB experiments

The HNCACB experiment (Yamazaki et al., 1994) is similar to the HN(CO)CACB exper-
iment (explained later) but has additional information. In this experiment information
about the i residue and the i-1 residue is collected. The magnetisation is transferred
from 'H™ to °’N" i and is further transferred to >Ca and °Cp3 (figure 17F). At the end
of it, we get two peaks for BCq (i and i-1) and two peaks for BCB (i and i-1) for a
single NH group. Simultaneous evolution of chemical shifts on ’Ca and ">C3 makes
them appear in a single dimension. We get four peaks in total in this spectrum. Two
peaks (usually the stronger ones) from the *Ca and Cf of the residue i and two peaks
(usually relatively weaker) from the *Ca and °Cf of the residue i-1.

The HN(CO)CACB experiment is similar to the HNCACB experiment (Grzesiek
and Bax, 1992). In this experiment information about the i-1 residue is collected. The
magnetisation is transferred from "H™ to "N™ i and is further transferred to >Ca and
BBCp via BCO (figure 17E). Since this is an out-and-back experiment, the magnetisation
comes all the way back from *Cg to 'HN for detection. Simultaneous evolution of
chemical shifts on °Ca and ?C makes them appear in a single spectrum. We get two
peaks in total in this spectrum. Both peaks are from the >Ca and "°Cp of the residue i-1.
The chemical shift is evolved for °N™ and 'H" that makes the other two dimensions
of the 3D spectrum. The chemical shift is not evolved for CO.

The HN(CO)CACB_only experiment is a modified version of HN(CO)CACB ex-
periment. The data are collected such that we get a single peak from Cg of i-1 in
this spectrum. The chemical shift is evolved for "N" and 'H" that makes the other

two dimensions of the 3D spectrum. The chemical shift is not evolved for *CO. This
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experiment is helpful in accurately determining the ?C#3 i-1 in conjunction with the

HN(CO)CACB spectrum and HNCACB spectrum.

4.3.6 HBHA(CO)NH experiment

In this experiment, information about the i-1 residue is collected. The magnetisation is
transferred from 'Ha and 1H5 to BCa and 13C5 respectively. From 13C5, magnetisa-
tion is transferred °Ca and then to "N' and "H" via *CO. The observed peaks in the

spectrum are from the "Ha and 'Hp of the residue i-1 (Grzesiek and Bax, 1993).

4.3.7 HNN experiment

HNN is a 3D experiment to acquire sequential correlations between H and "N along
the backbone of a protein molecule (Panchal et al., 2001). Self peaks and sequential
peaks in the spectrum help to assign sequential residues in both directions along the
protein backbone. In HNN spectrum, a combinations of positive and negative peaks
facilitate sequential walk. In the HNN spectrum, three peaks are observed at NH(i)
frequency: HN(i-1), HN(i) and HN(i-1). The schematic representation of HNN data
performed on the NTD KorB are shown in figure 22A-C and the magnetisation path-
way is shown in figure 22D. The expected peak pattern for triplet peaks are shown in

appendix on page 218 (figure 81).

4.3.8 HCCH-TOCSY experiment

The spectrum resulting from HCCH-TOCSY experiment is used for side-chain assign-
ment and is particularly useful for collating the "H information for the backbone assign-
ment. The magnetisation is transferred from all the side-chain hydrogen atoms to their
connected "°C atoms, followed by isotropic >C mixing and magnetisation is transferred
back for detection via the side-chain hydrogen nuclei (Bax et al., 1990; Olejniczak et al.,
1992). The resulting spectrum consists of strips at each °C frequency in the side chain

wherein all the side-chain hydrogen resonances are observable. The representation of
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this experiment is shown in figure 27A and the data for the NTD KorB are shown in

tigure 27B-C.

4.3.9 NOESY experiments

For ’N-NOESY-HSQC and *C-NOESY-HSQC (Marion et al., 1989a,b) experiments,
the protein has to be minimally labelled either with BN or *C. In ®’N-NOESY-HSQC,
magnetisation is exchanged using NOEs between all hydrogen atoms. Thereafter, mag-
netisation is transferred to the neighbouring '’N atoms and back to 'H atoms for de-
tection. In *C-NOESY-HSQC, magnetisation is exchanged using the NOEs between
all hydrogen atoms. Thereafter, magnetisation is transferred to the neighbouring *C
atoms and back to 'H atoms for detection. Depending on the ">C frequency used for
excitation during the BC-NOESY-HSQC experiment, transfer either occurs to/from the
aliphatic C nuclei or to/ from the aromatic ">C nuclei but not both instances. Before ac-
quisition, the spectrum can be centred either on the °C aliphatic or on the *C aromatic
residues, resulting in acquiring useful information about the aliphatic and aromatic

carbons for the assignment.

4.4 Results

NTD KorB (1-130 aa) with a His-tag was expressed in minimal M9 medium and purified
as described in chapter 3. The residues 1-23 in the NTD KorB construct come from the
expression vector (N-terminal) and residues 24-130 correspond to the residues 31-137 of
the wild-type KorB protein. During size exclusion chromatography, sodium phosphate
buffer was used to purify the NTD KorB. All the NMR experiments were acquired
in the same buffer (20 mM Na phosphate, pH 6, 100 mM NaCl, 0.1 EDTA). Initially,
multiple 2D experiments (HSQCs) for NTD KorB were acquired at different pH values
and temperatures to optimise the spectrum and the number of peaks. However, peak

overlap was observed in the HSQC spectrum of the NTD KorB.
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Figure 17: Schematic representing the magnetisation transfer pathway for 3D protein
backbone assignment experiments. Following the classic NMR nomenclature, each
experiment is depicted with a residue ”i” and preceding residue “i-1”. The individual
atoms for i-1 residue are shown inside the dashed box and rest of the atoms represent
the residue ”i”. All the atoms are shown in grey but the atoms involved in magnetic
transfer have been coloured. HN, N and C’ are represented with orange circles. Cavand
Ha are represented with green circles. Cj3 and Hf are represented with blue circles.
Solid coloured circles represent those atoms where magnetisation is transferred and
data are collected indirectly, meanwhile atoms where magnetisation is transferred but
absence of data collection are shown with diaphanous circles. Experiments for back-
bone assignments include: (A) HNCO, (B) HN(CA)CO, (C) HN(CO)CA, (D) HNCA,
(E) HN(CO)CACB and (F) HNCACB and arrows depict the magnetisation transfer be-
tween the atoms. The experiments A to D are out and back type experiments and the
magnetisation begins on atom HN. On the other hand, the magnetisation begins at the
Ha and Hp for experiments E and F. The illustration is adapted from Higman (2017).
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Figure 18 shows the superimposition of HSQC of the NTD KorB before and after
cleaving the tag (only a few peaks disappear in the cleaved spectrum). Each dimension
for each HSQC experiment was solvent filtered, apodised with a standard sine-bell
window function and zero filled prior to Fourier transformation of the FID (free induc-
tion decay). The HSQC spectra were phased visually with NMRDraw and polynomial
baseline correction was applied in all dimensions. All the following HSQC spectra
mentioned later in the thesis were processed as described above.

Thereafter, complementary 3D NMR backbone spectra were used to assign the back-
bone of the NTD KorB. Figure 19 shows an extract from HNCO and HN(CA)CO ex-
periments of the NTD KorB and the peak in the HNCO helps to distinguish the two
C’ peaks from the i and the i-1 residue in the HN(CA)CO. Figure 20 shows an ex-
tract from HN(CO)CA and HNCA experiments of the NTD KorB and the peak in the
HN(CO)CA helps to distinguish the two Co peaks in the HNCA. Figure 21 shows an
extract from HN(CO)CACB and HNCACB experiments of the NTD KorB and the two
peaks in HN(CO)CACB helps to distinguish between the four peaks in the HNCACB.

In general, flexible proteins suffer from narrow chemical shift dispersions (partic-
ularly 'H). It is to be noted that N chemical shift dispersions for flexible proteins are
good and there are experiments such as HNN that exploit the broad chemical shift
dispersion along N to rapidly assign most of the backbone resonances. The HNN
experiment is particularly useful to perform the sequential walk for backbone NH as-
signments. To aid the NTD KorB backbone assignment, the HNN experiment was ac-
quired. Figure 22 shows data from the HNN experiment of the NTD KorB. In HNN,
three peaks were observed, each indicating an NH peak for the residue i-1, i and i+1 and

these peaks were used to walk across prolines and confirm the backbone assignment.
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Figure 19: Extract from HNCO and HN(CA)CO experiments performed on the NTD
KorB. Shown are the slices from two-dimensional planes for HNCO and HN(CA)CO
experiments recorded on the NTD KorB, at °N chemical shift of 111.107 ppm. The
amide proton (*H") chemical shifts are on the X-axis and CO chemical shifts are on the
Y-axis. The dashed lines represent the resonances associated with residue i-1/i and the
connection between the two experiments. (A) HNCO experiment informs only about
the CO chemical shift for the residue i-1 whereas (B) HN(CA)CO informs about two
associated CO resonances, one of them is CO for the residue i-1 at the same chemical
shift as observed in HNCO and the other one corresponding to the CO of residue i.
The peak in the HNCO helps in making the distinction between the two resonances in
the HN(CA)CO as shown by the horizontal dashed line. Each dimension for both the
experiments was solvent filtered, apodised with a standard sine-bell window function
and zero filled prior to Fourier transformation of the FID. To obtain the spectra shown
above, the spectra were phased visually with NMRDraw and polynomial baseline cor-
rection was applied in all dimensions.
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Figure 20: Extract from HN(CO)CA and HNCA experiments performed on the NTD
KorB. Shown are the slices from two-dimensional planes for HN(CO)CA and HNCA
experiments recorded on the NTD KorB, at N chemical shift of 129.090 ppm. The
amide proton (*HN) chemical shifts are on the X-axis and ®*Ca chemical shifts are on
the Y-axis. The dashed lines represent the resonances associated with residue i-1/i
and the connection between the two experiments. (A) HN(CO)CA experiment informs
only about the *Ca chemical shift for the residue i-1 whereas (B) HNCA informs about
two associated Ca resonances, one of them is >Ca for residue i-1 at the same chemical
shift as observed in HN(CO)CA and the other one corresponding to the BCq of residue
residue i. The peak in the HN(CO)CA helps in making the distinction between the two
resonances in the HNCA as shown by the horizontal dashed line. Each dimension for
both the experiments was solvent filtered, apodised with a standard sine-bell window
function and zero filled prior to Fourier transformation of the FID. To obtain the spec-
tra shown above, the spectra were phased visually with NMRDraw and polynomial
baseline correction was applied in all dimensions.
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Figure 21: Extract from HN(CO)CACB and HNCACB experiments performed on
the NTD KorB. Shown are the slices from two-dimensional planes for HN(CO)CACB
and HNCACB experiments recorded on the NTD KorB, at N chemical shift of
129.121 ppm. The amide proton (*HY) chemical shifts are on the X-axis and *Ca/3
chemical shifts are on the Y-axis. The dashed lines represent the resonances as-
sociated with residue i-1/i and the connection between the two experiments. (A)
HN(CO)CACB_only experiment informs only about the BCs chemical shift for the
residue i-1. (B) HN(CO)CACB experiment informs about the BCa and ®Cp chemi-
cal shifts for the residue i-1 whereas (C) HNCACB informs about four associated reso-
nances, a) °Ca and b) *Cg for the residue i-1, at the same chemical shifts as observed
in HN(CO)CACSB, the other two shifts viz. corresponding to the c) BCq and d) BCp
of residue residue i. The peak in the HN(CO)CACB helps in making the distinction
between the two resonances in the HNCACB as shown by the horizontal dashed line.
Each dimension for both the experiments was solvent filtered, apodised with a stan-
dard sine-bell window function and zero filled prior to Fourier transformation of the
FID. To obtain the spectra shown above, the spectra were phased visually with NMR-
Draw and polynomial baseline correction was applied in all dimensions.
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Figure 22: Extract from HNN experiment performed on the NTD KorB. This exper-
iment is particularly useful to perform a sequential walk for backbone assignment.
Shown are the slices of two-dimensional planes of the HNN experiment for the residue
i-1, i, i+1. The proton (*H) chemical shifts are on the X-axis and >N chemical shifts are
on the Y-axis. (A) Slice of two-dimensional planes at "N (w; - 116.897 ppm) plane in
the HNN experiment. (B) Slice of two-dimensional planes at N (w; - 123.095 ppm)
plane in the HNN experiment. (C) Slice of two-dimensional planes at "N (w; - 124.897
ppm) plane in the HNN experiment. (D) Magnetisation transfer pathway is shown for
an HNN experiment. Within A, B, and C, three peaks are observed, each indicating an
NH peak for the residue i-1, i and i+1. The connectivity between the slices are shown
with dashed arrows. Each dimension for both the experiments was solvent filtered,
apodised with a standard sine-bell window function and zero filled prior to Fourier
transformation of the FID. To obtain the spectra shown above, the spectra were phased
visually with NMRDraw and polynomial baseline correction was applied in all dimen-
sions.
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441 NMR peak assignment for NTD KorB
4.4.1.1 Manual backbone assignment

The backbone assignment of the NTD KorB was carried out manually, with the sequen-
tial walk methodology that uses the chemical shifts and the sequential connectivities of
the residues to yield information about the type of the residue and the residue’s position
in the sequence. To assign the chemical shifts of the NTD KorB backbone residues, a
'H->N HSQC spectrum and several 3D spectra including HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HNCACB, HN(CO)CACB and HBHA(CO)NH were used in the sequen-
tial walk methodology. Out of these spectra, the primary information is contained in
HNCACB and HN(CO)CACB. The peaks for the residue i and residue i-1 in HNCACB
are discerned with the help of the complementary experiment HN(CO)CACB. Figure
23 shows the representative sequential walk methodology for backbone assignment.
Further, the backbone sequential walk was corroborated with the help of HNN exper-

iment.

4.4.1.2 Fragment assigning

During the backbone sequential walk, NMRFAM SPARKY’s inbuilt ‘reposition sequence’
extension was initially used to a) match, b) connect and c) assign connected residues
for NTD KorB. Since this proved challenging in assigning all the residues of the NTD
KorB, the connected residues in the protein sequence were corroborated with the help
of another NMRFAM SPARKY extension specifically developed with intrinsically dis-
ordered proteins (IDPs) in mind. ncIDP-assign (Tamiola and Mulder, 2011) is an ef-
fective plugin for NMRFAM SPARKY that facilitates in sequentially assigning protein
residue resonances for IDPs.

The ncIDP-assign (neighbour-corrected IDP chemical shift assignment, version 1.2b)

consists of an ncIDP repositioner and an ncIDP spin graph and the combination of the
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two tools drastically reduces the degree of protein assignment ambiguities. ncIDP-
assign uses a new random-coil chemical shift library of IDPs and on the basis of match-
ing tripeptides the plugin predicts the chemical shifts of a queried protein (Tamiola
et al., 2010). Thus the plugin effectively matches a set of connected resonances to the
appropriate position in the protein sequence.

Using the ncIDP-assign plugin in the NMRFAM SPARKY program, the chemical
shifts of the NTD KorB were assigned and out of 130 residues, 105 (80%) residues were
assigned. The sequential walk for NTD KorB often breaks because there are many pro-
line residues, 10 proline out of 130 residues. However, in most cases, the neighbouring
residues to prolines have been assigned. Further, data from the HNN experiment were
used to walk across prolines and confirm the backbone assignment. The residues 1-23
in the NTD KorB construct come from the expression vector (N-terminal) and residues
24-130 correspond to the residues 31-137 of the wild-type KorB protein. The assigned
"H-"N HSQC spectrum of the NTD KorB showing the residue specific peaks is shown
in figure 24. Figure 25 illustrates the residues of the NTD KorB that have been con-
nected using the 3D NMR experiments in the SPARKY program.

The assignment for NTD KorB starts at residue H20 and the residues assigned prior
to H20 can be discarded because of the lack of connectivity during the sequential walk
(possibly because the peaks for the N-terminal residues 1-20 are missing). Table 16
lists the chemical shifts matched for each protein residue in the NTD KorB. The chem-
ical shifts for connected residues in the NTD KorB were processed through TALOS+
to empirically predict the backbone torsion angles and secondary structural elements
in NTD KorB. Further, side-chain assignment of the NTD KorB were considered us-
ing the H(CCO)NH-TOCSY, C(CO)NH-TOCSY and HCCH-TOCSY spectra (see sec-
tion 4.4.1.3).
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Figure 23: Schematic representing the sequential walk methodology for backbone
assignment. The HNCACB experiment gives peaks for the Ca and C3 nuclei for the
residue i (shown in solid blue lines) and similarly Ca and Cj peaks are observed
for the preceding residue i-1 (segmented blue lines). The peaks for the residue i and
residue i-1 in HNCACSB are distinguished with the help of the complementary experi-
ment HN(CO)CACB. As the HN(CO)CACB experiment gives peaks for the Caw and Cf
chemical shift as a positive phase peak for the residue i-1. The figure is adapted from
Higman, 2017.
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Figure 25: NTD KorB assignment panel.
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Figure 25 (continued): NTD KorB assignment panel (2).
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Figure 25 (continued): NTD KorB assignment panel (3).
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Figure 25 (continued): NTD KorB assignment panel (4).
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CA CB

2|GLY 172.459| 44.319

4|SER 174.371 61.671 69.855 8.102| 115.064

5(HIS 177.239 52.565 19.106 8.266| 125.166
10|HIS 174.571 55.733 29.228
11|SER 174.52 58.568 63.833 8.216 116.64
12|SER 173.748 56.964 29.505 8.584 122.56
19|SER 175.128 53.38 69.855 8.102| 115.063
20|HIS 174.571 55.821 29.216 8.25| 120.135
21|SER 174.52 58.568 63.833 8.216| 116.646
22|GLU 176.251 56917 29.559 8.585| 122.568
23|PHE 175.786 55.821 29.559 8.09| 119.645
24|LEU 175.771 54.294 40.95 8.168| 122914
25|ASP 176.204 54.505| 41.168 8.175| 121.596
26|SER 174.606 57.534| 41.168 8.104| 115.131
27|ILE 176.699 56.282|  38.638 7.978| 121.363
28|GLY 173.741 45.376 8.25| 111.349
29|ASP 176.644 5414 41.292 8.094| 120.202
30|LEU 178.005 55.752|  42.078 8.241| 122.832
31|SER 175.146 59.689 63.54 8.284| 115.698
32|SER 174.676 58.821 31.897 8.087| 116.929
33|LEU 177.402 55.48| 41.889 793 122.849
34|LEU 176.995 55.302|  42.047 7.896| 120.789
35|ASP 175.276 5398 41.213 8.032| 120.024
36|/ALA 175.348 50.663 18.419 791 124.441
37|PRO 176.915 63.185 32.021
38|ALA 177.784 52.48 19.107 8.261| 123.709
39|ALA 177.915 52.621 19.156 8.199| 122.721
40|SER 174.692 58.401 63.859 8.129| 114.275
41|GLN 176.471 56.07| 29.374 8.295| 121.705
42|GLY 174.632(  45.455 8.341| 109.549
43|GLY 174.21 45.257 8.2| 108.678
44(SER 174.825 58.425 64.14 8.373| 115.195
45|GLY 173.748( 44.439 8.308| 110.297
46|PRO 175.721 60.808|  38.539
47|ILE 175.877( 59.121 38.781 8.065| 124.429
48|GLU 175.309 55.871 28.579 8.225| 123.827
49|LEU 175.897( 52.889(  45.058 8.425 128.93
50|ASP 177.404 54.557 40.75 8.171| 123.867
51|LEU 179.36 57906 41.625 8.26| 124.443

Table 16: Chemical shift table for NTD KorB.
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52|ASP 176.898| 55.761 40.233 8.775| 116.248
53|LEU 174804 54.754| 43.221 7.615| 117987
54|ILE 173.748| 60.625|  40.456 7.308| 117.794
55|ASP 175.707 52.65( 44.499 8.571| 124.663
56/GLU 175.76]  56.623|  30.706 8.386 118.658
57|ASP 175752 51.846| 41.946 9.191| 122596
58 PRO 177453 63.826] 31.937

59|HIS 174.261 55.473|  29.084 8.649| 115.625
60|GLN 172437 53.566| 29.182 7.617| 119.569
61/PRO 177.361 63.241 31.846

62|ARG 176.426| 55.049| 31.224 8.424| 121.755
63| THR 174.891 60.862| 65.056 8.236 114.71
64|ALA 177.327| 53.634 18.822 8.336| 121.828
65|ASP 175.952|  54.301 40.983 8.015| 115.162
66(ASN 173.489| 51.568| 39.121 7.929 120.019
67|PRO 177.731 44.611 31.845

68|GLY 17397 45.027 8.651| 109.445
69|PHE 175.404 57.48| 39.727 7.974| 116.347
71/PRO 177276 63.816| 31.855 3.73| 23.893
72|GLU 176,832 57.188| 29.609 8.467| 119.213
73|SER 175.442| 58.552| 66.083 8.088 116.113
74|ILE 177.195| 61.478| 35.313 7.922| 121.757
75|ALA 179593 53.807| 30.907 7.669| 122.097
76|/GLU 178779 59.369| 29.468 7.349| 119.108
77|ILE 178.106( 63.357| 37.546 7.466| 118.538
78|GLY 175378 47.973 8.799| 112921
79|ALA 180.859( 55.467| 17.903 7.673| 124.047
80|THR 178.71 48.785|  68.659 7.419 114.363
81|ILE 178.674 64.757| 37.941 8.299| 124.526
82|LYS 177.536 60.254| 33.114 8.741| 121.393
83|GLU 177.948| 58.518| 31.089 7.353| 115.167
84|ARG 176.9| 56.105( 32.374 8.551| 114.849
85|GLY 174.034  45.303 8.4| 109.905
86|VAL 176.221 62.132| 32.731 7.862| 119.004
87|LYS 176.257| 56.161 20.613 8.339| 124.767
88|SER 176956 63.111 62.168 8.372| 121.567
89|PRO 177.61 62.827| 31.446

90(ILE 173.078| 61.208| 38.108 7.943| 114.371
91|SER 175.486| 56.357| 64.325 8.058| 112.247
92|VAL 172.464 5843 35.614 9.237| 120.969
93|ARG 176.21 52.458| 33.316 9.302| 116.389

Table 16 (continued): Chemical shift table for NTD KorB (2).
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94|GLU 175.886 57.363| 30.254 9.159| 121.825
95|ASN 176.043 52.259| 38.411 8.188| 121.473
96|GLN 176.87| 57.919 28.55 8.804| 125.124
97|GLU 176.44 57.073|  30.745 7.992| 115.763
98|GLN 170.027|  52.057| 29.704 6.752| 117.755
99|PRO 177.818 63.738| 31.846
100|GLY 172,954 44.705 8.486| 111.249
101|ARG 176.217 5497 31.976 7.567| 115408
102|TYR 175.067 57.32| 42.865 8.763| 117.035
103|ILE 175.926 59.206| 40.751 9.463| 122.601
104(ILE 175.343 64.338( 38.784 7912 124.683
105(ASN 176.141 55.361 35.697 9.404| 124.872
106|HIS 177.007(  60.282 37.12 7.903| 117.754
107|GLY 174.06( 45.413 8.368| 111.882
108|ALA 178.088 52.691 19.294 7.992| 123.247
109|ARG 174.682 62.248 69.708 8.058| 112984
110|ARG 179.239 59.406| 30.311 7.802| 119.081
111|TYR 176.056| 48.415| 38.958 8.365| 123.612
112|ARG 180.847| 60.123 29.809 8.865| 119.796
113|GLY 174.169 472 9.171| 107.741
114|SER 177.818 63.771 62.631 7.902 119.58
115|LYS 176.239 28.582 8.614| 113.218
116|TRP 175.876 56.721 30.227 7.967 120.93
117|ALA 176.63 52.749 19.424 7.929| 125.537
118|GLY 175.624( 45.726  33.602 7.698| 106.778
119|LYS 175.783 54.708(  32.569 7.638| 117.448
120|LYS 177.055 56.302( 33.602 8.525| 117.136
121|SER 171.747(  56.772 66.751 7.759| 113.447
124|ALA 175.581 50.615 23.709 9.003| 124.381
125|PHE 175.002 56.86| 41.424 8.734| 118.035
126|ILE 175.42 60.274 37.242 8.518 122.24
127|ASP 175.018 53.253| 42.554 9.269 129.5
128(ASN 174.702 53.357| 39.812 8.692| 121.587
129(ASP 180.592 55.939(  42.558 8.066 125.189

Table 16 (continued): Chemical shift table for NTD KorB (3).
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After assigning the residues for the NTD KorB, TALOS+ was used to empirically
predict the backbone torsion angles and secondary structure from chemical shift assign-
ments. The secondary structure of the NTD KorB was also predicted with Jpred and
Psipred (using the protein sequence). The alignment of NTD KorB secondary structures
obtained from TALOS+, Jpred and Psipred is given in figure 26. TALOS+ predicts two
helices, a1, in the residue range of 72-83 and a2, towards the C-terminus of the NTD
KorB (105-113). Similarly, the two a-helices predicted by both Jpred and Psipred were
in agreement with the TALOS+ predicted helices. But the TALOS+ predicted helices
are a residue shorter in length in comparison to helices predicted by Jpred and Psipred.
Both Jpred and Psipred predict four 3-strands around residue 46-49, 87-94, 101-106 and
123-127. From TALOS+, the region of 122-126 aa is in the -strand conformation but
the length of the strand is shorter than the §-strand predicted by Jpred and Psipred.

1 10 20 =——b 30 40 50Q
NTD Kor B MGS SHHHHHHSSGL VPRGSHSEFLDSI GDLSSLLDAPAASQGGSGPI ELD

TALOS+ sseeseeseeosaos EEE---ccmmmmmmm oo
JPRED s HHHHHH- - - - - - oo oo e EEEE-
PSI PRED = - - s -s - s msoeso el EEE-
(o)
T - TUTOTO00 0000 -
60 70 80 90 10Q
NTD KorB  LDLI DEDPHQPRTADNPGFSPESI AEI GATI KERGVKSPI SVRENQEQPG
TALOS+ HH-E- - -mmmmmmm e oo - HHHHHHHHHHHH- - - - - - - - Eevmmmn--
JPRED R = = HHHHHHHHHHHHH- - - EEEEEEEE- - - - - -
PSIPRED == -s-smmmmmmmmoo oo HHHHHHHHHHHHH- - - - - - EEEEE- - - - - -
(02)
- 110 120 - 130
NTD KorB  RYI | NHGARRYRGSKWAGKKSI PAFI DNDY iy \
TALOS+ E----- HHHHHHH- - - - - - - - E- EEE- - - - B Prstrand,
JPRED EEEEEE- - HHHHHHHHH- - - - - EEEEE- - - ! coil i
PSI PRED - EEEE- - HHHHHHHHHH- - - - - - EEE- - - - N . /

Figure 26: Comparison of the NTD KorB secondary structure from TALOS+, Jpred
and Psipred. TALOS+ (Shen et al., 2009), a web-based tool was used to empirically pre-
dict secondary structure for NTD KorB from chemical shift assignments of the protein.
Both Jpred (Drozdetskiy et al., 2015) and Psipred (Buchan et al., 2013) are sequence
based protein secondary structure prediction servers. NTD KorB is partially folded
with two major helices (a1 and a2) predicted by TALOS+, Jpred and Psipred. a-helix
(H) and f-strand (E) are represented with red and blue respectively.
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4.4.1.3 Side-chain assignment

Residue connectivities satisfied from ncIDP-assign plugin were considered for further
side-chain assignment using the H{CCO)NH-TOCSY, C(CO)NH-TOCSY and HCCH-
TOCSY. Both H({CCO)NH-TOCSY and C(CO)NH-TOCSY in conjunction with HCCH-
TOCSY were utilised during the assignment process and were useful for confirming
Hydrogen and Carbon side-chain assignments. HCCH-TOCSY spectrum is particu-
larly utilised for side-chain assignment and is useful for incorporating all the backbone
assignment information. Figure 27 shows the extract from the HCCH-TOCSY experi-
ment performed on the NTD KorB. At each carbon frequency of a given residue (Ca,
Cp, C, Cd...), all the hydrogen atoms attached to all the carbon atoms in the same side
chain are observed. Eventually, the side-chain peaks were assigned using the HCCH-
TOCSY as the spectrum contains chemical shift information about both Hydrogen and

Carbon nuclei.

4.4.14 NOESY assignment

NOESY experiments are crucial as the information from the NOESY spectra are used
to gather restraints for NMR structure calculations. Ideally in a NOESY spectra, all the
Hydrogen atoms within a range of 5-6 A should give rise to peaks in the spectrum. No-
tably, this results in "*C-NOESY-HSQC and ""N-NOESY-HSQC spectra that are notori-
ously crowded in nature. In a single strip for both the experiments (°"N-NOESY-HSQC
and PC-NOESY-HSQC), multiple peaks should be observed. Figure 28 shows a slice
of the "N-NOESY-HSQC experiment performed on the NTD KorB. For assignment
of NOESY spectra, the AUDANA (Automated Database-Assisted NOE Assignment)
algorithm inside the Ponderosa program was employed (Lee et al., 2016b). The algo-
rithm automates the assignment of 3D NOESY spectra and helps to determine the 3D

structure of a protein from NMR data.
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Figure 27: Extract from HCCH-TOCSY performed on the NTD KorB. This experi-
ment is particularly used for side-chain assignment and is useful for incorporating all
the backbone assignment information. At each carbon frequency (Ca, C3, Cv, Cé...),
all the hydrogen atoms attached to all the carbon atoms in the same side chain are
observed. Shown are the extract of two-dimensional planes for Ca plane and *Cj3
plane in the HCCH-TOCSY experiment. The proton (*H) chemical shifts are both on
the X-axis and Y-axis. (A) Magnetisation transfer pathway is shown for a residue with
side-chain containing only Car and Cf for HCCH-TOCSY experiment. (B) Slice of two-
dimensional planes for ?Ca (chemical shift at 56.556 ppm) plane in the HCCH-TOCSY
experiment. At the bottom of the Ca plane, a single peak is observed that represents
Ha (attached to the Ca) and two other peaks HB2 and HfA3 (attached to the Cj5). (C)
Slice of two-dimensional planes for ?Cf (chemical shift at 24.486 ppm) plane in the
HCCH-TOCSY experiment. At the bottom of the Cj3 plane, two peaks are observed a)
Hp2-Ha and HB3-Ha. On the other side, there are cross peaks for H52 and HA3 and
peaks for H52-H33 and H33-H/32. Each dimension for both the experiments was sol-
vent filtered, apodised with a standard sine-bell window function and zero filled prior
to Fourier transformation of the FID. To obtain the spectra shown above, the spectra
were phased visually with NMRDraw and polynomial baseline correction was applied
in all dimensions.
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Figure 28: Extract of a "N-NOESY-HSQC performed on the NTD KorB. NOESY spec-
tra are particularly used to obtain distance restraints for NMR structure calculations.
Shown is a slice of a two-dimensional 'H plane with '°N chemical shift of 118.480 ppm
in the "N-NOESY-HSQC experiment. Each strip (shown with segmented line box) con-
tains NOEs from one particular NH group to all other Hydrogen atoms in the radius
range of 5-6 A and the solid diagonal line represents amide cross speaks. Each dimen-
sion for both the experiments was solvent filtered, apodised with a standard sine-bell
window function and zero filled prior to Fourier transformation of the FID. To obtain
the spectra shown above, the spectra were phased visually with NMRDraw and poly-
nomial baseline correction was applied in all dimensions.
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4.4.2 Structure calculation of the NTD KorB

Determination of protein structure with solution state NMR spectroscopy is labour in-
tensive and computationally demanding. The difficulty in accurately assigning the res-
onances increases with the introduction of through-space (NOESY) experiments. With
NOESY experiments, the total number of peaks depend on multiple factors including
the conformation of the protein in solution at a particular pH as well as the length of
the protein sequence.

Ponderosa-C/S is a structure determination software package which takes the re-
fined peak lists for backbone and NOE experiments. Figure 29 illustrates the work flow
that Ponderosa uses, shown as a flowchart for structure calculation (Lee et al., 2016a,
2011, 2016b, 2014). Ponderosa uses assignment information to pick NOE peaks from 3D
NOESY spectra. This picked data is used as input for the AUDANA algorithm to assign
the NOEs and for calculating the NMR structure on the NMRFAM-hosted Ponderosa
Server.

In order to calculate the NTD KorB structure, the protein sequence, the assigned
backbone chemical shifts, corresponding side-chain information and the NOESY spec-
tra were submitted to the Ponderosa program. On the servers, the program automates
the assignment of supplied NOE spectra and generates distance constraints, followed
by high-temperature molecular dynamics (iterative in nature). During the final step,
the standard explicit water refinement method (‘constraints only for the final step’) was
used followed by simulated annealing to generate the water refined NTD KorB ensem-
ble structure. Figure 30 shows the 20 water refined NTD KorB models calculated using
Ponderosa. Majority of the NTD KorB is disordered especially the N-terminal of the
protein and two a-helices (a-helix 1 and 2) are observed towards the C-terminal of the
protein (residues 73-114).

To understand the variability in orientation of the two a-helices (core region) to-
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wards the C-terminal of the NTD KorB, the 20 conformers of the ensemble were super-
imposed and an average ‘sausage’ view of the ensemble was computed with ENDScript
(Robert and Gouet, 2014). Figure 31A represents the a-helices (73-114 aa) towards the
C-terminal of the NTD KorB and figure 31B shows the flexibility of the NTD KorB en-
semble as represented by the ‘sausage’ view. The sausage view helps to visualise the
variability in position of individual residue relative to each other and the width of the
sausage is proportional to the RMSD between different models. The majority of the
NTD KorB is disordered with reduced variability observed towards the C-terminal of
the NTD KorB protein (table 17).

Ponderosa Analyser

3 NOESY data - 3D structure
- Raw NOESY Refl.ned €O validation
‘ straint for re-
- Assignments calculation ~ Statistics
3 Sequence 3 Refinement
Upload to
,,,,,, NMREAMservers SR D
NMRFAM Results sent via email
Servers } Constraint prediction |
| Iterate |
7 NMRFAM | Structure calculation |
servers 3 Structure validation

Figure 29: Schematic representing the Ponderosa flowchart for NTD KorB structure
calculation. Ponderosa uses backbone and side-chain assignment information to pick
NOE peaks from 3D NOESY (*>C and "°N) spectra. This picked data is used as input
for a series of Automated Database-Assisted NOE Assignments (AUDANA) and cal-
culating the NMR structure. The figure is adapted from Lee et al., 2014.
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Figure 31: Representation of C-terminal a-helices and flexibility of the NTD KorB
ensemble structure. (A) Ribbon representation of the two a-helices towards the C-
terminal in the NTD KorB ensemble structure. The residue 73-114 of the NTD KorB are
superimposed and the structures are rendered with POV-Ray in VMD. (B) All 20 con-
formers of the NTD KorB ensemble are superimposed and an average ‘sausage’ view of
the ensemble is computed with ENDScript (Robert and Gouet, 2014). The sausage view
helps to visualise the relative flexibility of individual residue relative to each other. For
NTD KorB, the N-terminal tag is shown in green and the two a-helices towards the C-
terminal are shown in blue.
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44.3 NTD KorB ensemble validation

In order to evaluate the structural integrity and stereo-chemical quality of the NTD
KorB ensemble structure, multiple analysis tools were employed including MolProbity,
RAMPAGE, ProSA-web and Verify3-D.

Verify3-D is a web-based diagnostic tool that examines the reliability of an input
protein model by evaluating the suitability of an atomic structure (3D) with the amino
acid sequence of the protein (1D). Verify3-D analyses the compatibility of the protein
sequence in its current 3D environment by spatially assigning a structural class (a-
helix/ $-sheet/loop) to its environment. The 3D environment can be from a theoretical
model or an experimentally derived structure. The result of the program is a residue-
wise Verify3-D profile with an average score for the model structure and an assessment
of the model with a comment ”pass/warning/fail”. Residues are considered reliable
with a score > 0.2.

Protein Structure Analysis (ProSA) is a web-based diagnostic tool that examines for
possible errors in a protein structure model. ProSA-web is based on statistical analysis
of all the protein structures (solved by XRC and NMR) available in the PDB database.
The overall model quality is measured by a Z-Score and generally, a model with pos-
itive value of Z-Score will indicate errors/problems in the model. The overall quality
score for a protein structure model is shown inside a plot that displays the computed
score for all the experimentally solved protein chains in the present PDB database ver-
sus number of residues in the protein. Figure 32 shows the ProSA plot for NTD KorB
and the Z-Score for model8 of NTD KorB ensemble is -2.73.

The Ramachandran plot (see figure 33) of the NTD KorB ensemble shows that 91.2%
(2335/2560) of all residues are in favoured regions, 97.6% (2499/2560) of all residues
are in allowed regions and 2.4% (61/2560) residues are in outlier region. According

to PROSESS, (PROtein Structure Evaluation Suite and Server), NTD KorB (model8)
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Figure 32: Protein Structure Analysis (ProSA) of NTD KorB. The black dot repre-
sents the NTD KorB inside a plot that displays the computed score for all the solved
protein chains either with X-ray crystallography or NMR spectroscopy in the present
PDB database. The overall model quality is measured by a Z-Score and generally, a
model with positive value of Z-Score indicates errors in the model. The Z-Score for
NTD KorB conformer was -2.73 (model8 in the NTD KorB ensemble).

consists of 13% a-helix, 1% (-strand, 15% turn and 87% random coil. Further, the NTD
KorB ensemble was validated with the Protein Structure Validation Server (PSVS) and
the corresponding validation report is given in table 17. Out of the 20 calculated NMR
structures for the NTD KorB, the model with best structural characteristics (model8)
was selected for MD calculations. The structural integrity for the NTD KorB’s model8
is verified with RAMPAGE and ProSA and is described in section 4.5 along with MD

calculation results.
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Figure 33: The Ramachandran plots of the NTD KorB ensemble. Overlay of the Ra-
machandran plots for 20 NTD KorB conformers. Highly favoured regions are shown
with light blue contours whilst the allowed regions are represented with dark blue. Dis-
allowed residues are shown with points in magenta and the corresponding model is
noted in square brackets. 91.2% (2335/2560) of all residues are in favoured regions and
97.6% (2499/2560) of all residues are in allowed regions and 2.4% (61/2560) residues
are in outlier region. The plot is generated with MolProbity. The outlier residues with
phi and psi values and the residues that may be wrongly assigned (based on the plot)
are listed in appendix on page 225 and page 226 respectively.
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Backbone deviation (RMSD, Ca atoms) for all models
All residues (backbone) 139 A
Ordered residues (74-83 and 108-113) 2.7 A
Core residues (73-114) 29A
Bond statistics for all models
Number of close contacts 14
(within 1.6 A for H atoms, 2.2 A for heavy atoms)
RMS deviation for bond angles: 0.7°
RMS deviation for bond lengths: 0.008 A
Z-score
Verify-3D -5.46
ProslII -2.69
Procheck (phi-psi) -1.42
Procheck (all) -1.36
MolProbity clash score -0.63
Ramachandran Plot Summary (Molprobity)
Favoured regions 91.6%
Allowed regions 6.2%
Disallowed regions 2.2%

Table 17: Validation report of NTD KorB from Protein Structure Validation Server
(PSVS). NTD KorB structure quality assessment summary by PSVS. It is required that
one should resist depositing a structure to the PDB with Z scores < -5 for Procheck
scores and Molprobity clash scores. Z scores > -3 for both Procheck and Molprobity

clash score are recommended.
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4.5 Molecular Dynamics simulation of NTD KorB

45.1 Introduction

Molecular dynamics (MD) simulations are computational experiments performed to
predict the properties of a system in question, be they physical or chemical. MD simu-
lation is now a widely used approach that exploits the advances in the empirical force
fields to study properties of molecular systems. In the last three decades, the develop-
ment of simulations as a ‘computational microscope’ has provided a platform to study
biological phenomena at atomic (or near-atomic) level (Lee et al., 2009; Perilla et al.,
2015). MD simulation experiments are computationally demanding and before run-
ning a simulation, the size of biomolecules to be simulated and the time-scale to be
covered should be considered (Lee et al., 2009). Figure 34 represents the range of time
scales and length scales used for different MD simulation techniques.

MD simulation has emerged as a standard method to explore biological systems
at atomic and molecular level. For an MD simulation, there are many approaches to
treat interatomic interactions, ranging from detailed quantum mechanical calculations
to coarse-grained approaches where some of the atomic details are sacrificed in order
to consider the larger size of the system. Within single molecules, quantum mechanical
calculations help to study chemical reactions at electronic level. The all-atom or atom-
istic simulations permit the study of dynamics of small proteins, whilst coarse-grained
simulations allow the study of large macromolecular (subcellular organelles) systems

(Kmiecik et al., 2016; Perilla et al., 2015).

45.2 Results for NTD KorB simulations

In order to investigate the flexibility of NTD KorB, MD simulations were employed.
The NTD KorB is majorly disordered, therefore AWSEM simulation package was em-
ployed (Davtyan et al., 2012). The AWSEM force-field is useful to simulate protein

structures where structural information about that protein is known. On the other hand
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simulations can also be run using information solely on the sequence of the protein.
In the AWSEM force field, a protein residue is represented with a three-bead model

to simulate larger biomolecules for a given amount of time (as compared to atomistic

simulations).
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Figure 34: Schematic representation of the time scale and length scale for different
MD simulation techniques. The plot shows the approximate ranges of time scales and
system sizes (length scale) used for molecular modelling at different resolutions (quan-
tum, all-atom or atomistic, coarse-grained and mesoscale). Within single molecules,
quantum mechanical calculations help to study chemical reactions at electronic level.
The all-atom or atomistic simulations permit the study of dynamics of small proteins
whilst coarse-grained simulations allow for the study of large macromolecular systems
(lipid vesicles). The figure is adapted from Kmiecik et al., 2016.

One of the representative conformers of NTD KorB (model8) was used to simu-
late the protein’s motions. Figure 35 shows the Ramachandran plot of model8 of the
NTD KorB ensemble. Collectively, 99.2% of NTD KorB’s residues are in the allowed
region of Ramachandran plot and a single residue has been identified as an outlier. As

NMR-derived structural data was available for NTD KorB, so the protein was simu-
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lated in the presence and absence of fragment memory. The role of fragment mem-
ory is to use experimentally resolved structural information to bias local interactions
within a molecule. The fragment memory uses short (9 residues or shorter), overlap-
ping residues in the protein as fragments to bias the simulation, which are called mem-
ories and the corresponding energy term in the AWSEM package is called Fragment
Memory. The structural knowledge of the NTD KorB ensemble structure was used to
bias the simulations and a fragment library was generated containing memories from
the 19 NTD KorB models.

During the MD run, the structural information from the NMR-derived ensemble
(19 conformers) was used as memories to bias the simulation. A 110 ns MD simula-
tion was run for NTD KorB. The change in the RMSD and R, of NTD KorB from the
starting structure is shown in the figure 36. In the presence of fragment memory, the
RMSD appears to increase rapidly in the first 30 nanoseconds and does not increase
as much for the rest of the simulation. On the other hand, RMSD is smaller for NTD
KorB simulated in the absence of fragment memory. The change in R, from the starting
structure, over the course of the simulation is limited and varies between 25 and 28 A.
The first and final structure of the simulation is overlaid in figure 37. The RMSD (Ca
atoms) between the two structures is 16.2 A. The N-terminal of NTD KorB is highly
mobile compared to the C-terminal of the protein. The region spanning the residues
73-113 (core region) for the NTD KorB construct (with tag) includes two a-helices and
is the structured region of the protein. The flexibility of the core region was reviewed
by superimposing the core region (73-113 aa) from the 110 ns trajectory run with the
structure extracted at every 10 ns. Figure 38 shows the superimposition of structured
region (core) of NTD KorB. The RMSD (Ca atoms) of the core region is 2.5 A and the

region is observed to exhibit limited motion compared to the N-terminal of NTD KorB.
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Figure 35: The Ramachandran plot of NTD KorB. (A) The Ramachandran plot of NTD
KorB (model8) showing the protein residues. The number of residues in favoured re-
gion are 119/130 (93.7%), number of residues in allowed region are 7/130 (5.5%) and
a single residue (0.8%) is in outlier region. (B) Individual Ramachandran plots show-
ing General, Pre-Proline, Glycine and Proline plots with the possible ¢» and ¢ dihedral
angles and allowed and disallowed regions of complete amino acids of NTD KorB.
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Figure 36: The change in RMSD and R; of NTD KorB during the 110 ns run. (A)
The RMSD (Ca atoms) of NTD KorB from the starting structure in the presence and
absence of fragment memory are plotted against time. With fragment memory, the
RMSD appears to increase rapidly in the first 30 ns and does not increase as much
for the rest of the simulation, whilst the RMSD is smaller in the absence of fragment
memory. (B) The radius of gyration (R;) of NTD KorB in the presence and absence of
fragment memory are plotted against time. The change in R, is limited, both in the
presence and absence of fragment memory and varies between 25-28 A for the 110 ns

simulation.
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Figure 37: Structure of NTD KorB used for MD simulations. (A) Ribbon represen-
tation of the NTD KorB structure (models, first conformation of NTD KorB with tag)
with secondary structure represented by red for a-helix, orange for 34, helix, cyan for
turn and grey for coil. (B) Overlay of NTD KorB first conformation (t=0 ns) and final
conformation (t=110 ns). The first conformation of NTD KorB (with tag) is coloured
grey and the final conformation is coloured green. The RMSD (Ca atoms) between the
two structures is 16.2 A. The N-terminal of NTD KorB is highly flexible compared to
the C-terminal of the protein. The structures are rendered with POV-Ray in VMD.
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Figure 38: Superimposition of structured region of NTD KorB following the MD
trajectory of 110 ns. Ribbon representation of superimposition of structured region of
N-terminal domain of KorB is shown. The overlay is of 110 ns trajectory run with NTD
KorB’s structure extracted at every 10 ns and superimposed. The region spans residues
73-113 (core region) for the NTD KorB construct (with tag) and includes two a-helices.
The reference NTD KorB structure shown in red. The RMSD (Ca atoms) for the core
region is 2.5 A. The structures are rendered with POV-Ray program in VMD.

4.6 Discussion

The solution structure has been calculated for the N-terminal domain of KorB using so-
lution state NMR spectroscopy. Only after combining a suite of complementary struc-
tural and biophysical techniques (NMR, CD, AUC and MD) was it possible to study
and gather structural information about the inherently dynamic nature of NTD KorB.
80% of the NTD KorB’s backbone was assigned with confidence and the solution
state NMR data yielded 20 conformers compatible with the restraints used for structure
refinement. The less than ideal completeness of NMR peak assignments was due to

relatively high number of proline residues (10 Pro residues) in a 130 residue protein
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and the intrinsic flexibility of the protein. The assignment walk was proving difficult
because of the proline residues.

The number of amide peaks in HSQC spectrum of the NTD KorB is more than the
number of NH groups in the protein. These peaks seem reproducible between different
NTD KorB preparations and so are unlikely to be due to protein degradation products.
Figure 18 shows the overlay of HSQC spectra of NTD KorB before and after cleaving
the N-terminal tag. Visually, most of peaks in both spectra appear to have the same
NH shifts whilst a few of the peaks have moved, possibly because of the absence of
first 17 N-terminal residues comprising of the tag (1-17 aa). However, there are no
additional peaks in the spectrum of the protein with the tag. This demonstrates that
the N-terminal tag is highly flexible and does not contribute to any peaks in the HSQC
spectrum. Also, it is plausible to suggest that the tag does not contribute to the protein
structure and does not reduce the significance of the NTD KorB ensemble structure.

The NTD KorB including the His-tag consists of 130 residues and ideally one should
observe the same number of peaks in the HSQC spectrum apart from the ten Prolines.
We have established that most of the peaks from the N-terminal (1-23 aa) tag are not
visible in the spectrum. However we still observe about 130 peaks in the spectrum,
thereby indicating possibility of interconverting protein conformational states or a co-
valent modification on the protein. There is limited evidence for exchange between
different protein conformational states so whether these additional peaks in HSQC are
because of very slowly exchanging conformers (e.g. cis-trans proline) or partial cova-
lent modification is not clear. Using ponderosa, NTD KorB’s ensemble structure was
calculated compatible with the restraints used for structure refinement. NTD KorB
is mainly disordered and consists of two a-helices (a1 and a2) towards the C-terminal
region (core region). While trying to assign the additional peaks, the assignments over-
lapped with already assigned a-helix 1 of NTD KorB.

Comparison of secondary structure of NTD KorB from the chemical shift data us-

ing TALOS+ and computationally predicted Jpred and Psipred data show agreement
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with all of the methods predicting two main a-helices in the protein. On the other
hand, Jpred and Psipred predict S-strand but there is no evidence for §-strand in the
NMR spectra. TALOS+ predicts NTD KorB to be primarily disordered for the first N-
terminal 70 residues. This TALOS+ prediction is in agreement with the bioinformatics
analysis by Rajasekar et al., (2010) using the database of intrinsically unstructured pro-
teins, DisProt (Sickmeier et al., 2007) which suggests that the first 64 amino acids of
KorB are disordered.

Structural comparisons of the crystal structure of four N-terminal domains of Spo0]J
monomer structures from H. pylori reveals that the N-terminal exhibit multiple con-
formations (Chen et al., 2015). As evident from the figure 39, a poor fit was observed
for the over-laying NTD Spo0J structures, with an RMSD (Ca atoms) range of 11.1 A.
Various loop regions are observed in the N-terminal suggesting high flexibility of the
N-terminal domains of Spo0].

The structure of NTD KorB is mainly disordered and consists of two a-helices (a1
and a2) towards the C-terminal region (core region). Comparison of NTD KorB sec-
ondary structure with two structural homologues is shown in figure 40A. These are
1VZ0 and 4UMK and are the crystal structures of Spo0J from T. thermophilus and H.
pylori respectively.

The sequence of NTD KorB along with secondary structure elements was aligned
with homologous protein sequences with 3D structures in the PDB. The aligned se-
quences suggest that the two a-helices of NTD KorB, although shorter in length, match
the helices in the homologue proteins. Superimposing structures of N-terminals of
KorB, 1VZ0 and 4UMK (figure 40B) do not match each other (Cat RMSD for the fit is
20.9 A) but the helices from the homologues reasonably fit with the two helices of NTD

KorB.
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Figure 39: Structural comparisons of NTD Spo0J monomers from H. pylori. Ribbon
representation of N-terminal domain of Spo0J monomers (excluding the DNA-binding
domain) from H. pylori is shown. Four Spo0] monomers (from the same crystal struc-
ture, PDB ID: 4UMK) with chains A (grey, 55-111), B (pink, 45-111), C (blue, 35-111),
and D (orange, 51-111) are superimposed for structural comparison. The structures
were overlaid with chain A as the reference structure. The RMSD (Ca atoms) range
for the fitis 11.1 A and the four monomers do not superimpose. Various loop regions
are observed in the N-terminal suggesting high flexibility of the N-terminal domains
of Spo0]. The structures are rendered with POV-Ray program in Chimera.
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In terms of biological significance, the protein-protein interactions in ParBs are thou-
ght to occur via an N-terminal ‘arginine patch” RRXR which is highly conserved in the
ParB family (Chen et al., 2015). TALOS+ predicts the arginine patch (109-RRYR-112) to
be part of a helix (a-helix 2) in the NTD KorB. It has previously been hypothesised that
adjacent and traverse protein-protein interactions lead to the oligomerisation of (Spo0]J
from H. pylori) on DNA (Chen et al., 2015). Using simulation studies, a similar model
was presented by Broedersz et al., (2014) suggesting that the NTD of CBPs is involved
in 1D spreading and 3D bridging over plasmid DNA. The aforementioned simulation
study proposes that these interactions can be important for the assembly of a higher-
order protein-DNA complex resulting in ParB spreading on to DNA (Broedersz et al.,
2014).

The NTD KorB ensemble structure described here might reasonably well represent
the internal dynamics, but the expectation that those conformers reflect the protein’s in-
ternal dynamics in vivo is not necessarily met. Most of the NMR parameters measured
during the experiments can be considered as an average of dynamics over different
time scales. It can be considered as a biased expectation for a single protein ensemble
structure to reflect all the range of motions exhibited by the protein. This is reflected
from the fact that during the process of structure refinement, the emphasis is to calcu-
late similar structures as represented by a low backbone RMSD value (Angyén et al.,
2010). This presents as an attempt to represent NMR derived protein structures as sin-
gle conformers, similar to X-ray crystallography structures that represent a static pro-
tein state. MD simulation data for NTD KorB suggests that the two a-helices towards
the C-terminus exhibit limited mobility and internal motion in comparison to rest of
the protein. This can be seen in the overlay of the helices every 10 ns of the simulation
(see figure 38). NTD KorB solution structure along with MD simulation data should be

regarded in future investigations of KorB.
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Figure 40: Comparison of NTD KorB structure with KorB homologues. (A) NTD
KorB secondary structure compared with KorB structural homologues. The structure
of NTD KorB containing residue 31-137 of KorB was searched with BLAST+ against
PDB to detect protein homologues. Homologues include 1VZ0 and 4UMK and these
are the crystal structures of SpoQJ from T. thermophilus (Tt) (Leonard et al., 2004) and
H. pylori (Hp) (Chen et al., 2015) respectively. The sequence of NTD KorB along with
secondary structure elements was aligned with homologous protein sequences with 3D
structures in the PDB. The aligned sequences are coloured according to the degree of
similarity and the secondary structuresi.e. a-helices are represented by helix, 5-strands
are represented by black dashed arrow and turns are represented by blue coloured
letter “T’. The structural alignment is performed with ENDscript. (B) Superimposed
structures of NTD KorB, 1VZ0 and 4UMK. The superimposition is done keeping NTD
KorB as the reference structure. The 1VZ0 and 4UMK structures are incomplete but the
helices reasonably fit with the two helices of NTD KorB. The structures are rendered
with POV-Ray in Chimera.
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5 Structural characterisation of DNA-binding domain of

KorB

n order to characterise the DNA-binding domain of KorB, 100 residues from the
I C-terminal of the KorB WT were truncated and the resulting protein was named
CA100 KorB. The CA100 KorB contains an N-terminal His-tag for purification and a
thrombin cleavage site between residue numbers 17 and 18. The N-terminal His-tag
along with the first 31 residues from the N-terminal of the CA100 KorB were truncated
and the resulting protein was named NA31CA100 KorB. The CA100 KorB consists of
1-258 aa and NA31CA100 KorB consists of 31-258 aa and both constructs are illustrated

in figure 41.

A N-terminal domain DNA binding domain

1 31 137 258

C CA100 KorB

31 258

C NA31CA100 KorB

Figure 41: Illustration of KorB mutants studied in this chapter. The N-terminal do-
main and DNA-binding domain are shown in orange and blue respectively. (A) 100
residues from the C-terminal of the KorB WT are truncated and the resulting protein
is named CA100 KorB. The N-terminal contains a His-tag (shown with a hook) for pu-
rification and the flexible region of the protein is shown in grey. (B) The N-terminal
His-tag along with first 31 residues from the N-terminal of the CA100 KorB are trun-
cated and the resulting protein is named NA31CA100 KorB.

The results for over-expression and purification of CA100 KorB and NA31CA100
KorB are given in section 5.1 and section 5.2 respectively and the biophysical charac-

terisation of both the proteins is given in section 5.3.



| 5 | Structural studies of DNA-binding domain of KorB 120

5.1 Results for CA100 KorB

5.1.1 Over-expression of CA100 KorB

CA100 KorB with residue 1-258 and molecular weight of 30.6 kDa contains a 23 aa His-
tag on the N-terminal. CA100 KorB was expressed in E. coli BL21 cells, induced using
IPTG, and the cells were homogenised using the emulsiflex to release the CA100 KorB
into solution.

Modified pET28a vector with the CA100 KorB gene cloned under the control of T7
promoter was used to over-express the protein. The cloned gene also contains an N-
terminal His-tag followed by a thrombin cleavage site at residues 17 and 18. One L
of plasmid DNA (40 ng/xL) in nuclease free water was used to transform competent
E. coli cells using the heat-shock method. The Kanamycin resistance gene in the vec-
tor is used to screen for transformed bacterial colonies. Bacterial colonies (~200) were
observed on the agar plate with Kanamycin, upon overnight incubation at 37 °C. Two
L (21 L) of cells were grown in LB media with Kanamycin to an Agy of ~0.6 at 37
°C, measured using the BioMate 3 spectrophotometer (ThermoFisher). At this stage,
expression of T7 RNA polymerase was induced with 1 mM IPTG. After the induction,

the culture was grown overnight at 18 °C to yield maximum protein.

5.1.2 Purification of CA100 KorB
5.1.2.1 Affinity chromatography

The initial purification of the CA100 KorB was done using a 5 mL HIS-select Nickel
affinity gel column at RT as CA100 KorB contains a His-tag on the N-terminal. The col-
umn was equilibrated with buffer containing 10 mM Imidazole, 50 mM Na phosphate,

pH 8.0, 300 mM NaCl, and 10 ug/mL PMSF. The supernatant after centrifugation (~50
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mL) was loaded onto the Ni-NTA column. The column was washed with 50 mL buffer
containing 20 mM Imidazole. A step gradient of 50 mM and 300 mM Imidazole (50 mL
each) was applied to elute the protein. Presence of protein in the fractions was con-
firmed using Bradford reagent followed by SDS-PAGE gel analysis. CA100 KorB was
purified by affinity chromatography and the SDS-PAGE gel is shown in figure 42. Frac-
tions containing the protein were pooled and concentrated using the Amicon (Merck)
centrifugal filter units with MWCO of 10 kDa in an Eppendorf 5810R bench-top cen-
trifuge at 4,000 g. Further purification of the CA100 KorB was performed using size

exclusion chromatography.
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Figure 42: Purification of CA100 KorB by affinity chromatography and analysis by
SDS-PAGE. SDS-PAGE gel with dashed box and arrowhead indicate the CA100 KorB
protein. From left to right: supernatant after filtration (Filtrate), flow-through from
soluble lysate fraction (FT), wash with buffer containing 30 mM Imidazole (Wash), rest
are the elution fractions containing 300 mM Imidazole and molecular weight marker
(Marker). The fraction size is 2 mL, flow rate is 1 mL/min and length of the run is 50
mL. Step gradient of Imidazole is used for elution. Most of the CA100 KorB eluted off
from the column with 300 mM of Imidazole. The fractions in the dashed box are pooled
and are further purified to homogeneity by size exclusion chromatography.
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5.1.2.2 Size exclusion chromatography

After affinity chromatography, the CA100 KorB was further purified using the size
exclusion chromatography. The column was equilibrated with 10 mM Tris HCl, pH 7.5,
100 mM NaCl, 0.1 mM EDTA and 5 mL of CA100 KorB was loaded on to the column
at 4 °C. For PN labelled protein expression of CA100 KorB, Tris was substituted with
phosphate in the buffer. Void volume of the column was 100 mL and 4 mL of fractions
were collected during the run. The size exclusion chromatogram for CA100 KorB is
givenin figure 43A, and figure 43B shows the SDS-PAGE gel confirming the presence of
a single protein species in solution. CA100 KorB elutes as a single peak -with shoulders-
indicating the presence of a monomeric species. After the size exclusion run, the CA100
KorB was again concentrated to ~2 mL. The total yield of CA100 KorB obtained from

1L of culture was 25 mg.

5.1.3 Optimisation of thrombin digestion of CA100 KorB

To remove the N-terminal His-tag from CA100 KorB and to optimise the temperature,
the protein was incubated with thrombin at 4 °C and RT. Thrombin was diluted 10
fold in the same buffer and reaction was stopped at different times using the inhibitor,
PMSEF. Figure 44A shows the SDS-PAGE gel with optimisation of thrombin digestion of
CA100 KorB. It was observed that CA100 KorB degrades with passage of time even at 4
°C, so the purification has to be done quickly and thrombin digestion was preferred at
4 °C immediately after running the Ni-NTA column. The SDS-PAGE gel for thrombin
digestion of CA100 KorB is given in figure 44B. The tag was removed by incubating
CA100 KorB in presence of thrombin at 4 °C for 1 hr. CA100 KorB was immediately
incubated with thrombin after affinity chromatography and mixture of CA100 KorB
and thrombin was loaded on to the size exclusion column to further purify the CA100

KorB.
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Figure 43: Purification of CA100 KorB by size exclusion chromatography and anal-
ysis by SDS-PAGE. (A) Chromatogram of CA100 KorB showing the absorbance trace
(Azgp) of eluent and peaks between 130 mL and 160 mL of elution volume. Fractions
on the X-axis indicate 4 mL (each) of collected fraction. Void volume of the column is
100 mL. The flow rate of 2 mL/min is used and length of the run is 380 mL. Fractions
labelled 30 to 35 contain the protein (turquoise box). CA100 KorB elutes as a single
peak -with shoulders- indicating the presence of a monomeric species as seen in the gel
image. (B) Image of the SDS-PAGE gel with protein in the lanes labelled 30, 31, 32, 33,
34 and 35 showing presence of a single protein species in solution. From left to right:
molecular weight marker (Marker), elution fractions from size exclusion chromatogra-
phy. Dashed box and arrowhead indicate the purified CA100 KorB after size exclusion
run.
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Figure 44: Thrombin digestion of CA100 KorB. (A) The N-terminal tag is removed
by incubating CA100 KorB in presence of thrombin at RT and 4 °C. SDS-PAGE gel
showing the optimisation of thrombin digestion of CA100 KorB. CA100 KorB in lanes
3-9 is incubated with thrombin at 4 °C whereas the protein in lanes 11-17 is incubated
with thrombin at RT. From left to right — 1 and 2: CA100 KorB kept at -80 °C and 4 °C
respectively; 3: CA100 KorB with thrombin at 0 hr (at 4 °C); 4: protein with thrombin
after 1 hr; 5: protein after 2 hr; 6: protein after 4 hr; 7: protein after 6 hr; 8: protein
after 8 hr; 9: protein after 50 hr; 10: CA100 KorB kept at RT; 11: CA100 KorB with
thrombin at 0 hr (at RT); 12: CA100 KorB with thrombin after 1 hr; 13: protein after 2
hr; 14: protein after 4 hr; 15: protein after 6 hr; 16: protein after 8 hr; 17: protein after 50
hr and molecular weight marker (Marker). (B) SDS-PAGE gel of thrombin cleavage of
CA100 KorB. The protein is incubated with thrombin at 4 °C for 1 hr. From left to right
— molecular weight marker (Marker); 1 and 2: NTD KorB before and after thrombin
digestion respectively (see figure 12); 3 and 4: CA100 KorB before and after thrombin
digestion respectively.
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5.1.4 Stability of CA100 KorB at room temperature

During the purification, the CA100 KorB was observed to be unstable and appears to
degrade rapidly at RT. In order to check the stability of CA100 KorB at RT, the pro-
tein was left undisturbed at RT for multiple days and the protein lysis was stopped by
storing the protein at -80 °C. The stability of CA100 KorB at RT is shown in figure 45.
Considering the instability and rapid degradation of CA100 KorB, the protein was pu-
rified within a day. In order to maintain integrity of protein for future experiments, the

protein was flash frozen immediately after concentrating the size exclusion fractions.
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Figure 45: Stability of CA100 KorB at room temperature. SDS-PAGE gel for CA100
KorB left at room temperature for 15 days. From left to right — day 0: single band is
observed with limited contamination as the protein is kept at -80 °C; day 1: protein
left for a day at RT, protein starts to degrade and multiple bands are observed; day
2 and day 3: CA100 KorB continues to degrade; day 6: most of the CA100 KorB is
degraded and two species are observed; day 15: most of the CA100 KorB is degraded
and the two stable species are observed; molecular weight marker (Marker). CA100
KorB appears to degrade rapidly at RT as multiple bands are observed within the first
three days. Leaving the protein for longer duration (more than 6 days), resulted in two
stable species, as seen on the gel.
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5.1.5 Molecular mass estimation of CA100 KorB by mass spectrometry

In order to check the structural integrity of CA100 KorB and estimation of molecular
mass, the purified CA100 KorB was subjected to Electrospray Ionization-Mass Spec-
trometry (ESI-MS). CA100 KorB protein samples were given to the mass spectrometry
facility in the School of Chemistry at the University of Birmingham. Figure 46 shows
the mass spectrometry data for CA100 KorB.
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Figure 46: Molecular mass estimation of CA100 KorB by mass spectrometry. The
purified CA100 KorB is subjected to MS for estimation of molecular mass. ESI-MS
spectrum is shown for CA100 KorB and the molecular mass observed for the protein
is 30,467 Da and the theoretical mass of the protein calculated from the amino acid
sequence with ProtParam server (Gasteiger2005) is 30,591 Da.
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5.2 Results for NA31CA100 KorB

5.2.1 Gradient PCR

The digestion problem of N-terminal of CA100 KorB was partially circumvented by
removing the first 30 residues from the CA100 KorB. The CA100 KorB was further
sub-cloned in a modified pET28a vector. The primers were designed so that the first
30 residues of CA100 KorB in addition to the N-terminal His-tag were removed. The
primer attachment to the modified pET28a vector with cloned CA100 KorB is shown in

figure 47. NA31CA100 KorB protein was cloned using the quick change mutagenesis

protocol.
T7 promoter lac operator
rbs 1
GAAGGAGATATACCZEE
His-tag

thrombin site

| 1un

2
J

—

GATAGCATCGGCGAC

Figure 47: Schematic representation of primer attachment to the pET28a vector, show-
ing the positions of T7 promoter, lac operator, ribosome binding site (RBS), start site
(ATG!), hexa his-tag, thrombin cleavage site, start site for KorB WT?, and both forward
and reverse primers.

For quick change mutagenesis, gradient polymerase chain reaction (PCR) was em-
ployed. The contents of the PCR reaction mix along with the concentrations and vol-
umes used for the experiment are listed in table 18. Primer annealing temperature con-
ditions used were 40 °C, 45 °C, 50 °C, 55 °C, 60 °C, and 65 °C. Bands were observed at
temperatures 45 °C, 50 °C, 55 °C. Reaction mix for those three temperature conditions

were pooled and digested with enzyme Dpn1 for 20 min at 37 °C. Dpnl enzyme digests
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only methylated DNA and digests the template DNA in the reaction mix. Two uL of
reaction mix was used to transform 45 pL of XL 10 gold ultra-competent cells (Agilent

Technologies) and bacterial colonies were observed on the plate.

Sample Concentration Volume (¢L) Control (1L)
Vector DNA 40 ng/ L 6 0
Forward primer 100 uM 1.5 1.5
Reverse primer 100 M 1.5 1.5
Fusion enzyme buffer 5x 60 60
dNTPs 50 mM 6 6
MgCl, 50 mM 6 6
Fusion polymerase enzyme 2 units/ uL 5 5
H,O 55.5 mol/L 214 220

Table 18: PCR reaction mix used for quick change mutagenesis protocol to clone the
NA31CA100 KorB protein.

5.2.2 Colony PCR

For colony PCR, five colonies were randomly selected. Using an autoclaved toothpick,
a single colony was picked, streaked on an agar plate (with Kanamycin) and the tooth-
pick was washed with 30 xL of nuclease free water. The water with the cells was heated
and kept at 100 °C for 10 min. High temperature released the plasmid DNA into the
solution and the sample was centrifuged at 10,000 rpm on benchtop centrifuge for 5
min. 2.5 L of the supernatant was used as DNA template for colony PCR. The PCR
products were run on 1% agarose gel and the truncated product was 159 bp smaller in
size in comparison to the reference sequence. The DNA from the colonies number 1

and 2 were sequenced and the sequence was confirmed.



| 5 | Structural studies of DNA-binding domain of KorB 129

5.2.3 Over-expression of NA31CA100 KorB

NA31CA100 KorB with residue 31-258 and molecular weight of 25.28 kDa was ex-
pressed in E. coli BL21(DE3). NA31CA100 KorB gene was cloned under the control
of T7 promoter in a modified pET28a vector. One uL of plasmid DNA in nuclease free
water was used to transform competent E. coli BL21 cells using the heat-shock method.

The Kanamycin resistance gene in the vector was used to screen for transformed
bacterial colonies. Bacterial colonies (~330) were observed on an agar plate with Kana-
mycin, upon overnight incubation at 37 °C. Two L (2*1 L) of cells were grown in LB
media with Kanamycin to an Agy of ~ 0.6 at 37 °C, measured using the BioMate 3
spectrophotometer (ThermoFisher). At this stage, expression of T7 RNA polymerase
was induced with 1 mM IPTG. After the induction, the culture was grown overnight at
18 °C to yield maximum protein.

The culture was centrifuged in Beckman Coulter Avanti® J20/1, rotor JLA 8.1 at
6,000 rpm for 20 min. The supernatant was discarded and pellet was suspended in 50
mM Tris HCl, pH 7.5, 1 mM EDTA (~50 mL) and centrifuged again at 6,000 rpm for
20 min to ensure that the cells were media-free. Samples were saved before and after
induction and were analysed on a 4-12% Criterion™ XT Bis-Tris SDS-PAGE gel with

loading dye (Sigma-Aldrich) to check for induction.

5.2.4 Purification of NA31CA100 KorB
5.2.4.1 Ion chromatography

The cell pellet was resuspended in ~40 mL of 50 mM Tris HCI, pH 7.5, 1 mM EDTA, and
a cocktail of inhibitors (DNase, RNase, Mg, Mn) and a protease inhibitor tablet (EDTA
free, from Roche) were added. The cells were homogenised using the C3 EmulsiFlex
cell homogeniser (AVESTIN Europe GmbH, Mannheim, Germany). To pellet the cell
debris, the homogenised solution was centrifuged at 25,000 rpm in Beckman Coulter

Avanti® ] series centrifuge using JA-25.50 rotor for 45 min. The pellet was discarded
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and the supernatant was filtered using the 0.45 ym and 0.2 ym Minisart® filter.
Ammonium sulphate was added to the supernatant according to this webpage:
encorbio.com/ protocols / AM-SO4.htm. 40% ammonium sulphate was added to the su-
pernatant and the solution was centrifuged at 25,000 rpm in Beckman Coulter Avanti®
] series centrifuge using JA-25.50 rotor for 5 min. The pellet was discarded and ammo-
nium sulphate was added upto 75%. The sample was centrifuged again and the super-
natant was discarded. Pellet obtained after precipitating the protein with 75% ammo-
nium sulphate was resuspended in buffer. The protein sample was dialysed in 2 L of
20 mM Tris, pH 8.5, EDTA 0.1 mM, NaCl 20 mM + PMSF 1ul/mL of buffer overnight.
The sample was loaded on to the HiTrap Q HP, 5 mL prepacked, Q Sepharose anion
exchange column. Before that, the Q column was equilibrated with 5 CV of the dialy-
sis buffer. After loading the column with protein, the column was washed with 4 CV
of buffer. The protein was eluted using a salt gradient, low salt buffer — 50 mL of 20
mM Tris, pH 8.5, EDTA 0.1 mM, NaCl 20 mM + PMSF 1 pL./mL of buffer and high salt
buffer — 50 mL of Tris 20 mM, pH 8.5, EDTA 0.1, NaCl 500 mM + PMSF 1 yL/mL of
buffer. The salt gradient was performed on an AKTA Prime Plus with 5 mL fraction.
Presence of protein in the fractions was confirmed using Bradford reagent followed
by analysis with SDS-PAGE gel. Fractions containing the protein were pooled and
concentrated using the Amicon (Merck) centrifugal filter units with MWCO of 10 kDa
in an Eppendorf 5810R bench-top centrifuge at 4,000 g. Fractions containing the protein
were pooled according to the chromatogram given in figure 48 (fractions 25-33). The
chromatogram for NA31CA100 KorB is given in figure 48A, and figure 48B shows the
SDS-PAGE gel confirming the presence of NA31CA100 KorB in solution. But as seen
on the SDS-PAGE gel, the NA31CA100 KorB sample contains other species as well.
Further purification of the NA31CA100 KorB was performed using the size exclusion

chromatography.
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Figure 48: Purification of NA31CA100 KorB by Ion chromatography and analy-
sis by SDS-PAGE. (A) Chromatogram of NA31CA100 KorB showing the peak be-
tween 35 and 50 mL of elution volume (turquoise box). Fractions 25 to 33 contains
the NA31CA100 KorB as shown by dashed rectangular box. (B) SDS-PAGE gel with
protein in the lanes labelled 25 to 33. Dashed box and arrowhead indicate the over-
expression of NA31CA100 KorB. From left to right: lanes labelled 25 to 33 contain the
protein of interest but with impurities, molecular weight marker (Marker), 35 to 43
lanes labelled depict the rest of the elution profile. The fraction size is 4 mL, flow rate
is 2 mL/min and length of the run is 60 mL. 20 - 400 mM NaCl gradient is used for
elution. NA31CA100 KorB in the pooled fractions is further purified to homogeneity
by size exclusion chromatography.
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5.2.4.2 Size exclusion chromatography

Size exclusion chromatography was done using a Superdex 75, 16 cm by 60 cm column
using an AKTA Purifier P-900 and the chromatogram was monitored at 280 nm. The
column was equilibrated with 10 mM Tris HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA
and 5 mL of NA31CA100 KorB was loaded on to the column at 4 °C. For "N labelled
protein prep of NA31CA100 KorB, Tris was substituted with phosphate in the bulffer.
A flow rate of 2 mL/min was used and the length of the run was 380 mL. Void volume
of the column was 100 mL and 4 mL of fractions were collected during the run.
Fractions containing the protein were pooled according to the chromatogram given
in figure 49. NA31CA100 KorB elutes as a single peak —with shoulders— indicating the
presence of a monomeric species. The size exclusion chromatogram for NA31CA100
KorB is given in figure 49A, and figure 49B shows the SDS-PAGE gel confirming the
presence of a single dominant protein species (but with contamination) in solution.
NA31CA100 KorB was again concentrated using the Amicon (Merck) centrifugal filter
units with MWCO of 10 kDa in an Eppendorf 5810R bench-top centrifuge at 4,000 g to
~2 mL. The total yield of the NA31CA100 KorB obtained from 1 L of culture was 20

mg.
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Figure 49: Purification of the NA31CA100 KorB by size exclusion chromatography
and analysis by SDS-PAGE. (A) Chromatogram of the NA31CA100 KorB showing the
absorbance trace (A,g) of eluent and peaks between 150 mL and 170 mL of elution vol-
ume. Fractions on the X-axis each indicate 4 mL of collected fraction. Void volume of
the column is 100 mL The flow rate is set to 2 mL/min and length of the run is 380 mL.
Fractions 11 to 15 contain the protein. (B) Image of the SDS-PAGE gel with protein in
the lanes labelled 11, 12, 13, 14 and 15, showing presence of a single protein species
as the dominant protein (but with contamination) in solution. From left to right — 2-9
elution fractions from size exclusion chromatography run, 10 to 15 lanes represent the
protein and molecular weight marker (Marker) on the right. Dashed box and arrow-
head indicate the purified NA31CA100 KorB after size exclusion run.
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5.2.5 Stability of the NA31CA100 KorB at room temperature

The stability of NA31CA100 KorB was checked by keeping the protein undisturbed at
RT for 15 days. The stability of NA31CA100 KorB at RT is shown with an SDS-PAGE
gel in figure 50. No sign of protein degradation was observed within the first three
days. A stable species was observed from day 6 onwards as seen in figure (dashed
box). The protein remains stable if frozen instantly. The protein was purified within
two days of homogenising the cells and in order to maintain integrity of protein for
future experiments, the protein was flash frozen immediately after concentrating the

size exclusion fractions.
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Figure 50: Stability of the NA31CA100 KorB at room temperature. From left to right:
molecular weight marker (Marker); day 0: NA31CA100 KorB frozen at -80 °C; pro-
tein kept undisturbed at RT for n days (n=1, 2, 3, 6, 10, 15); day 15*: same stock of
NA31CA100 KorB kept at -80 °C. The degradation of NA31CA100 KorB is stopped by
storing the protein at -80 °C. No sign of protein degradation is observed for the first
three days. By day 15, most of NA31CA100 KorB is degraded in the solution. And a
stable species is observed from day 6 onwards as seen on the gel (dashed box).
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5.2.6 Molecular mass estimation of NA31CA100 KorB by mass spectrometry

In order to check the structural integrity of NA31CA100 KorB and estimation of molec-
ular mass, the purified NA31CA100 KorB was subjected to Electrospray Ionization-
Mass Spectrometry (ESI-MS). NA31CA100 KorB protein samples were given to the
mass spectrometry facility in the School of Chemistry at the University of Birmingham
and figure 51 shows the mass spectrometry data for NA31CA100 KorB.
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Figure 51: Molecular mass estimation of NA31CA100 KorB by mass spectrometry.
The purified NA31CA100 KorB is subjected to MS for estimation of molecular mass.
ESI-MS spectrum is shown for NA31CA100 KorB and the molecular mass observed

for the protein is 25,292 Da and the theoretical mass of the protein calculated from the
amino acid sequence with ProtParam server (Gasteiger2005) is 25,284 Da.
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5.3 Biophysical characterisation

Biophysical characterisation of both CA100 KorB and NA31CA100 KorB was performed
using circular dichroism and the CD data for both proteins were deconvoluted from

DICHROWERB analysis webserver to get the secondary structure estimation.

5.3.1 Circular dichroism of DNA-binding domain of KorB

In order to compare the secondary structure elements of CA100 KorB and NA31CA100
KorB, circular dichroism experiments were performed for both proteins. Figure 52
shows the CD data for CA100 KorB and NA31CA100 KorB. The CD spectra for both
proteins are shown in the range of 190-240 nm. The spectra for both proteins were in-
dividually deconvoluted from DICHROWEB webserver to get the secondary structure
estimation. The CD data suggest an increase in a-helical character for NA31CA100

KorB as compared to secondary structure estimate for CA100 KorB.
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Figure 52: Circular dichroism data comparison of CA100 KorB and NA31CA100
KorB. CD spectra of CA100 KorB and NA31CA100 KorB, shown in the range of 190-
240 nm. Delta epsilon (Ae) is also known as molar circular dichroism and is measured
in per residue molar absorption units of circular dichroism.
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The CD spectra for both proteins were individually deconvoluted from the web-
server DICHROWESB to get the secondary structure estimation. Table 19 lists the per-
centage of secondary structure elements viz. a-helix, 5-strand, turn and disorder char-
acter for CA100 KorB and NA31CA100 KorB. The CD data suggest an increase in a-
helical character for NA31CA100 KorB and decrease in turn, disorder and S-strand

character for NA31CA100 KorB when compared to CA100 KorB secondary structure

estimates.
KorB construct a-helix | g-strand | Turn Disorder
(%) (%) (%) (%)
NA31CA100 KorB 81 5 5 8
CA100 KorB 63 9 10 18

Table 19: Secondary structure deconvolution from CD data for CA100 KorB and
NA31CA100 KorB. CD data deconvolution for CA100 KorB and NA31CA100 KorB
from DICHROWEB analysis webserver. The data suggest an increase in a-helical char-
acter and decrease in turn, disorder and 3-strand character for NA31CA100 KorB when
compared to CA100 KorB.

5.4 Crystallisation trials of CA100 KorB and NA31CA100 KorB

To elucidate the structure of DNA-binding domain of KorB, crystallisation trials were
setup both for CA100 KorB and NA31CA100 KorB. The crystallisation trays for both
proteins were set using two sparse screens with varied precipitants. The best condition
from the sparse matrix screen that facilitated micro-crystal growth for both CA100 KorB
and NA31CA100 KorB was 0.1 M ammonium sulfate, 0.1 M Bis-tris, pH 5.5, 30% (w/v)
PEG 3350 and about 100 ym sized protein crystals were observed for both proteins. In
order to obtain bigger, diffraction quality protein crystals for both proteins, the initial
conditions were varied with trials varying salt concentrations (0.1-0.2 M) and varying
PEG 3350 (20-30%) in the presence and absence of 5% glycerol, but the micro-crystals

failed to grow in size with time.
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5.5 Discussion

Two deletion mutants of KorB (CA100 KorB and NA31CA100 KorB) capable of bind-
ing DNA were over-expressed and purified to homogeneity. From 1 L of culture, ap-
proximately 25 mg of CA100 KorB and 20 mg of NA31CA100 KorB were obtained,
sufficient amount to perform the CD experiments and DNA-binding experiments dis-
cussed in the next chapter. In the size exclusion chromatogram, CA100 KorB was ob-
served as a single species, devoid of any impurities, whilst impurities can be seen in the
NA31CA100 KorB purification SDS-PAGE gel. Both proteins behave as a monomer on
the size exclusion column.

Crystallisation trials of both deletion mutants were set using two sparse screens
with varied precipitants. In all the four screens, precipitation was observed for al-
most one-third of the conditions and micro-crystals were observed for both mutants
but the crystals failed to grow in size with time. The difficulty to crystallise these dele-
tion mutants can be because of the disorder in the protein, possibly due to the flexi-
ble N-terminal domain. The NA31CA100 KorB was observed to be more stable at RT
when compared to CA100 KorB. This can be explained with the removal of the first 53
residues from the N-terminal of CA100 KorB as those residues are possibly disordered.

CD data predict that NA31CA100 KorB has 86% (a-helix: 81%; (-strand: 5%) sec-
ondary structure character, whilst 72% (a-helix: 63%; (§-strand: 9%) secondary struc-
ture character was observed for CA100 KorB. The data suggest an increase in a-helical
character for NA31CA100 KorB and appears to be more ordered when compared to
CA100 KorB possibly because of the loss of the first 53 disordered residues from the
N-terminal of CA100 KorB. In the next chapter, using a combination of techniques (in-
cluding fluorescence anisotropy, circular dichroism and microscale thermophoresis),
the DNA-binding of both the deletion mutants capable of binding DNA along with the

wild-type KorB are described and discussed.
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6 Interaction of KorB with DNA and KorA

6.1 Introduction

o0 obtain data on structural and functional aspects of biomolecules, there has been
T a great push in applying a wide range of biophysical techniques e.g. to probe
the workings of proteins in physiologically relevant conditions. These include Flu-
orescence Polarisation (FP), Forster Resonance Energy Transfer (FRET), Fluorescence
Anisotropy (FA), CD, NMR and many more (Ishima and Torchia, 2000; Kelly et al., 2005;
Lakowicz, 2006). In addition a relatively new technique, Microscale Thermophoresis
(MST, discussed in section 6.2.3) has been extensively used to study protein-protein
and protein-DNA interactions (Seidel et al., 2013). FA, CD, NMR and MST were exten-
sively used in this body of work to study protein-protein and protein-DNA interactions
and are discussed below in detail.
Following the law of mass action with binding partners L (ligand) and P (protein)

forming complex LP, the binding of a ligand-protein complex can be described as

L+P==1LP (6.1)

and the dissociation constant K; at equilibrium is defined as

(L] ree [Pl pree

Ka= [LP]

(6.2)

where [L] .. and [P] . are the concentrations of free, unbound partners i.e. L and

P and [LP] is the concentration of the complex.
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If [P], [L] and [LP] represent molar concentrations of protein, ligand and complex

respectively, then

[L] = [L]free + [LP] (6.3)

[P] = [P]ree + [LP] (6.4)

and equation 6.2 adjusted accordingly results in

([L] = [LP)([P] = [LP])
[LP]

Ky = (6.5)

In this chapter, equation 6.5 serves as the main expression for the KorB-DNA binding

studies using FA, CD and MST.

6.2 Theoretical background of techniques

6.2.1 Fluorescence Anisotropy
6.2.1.1 Introduction

Fluorescence anisotropy (FA) is used to determine biomolecular interactions and mea-
sure dissociation constants of interactions such as protein with DNA. FA has been de-
scribed as a phenomenon where unequal intensity of light is emitted by a fluorescent
chemical compound i.e. fluorophore along different axes of polarisation (Lakowicz,
2006, page: 353-378). FA measurements of dissociation constants is based on the change
in rotational time and tumbling rates of the molecules on complex formation. In or-
der to calculate the dissociation constant, the unlabelled partner is titrated against the
labelled partner (fluorophore). A bound fluorophore will tumble at a slower rate in

comparison to an unbound state. If binding is observed, the anisotropy increases from
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an initial value (free to partially bound) and saturates at fully bound state. The change
in anisotropy during the titration is used to calculate the degree of binding.

FA is a dimensionless quantity as it is a measurement of ratio of intensities. The
difference in the intensity of fluorescence at two angles perpendicular to each other is
normalised by the total intensity (equation 6.6). The magnitude of FA is thus indepen-
dent of the concentration of the fluorophore and does not depend on the intensity of

the sample.

6.2.1.2 Theoretical background

Light can be understood as a wave travelling in space and can have multiple orien-
tations. Once the light passes through a polarisation filter, it is polarised. In an FA
experiment, vertically polarised light is used to excite the sample in the cuvette. The
sample is a fluorophore attached to a biomolecule (in this study fluorophore is Fluores-
cein attached at the 3’ end of DNA). Light excites the fluorophore and light of the same
orientation is emitted. Molecules in solution are in motion and since the fluorophore
is tumbling with the DNA, the orientation of emitted light changes too. The strength
of the emitted signal changes according to the orientation of the emitted light, when
passed through another polarisation filter at the same angle. If the orientation of emit-
ted light is perpendicular to the filter then the signal is completely blocked, however
the signal is maximum if it is parallel to the filter. Upon protein binding to DNA, the
molecular weight of the complex increases and the tumbling rate decreases. Because
of the slower movement, the polarisation of light is conserved for a longer time. An
increase in molecular weight results in an increased anisotropy signal.

In this study, Fluorescein was used because of its relatively broad emission spec-
trum and good water solubility. The instrumentation and the phenomena of fluores-
cence anisotropy is highlighted in figure 53A. The sample in the cuvette is excited with
vertically polarised light (Polariser1) oriented parallel to the Z-axis. The intensity of the

emitted light is measured after it passes through another polariser (2). When the emis-
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sion polariser (2) is oriented parallel (]|) and perpendicular (L) to the direction of the
polarised excitation light, the intensity is called I and I, respectively. The mathemat-
ical relationship between emitted light intensities and anisotropy is given in equation
6.6. In figure 53B, a fluorophore is attached to one of the binding partners (Partnerl)
and because of its small size, the molecule tumbles rapidly. When a large binding part-
ner (Partner2) binds Partnerl, the overall complex tumbles slowly and an increase in

anisotropy is observed. Mathematically FA is defined as

I — I
FA= =

| 6.6
[|| + 21, (6:6)

A similar and related phenomenon to FA is Fluorescence Polarisation (FP) and FP is

defined as
Iy — I,
FP=———— 6.7
]|| + I, ( )
FA and FP are related as
2« FP
FAZB_FP (6.8)

FA and FP contain the same information and the use of FA is encouraged because
FA is a normalised measurement i.e. the difference in intensities (I;; — I, ) is normalised

by the total intensity (I + 21, ), resulting in simplification of equations.
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Figure 53: Schematic representing the technology of Fluorescence Anisotropy. (A)
The sample in the cuvette is excited with vertically polarised light (Polariser1) orienting
parallel to the Z-axis. The intensity of the emitted light is measured with the help
of another polariser (Polariser2). When the emission polariser (Polariser2) is oriented
parallel (||) and perpendicular (L) to the direction of the polarised excitation light, the
intensity is called Iy and I, respectively. The mathematical expression for anisotropy
is given in equation 6.6. (B) Illustration of principle of FA where a bound fluorophore
tumbles at a slower rate in comparison to an unbound state, leading to an increase in
anisotropy.
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6.2.2 Circular Dichroism
6.2.2.1 Introduction

Circular dichroism (CD) is a biophysical technique with a wide gamut of applications
in different fields. In biochemistry and structural biology, CD is used to determine the
secondary structure of biological molecules especially proteins. The technique of CD
measures the differential absorption of left— and right—circularly polarised light and the

results are given as angle of rotation in mdeg (Cary and Kneale, 2009).

6.2.2.2 Theoretical background

Plane polarised light forms the basis of CD spectroscopy. Electromagnetic radiation
(EMR) can be imagined as a wave travelling in space composed of magnetic and electric
fields propagating perpendicular to each other and to the direction of the propagation
of the wave. When the oscillations of a light wave are confined to a single plane (e.g. by
using a polariser), then that resultant light wave is termed as plane polarised light. If
we take two, in-phase plane polarised light waves with equal amplitude, that are also
perpendicular to each other, then the resultant light wave would be linearly polarised
at 45°.

If two plane polarised light waves are out of phase, the resultant wave is not linearly
polarised. If one of the plane polarised waves is out of phase by a quarter-wave (7/,)
with respect to the other wave, then the resultant wave would be a helix and the light
wave is known as circularly polarised light (CPL). We can get helical light waves that
are either left-handed circularly polarised (L-CPL) or right-handed circularly polarised
(R-CPL). In circular polarisation of a wave, the strength of the electric field does not
change but the direction of the wave changes in rotatory manner.

CD is based on differential absorption of the circularly polarised light from opti-

cally active molecules. Figure 54A shows the resulting circularly polarised wave (red)
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because of the vectors that match the maximum of the vertical component (blue) and
the horizontal component (green). CD measures the difference in absorption (0A) of
left-handed circularly polarised light (4;) and right-handed circularly polarised light
(Ag). The circular dichroism of a sample of molar concentration [C] with absorbances
for the two components, (A, and Ag) is represented as (Atkins and De Paula, 2006,
page: 488-489):

A — A
[C1L

0e = €5, — €p =

where L defines the path length of the cuvette used in the experiment.

6.2.2.3 Determination of secondary structure of protein

CD is a technique that analyses the conformation of proteins (Greenfield, 1996). Both
X-ray crystallography (XRC) and NMR provide atomic level structural information on
proteins whereas CD is a low resolution and semi-quantitative structural /biophysical
technique that describes the overall secondary structural features of proteins. EMR can
be characterised based on either wavelength or frequency. The EMR is exploited in CD
spectroscopy to determine the secondary structure of macromolecules.

In proteins, the peptide bond is the chromophore (light-absorbing group) studied
in the far-UV region (190-250 nm) and the nature of the CD signal is an indication of
the conformation of the molecule. The characteristic CD signal observed for proteins
with predominantly a-helix, anti-parallel S-sheet, type I S-turn, poly (Pro) II helix and
unfolded structures is given in figure 54B (Kelly et al., 2005).
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Figure 54: Schematic representing the phenomenon of circular dichroism and its ap-
plication to proteins. (A) From the point of view of the source, circularly polarised
wave (shown in red) is defined as left-handed or anti-clockwise. The vertical com-
ponent of the wave with its propagation plane are shown in blue while the horizontal
wave component and its plane are illustrated in green. Relative to the direction of prop-
agation of the wave, the vertical component lags the leftward horizontal component by
one quarter of the wavelength. The quadrature phase difference results in zero magni-
tude for the horizontal component and correspondingly maximum magnitude for the
vertical component and vice versa. This results in the circularly polarised wave with
vectors that match the maximum of the vertical and the horizontal component. (B) In
proteins, different secondary structure elements give rise to characteristic CD spectra.
A characteristic CD signal is observed for proteins with predominantly a-helix (solid
line), anti-parallel S-sheet (long dashed line), type I f-turn (dotted line), poly (Pro) II
helix (cross dashed line) and unfolded structures (short dashed line). The image is re-
produced with permission of the rights holder, Elsevier (Kelly et al., 2005).
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6.2.3 Microscale Thermophoresis
6.2.3.1 Introduction

Microscale thermophoresis (MST) is a recent technology to study interaction of bi-
ological molecules under close-to-native conditions (Jerabek-Willemsen et al., 2011;
Wienken et al., 2010). The method is suitable for quantifying the binding affinities of lig-
ands with very small amounts of protein (as low as nM) in solution (Jerabek-Willemsen
etal., 2014; Seidel et al., 2013). In addition, MST can be used to test potential aggregation
of biomolecules. MST is based on the phenomenon of directed movement of a particle
subjected to microscopic temperature gradient. With MST, both labelled (fluorescently
labelled) and label-free molecules can be used in free solution to measure thermophore-
sis. MST is a contact-free, optical method with minimal sample contamination and for

experimentation low sample volume is required.

6.2.3.2 Theoretical background of thermophoresis

A wide range of biomolecular interactions can be measured with MST as the method
monitors changes in the hydration shell, size or charge of molecules. Since ligand bind-
ing changes the hydration shell and other properties, thermophoresis changes can be
used to determine binding affinities. Heating an aqueous solution locally leads to the
movement of molecules along the temperature gradient and the flow of molecules is
impeded by mass diffusion. At steady state, both effects balance each other resulting in
a stationary spatial distribution of concentration. The relative concentration (¢t /Ceotd)

is given by (Wienken et al., 2010)

Chot

= exp[=Sr * (T — Tp)] (6.10)

Ceold
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where T — T represents the change in temperature (rise) and St is the Soret coefficient.
St depends on nature of the molecule and is a measure of the strength of molecular ther-
mophoretic flow when compared to ordinary diffusion. The theory of thermophoresis
is still being debated but all theoretical explanations agree that Sy is influenced by the
size of molecule and multiple surface parameters, such as charge and hydrophobicity.

Experimental evidence (Duhr and Braun, 2006) suggests that the Soret coefficient

can be expressed as (Wienken et al., 2010)

A

ST:ﬁ

, Boess
*Aé‘hyd(T) + /\DH4T€60 (611)

where A is the surface area of molecule, s, is the area-specific hydration entropy
(Shya = Shya/A), € is the dielectric constant, o, is effective charge density, Apy is the
Debye-Hueckel screening length and 3 is a temperature derivative arising from the
ionic Gibbs-free enthalpy. Based on the equation, the Soret coefficient of a molecule
depends on the its size (red term), entropy of i) ionic shielding (blue term) and ii) hy-
dration (green term).

MST is capable of measuring biomolecular binding events with dissociation con-
stants typically in the nM to mM range (K; = 1 nM - 500 mM). With MST it is possible
to measure binding of macromolecular complexes such as ribosomes (2.5 MDa) and
smaller molecular weight molecules such as single ions (40 Da) to a target. MST exper-
iments require limited amount of labelled compound (>1 nM) which is titrated against
an unlabelled molecule with concentration in the range of + 20-fold of expected disso-
ciation constant for the binding. The technology of the MST is illustrated in figure 55

and a typical MST trace is described in figure 56.
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Figure 55: Schematic representing the instrumentation of MST. The Monolith NT.115
Blue-Red excites fluorescence with wavelengths 460-480 nm and 600-650 nm. Also,
it detects wavelengths between 510-530 nm and 675-690 nm. Using capillary action,
~5 pl of sample volume is sucked into a capillary. Then, the capillary is placed on a
temperature-controlled tray and thermophoresis signal is recorded. An objective (sin-
gle optical unit) is used to excite fluorophoes with a focused LED (green coloured beam)
and detect the fluorescence. A dichroic mirror is placed above the optical unit that
transmits the fluorescence excitation/emission and reflects the Infrared (IR)-laser. A
part of the sample inside the capillary is heated the IR-laser to established the temper-
ature gradient. The thermophoresis for the fluorescent molecules is detected with a
charge-coupled device (CCD) camera housed in the optical unit. The figure is adapted
from Jerabek-Willemsen et al., 2014.
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Figure 56: Schematic representing a typical MST trace. A typical MST signal trace
recorded for a given capillary. The molecules in the sample are distributed homo-
geneously and a constant-initial fluorescence is detected for ~5 s (I). As soon as the
IR-laser is turned on, a temperature jump or T-jump (II) is observed. Depending on
the fluorophore used, the T-jump can be either positive or negative. The T-jump re-
sults because of a sudden (~100 ms time scale) change in fluorescence, followed by
thermophoresis-induced motion (diffusion) of molecules (III). In this instance, the de-
crease in fluorescence is measured for ~30 s, till steady-state is achieved (IV). After-
wards the IR-laser is turned off resulting in an inverse T-Jump (IV). Stage V is marked
by the back-diffusion of molecules as a result of pure mass diffusion. The fluores-
cence signal at stage III is normalised to the signal at stage I to glean information about
the molecular interactions. The nature of (bio)molecular interactions can influence the
change in T-jump and thermophoresis.
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6.3 Data analysis

All the KorB-DNA interaction experiments (FA, CD and MST) used addition of pro-
tein at every titration step while the amount of DNA remained constant. The titration
data thus obtained were used to calculate the KorB-DNA dissociation constants. The
KorB-DNA interactions (monophasic or single binding event) observed with FA, CD
and MST were fitted using non-linear regression to a predefined hyperbola equation,

‘Single Rectangular I, 3 Parameter’ in Sigmaplot to calculate the dissociation constant

(Ka).

a*xX

12
Kot (6.12)

f:yo+

where y is the signal at z and f is fitted to y, y, is the initial (non-zero) value of the signal
(from FA, CD or MST), a is the difference between the maximum and minimum signal
i.e. max(y)-min(y), z is the protein concentration and K; is the KorB-DNA dissociation
constant. Equation 6.12 is correct if DNA concentration is considered to be negligible
and protein concentration is in excess. Only monomeric protein concentration was used
for dissociation constant calculations.

From raw anisotropy data, averaged anisotropy values (mean of five data measure-
ments at a given protein concentration) were plotted against protein concentration. The
raw data for KorB-DNA binding were fitted with the hyperbola equation 6.12 to cal-
culate the dissociation constants. The same equation 6.12 was used to calculate the
dissociation constants from CD data. However in case of CD experiments, the DNA
concentration in the cuvette was comparable to the protein concentration and the DNA
concentration was in the range of dissociation constant. In this scenario, the hyperbola
equation 6.12 cannot be used as the presence of DNA cannot be neglected. In order

to correct for the DNA concentration, the standard quadratic equation was modified
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(6.13) and both protein and DNA concentrations were used to calculate the dissociation

constant.

T+ 2+ Kg—/(x+ 2+ Ky)? —4az
2z

f=vyo+ax (6.13)

Here, y, is the initial (non-zero) value of CD signal, a is the difference between the
maximum and minimum CD signal i.e. max(y)-min(y), z is the protein concentration,
z is the DNA concentration (constant), and K; is the dissociation constant.

For single step binding events recorded with MST, equation 6.12 was used to cal-
culate the dissociation constants but most of the KorB constructs bind Og in a two-step
manner. A predefined ‘Double Rectangular, 5Parameter” equation in Sigmaplot was
modified to fit the data and calculate the two dissociation constants for the two distinct

binding events.

N a*x n cxx
" Kpn+z Kp+o

f=vy (6.14)
Y, is the initial MST signal value, a and c are the difference between maximum and
minimum MST signal for first and second binding interaction respectively, x is the
protein concentration, and K;; and Ky, are the dissociation constants for first and second
interaction respectively.

A couple of assumptions are employed while fitting the data with non-linear regres-
sion. The first is that the independent variable is known precisely and all the errors
are in the dependent variable. Secondly, the dependent variable is measured inde-
pendently of the independent variable. A number of statistical values were calculated
from Sigmaplot, which are useful to validate the fitting and various terms are described

below. ¢ is the ratio of the coefficient (K;) to the standard error in this parameter (a mea-
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sure of precision) and higher values of ¢ suggest greater precision. P is the probability
of the event occurring by random chance and correlates to obtaining the ¢ value by
chance. R? is the coefficient of regression, a measure of how well the regression model
fits the actual data. The value of R? varies between 0 and 1. A higher value of R? is
predictive of a stronger relationship between independent and dependent variable. R?
determines the degree of certainty in making predictions from a fitted model. Standard
error” is the error in the estimation for the value of R?. In this chapter, the dissociation

constants (K;) are expressed in M unless stated otherwise.

6.4 Results of KorB-DNA interactions

6.4.1 Fluorescence Anisotropy

KorB constructs viz. KorB wild-type (WT), CA100, NA31CA100 and N-terminal do-
main of KorB were individually titrated against fluorescently labelled (fluorescein at
the 3’ end) double stranded Og DNA (dsHL and dsFL); dsFL and dsHL stands for dou-
ble stranded full-length Op DNA and double stranded half-length Og DNA respec-
tively. The sequences of Oy DNA containing oligonucleotides used for KorB-DNA in-
teractions are given earlier in table 13. The concentration range of the KorB constructs
along with the concentration of Og DNA used in the fluorescence anisotropy study are
listed in the table 20.

During the course of titration, two measurements were recorded, a) fluorescence
intensity and b) anisotropy. The fluorescence intensity was observed to decrease due
to the addition of protein solution. When the fluorescence intensity was measured
with respect to the total volume of solution added, the intensity decreased linearly with
dilution rather than protein concentration i.e. it was a dilution effect, not a quenching
effect. In contrast, an increase in the anisotropy was recorded upon addition of KorB
constructs as the protein-DNA complex tumbled relatively slowly in comparison to the

free DNA in solution. The anisotropy is independent of the fluorescence intensity.
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KorB construct Concentration Oz DNA Concentration
range (M) (M)

Wild-type KorB 0-11 dsFL 0.24
Wild-type KorB 0-9 dsHL 0.5

CA100 KorB 0-61 dsFL 0.24

CA100 KorB 0-31 dsHL 0.5
NA31CA100 KorB 0-27 dsFL 0.24
NA31CA100 KorB 0-29 dsHL 0.5

NTD KorB 0-55 dsFL 0.24

NTD KorB 0-55 dsHL 0.5

Table 20: KorB and Og DNA concentrations used in the FA study.

The maximum difference in anisotropy values, a for each KorB construct is shown
in table 21. The difference in the anisotropy values seems to vary between the con-
structs and appears to have no particular correlation with protein size, DNA type or
dissociation constant.

Figure 57A and 57B show the data for wild-type KorB titration against dsFL Og
and dsHL Og DNA respectively. Figure 58A and 58B show the data for CA100 KorB
titration against dsFL Og and dsHL Og DNA respectively. Figure 59A and 59B show the
data for NA31CA100 KorB titration against dsFL Og and dsHL Og DNA respectively.
The dissociation constants with pertinent statistics for KorB WT, CA100, NA31CA100
with Og DNA (dsHL and dsFL) are listed in table 21. As it was postulated, an increase
in anisotropy was not observed when NTD KorB was titrated even in a large excess
(>50 uM) with Oy DNA (both dsHL and dsFL). From the FA data, the CA100 KorB and
NA31CA100 KorB bound to the Og more weakly when compared to the KorB WT.
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Figure 57: KorB WT-Op DNA interaction studied with anisotropy. (A): KorB WT
was titrated against dsFL Og DNA and anisotropy was recorded. Anisotropy values
as mean of five data points (dark orange circle) &+ standard deviation (grey bar) are
plotted against increasing KorB WT concentration. (B): KorB WT was titrated against
dsHL Og DNA. Anisotropy values as mean of five data points (blue circle) + standard
deviation (grey bar) are plotted against increasing KorB WT concentration. For both
the experiments, the anisotropy values were monitored every 5 s for every titration
step of protein addition. The data for both the experiments were fitted using equation
6.12 and the fit is shown with dashed lines (orange for KorB WT-dsFL and cyan for
KorB WT-dsHL interaction respectively).
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Figure 58: CA100 KorB-Og DNA interaction studied with anisotropy. (A): CA100
KorB was titrated against dsFL. Og DNA and anisotropy was recorded. Anisotropy
values as mean of five data points (dark orange circle) + standard deviation (grey bar)
are plotted against increasing CA100 KorB concentration. (B): CA100 KorB was titrated
against dsHL O DNA. Anisotropy values as mean of five data points (blue circle) +
standard deviation (grey bar) are plotted against increasing CA100 KorB concentration.
For both the experiments, the anisotropy values were monitored every 5 s for every
titration step of protein addition. The data for both the experiments were fitted using
equation 6.12 and the fit is shown with dashed lines (orange for CA100 KorB-dsFL and
cyan for CA100 KorB-dsHL interaction respectively).
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Figure 59: NA31CA100 KorB-Og DNA interaction studied with anisotropy. (A):
NA31CA100 KorB was titrated against dsFL. Og DNA and anisotropy was recorded.
Anisotropy values as mean of five data points (dark orange circle) + standard devi-
ation (grey bar) are plotted against increasing NA31CA100 KorB concentration. (B):
NA31CA100 KorB was titrated against dsHL Og DNA. Anisotropy values as mean of
five data points (blue circle) + standard deviation (grey bar) are plotted against increas-
ing NA31CA100 KorB concentration. For both the experiments, the anisotropy values
were monitored every 5 s for every titration step of protein addition. The data for both
the experiments were fitted using equation 6.12 and the fit is shown with dashed lines
(orange for NA31CA100 KorB-dsFL and cyan for NA31CA100 KorB-dsHL interaction
respectively).
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KorB Og Yo a K, +Std. | t P R? +Std.
construct DNA (uM) | Error Error*

dsFL 0.107 | 0.032 | 0.63 0.1 6.3 <0.0001 | 0.937 | 0.0024
Wild-type

dsHL | 0.089 | 0.063 | 2.2 0.14 15.8 | <0.0001 | 0.984 | 0.0021

dsFL 0.109 | 0.053 | 10.1 1.5 6.7 <0.0001 | 0.987 | 0.0021
CA100

dsHL | 0.096 | 0.059 | 0.44 0.05 8.9 <0.0001 | 0.945 | 0.0044

dsFL 0.101 | 0.013 | 1.8 0.93 1.9 | 0.0842 0.910 | 0.0016
NA31CA100

dsHL | 0.089 | 0.054 | 8.4 0.98 8.6 <0.0001 | 0.970 | 0.0024

dsFL - - - - - - - -
NTD KorB

dsHL | - - - - - - - -

Table 21: Binding parameters of KorB constructs with Og DNA calculated from the
fluorescence anisotropy data. The dissociation constants (K,) with standard error (Std.
Error) for KorB wild-type (WT), CA100, NA31CA100 with Oy DNA (dsHL and dsFL)
are calculated using the equation 6.12. ¢ is the ratio of K; to standard error, a measure of
precision and P is the probability of obtaining the value of ¢ by chance. The Std. Error,
t and P values for respective K, values are shown in bold. v, is the initial anisotropy
value and « is the difference between maximum and minimum anisotropy. R? is the
coefficient of regression and standard error (Std. Error*) is the error in estimation of
R?. Addition of NTD KorB (even in excess) to O DNA did not increase the anisotropy,
suggesting the absence of binding to Og as depicted by dashes. BSA was used as a
negative control for the anisotropy experiments.
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6.4.2 Circular Dichroism

To determine the binding affinities of KorB mutants with Og DNA, CD spectra of Og
DNA were examined in the absence and presence of increasing concentrations of two
KorB mutants viz. CA100 KorB and NA31CA100 KorB. The concentrations of KorB
constructs and double stranded O DNA used for CD experiments are listed in table
22.

CD spectra for DNA (+ protein) were measured between 340-240 nm whereas spec-
tra for the protein alone were measured in the range of 340-185 nm. Around 280 nm
(near-UV region of the spectrum), signals from the DNA dominate and the measured

signals for protein are weaker (10-100 fold) (Hyde et al., 2017).

KorB KorB concen- | Double stranded | O DNA con-
construct tration (xM) Oz DNA centration (M)
NA31CA100 0-80 FL 10
NA31CA100 0-80 HL 20
CA100 0-60 FL 15
CA100 0-60 HL 20

Table 22: Concentration of KorB constructs and double stranded Oz DNA used for
CD experiments.

NA31CA100 KorB-Opg interaction: The binding of NA31CA100 KorB was tested
with both dsHL and dsFL Og DNA. Figure 60 and figure 62 show the titration of the
protein NA31CA100 KorB with dsHL and dsFL DNA respectively. In figure 60 the
titration shows an overlay of NA31CA100 KorB-dsHL Og DNA spectra with increasing
protein concentration. The CD spectrum of 20 M of dsHL Og DNA was recorded
between 340-240 nm. Then 5 M of NA31CA100 KorB was added to a new sample
of 20 uM DNA i.e. DNA:protein-1:0.25 and the spectrum was recorded. Subsequently
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different amounts of protein was added to the DNA samples, making DNA-protein
ratios — 1:0.5, 1:1, 1:1.5, 1:2, 1:3 and 1:4. The CD spectra of the NA31CA100 KorB [n]
were subtracted from those of the equivalent [(dsHL O DNA + NA31CA100 KorB)
(1:n)] for the corresponding n ratios (spectra not shown) to get the change in DNA
with increasing protein concentration.

In order to calculate the stoichiometry and the dissociation constants for KorB-DNA
interactions, the ellipticity at 280 nm (maximum signal but corrected for protein con-
centration) was plotted against the corresponding protein concentration. Figure 61A
shows the change in slope which indicates a stoichiometry of dsHL DNA:NA31CA100
KorB to be 1:1. Figure 61B shows the fitted data using hyperbola equation (6.12) for
dsHL DNA and NA31CA100 KorB.

In figure 62, the titration shows an overlay of NA31CA100 KorB-Og dsFL DNA
spectrum with increasing protein concentration. CD spectrum for 10 M of Op dsFL
DNA was recorded between 340-240 nm. Then 5 uM of NA31CA100 KorB was added to
another aliquot containing DNA at 20 M i.e. DNA:protein-1:0.5 and the spectrum was
recorded. Subsequently different amounts of protein was added to the DNA samples,
making DNA-protein ratios — 1:1, 1:2, 1:4, 1:6 and 1:8. The respective protein spectra
were subtracted from the DNA+protein spectra (not shown) to get the change in DNA
signal with increasing protein concentration.

The dissociation constants calculated with hyperbola equation for NA31CA100 KorB
(monomer) with dsHL and dsFL Op DNA were 21+3.5 M and 13.7+3.7 ;M respec-
tively, whilst dissociation constants for NA31CA100 KorB (using a modified quadratic
equation, monomer) with dsHL and dsFL Oy DNA were 5.84+0.8 uM and 6.2+2.2 ;M
respectively. When the binding of dsFL was considered with NA31CA100 KorB con-
centration as a dimer, the calculated K; with modified quadratic equation was reduced
to 1.1+£0.7 uM. Figure 63A shows the change in slope that indicates a stoichiometry of
dsFL DNA:NA31CA100 KorB to be 1:2. Figure 63B shows the fitted data using hyper-
bola equation (6.12) for dsFL DNA and NA31CA100 KorB.
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In figure 64, CD spectrum for titration of dsFL Og with CA100 KorB in the range
of 240-320 nm is shown. 15 uM of dsFL Og DNA was recorded for 340-240 nm. Then
15 uM of CA100 KorB was added to another aliquot of DNA i.e. DNA:protein-1:1 and
spectrum was recorded. Additional recorded spectra were overlaid with subsequent
samples of the protein and DNA making DNA:protein 1:2, 1:4, 1:8, 1:10, 1:16, 1:20 and
1:30. The CD spectra of the CA100 KorB [n] were subtracted from those of the equiv-
alent [(dsFL Og DNA + CA100 KorB) (1:n)] for the corresponding n ratios (spectra not
shown). The CD signal below 250 nm becomes more negative at higher concentration
of the proteins because the protein shows maximum negative ellipticity around 220
nm. The inset (figure 64) shows the zoomed region between 270 and 290 nm where the
DNA signal dominates.

In figure 654, the stoichiometry of the dsFL Og DNA interaction with CA100 KorB
is shown to be 1:4 for DNA:protein (monomer). The dissociation constant for the in-
teraction is 27.3+9.4 uM and calculated with non-linear regression analysis - modified
quadratic equation 6.13 given on page 153 and the fit is shown in figure 65B.

In figure 66 the titration shows an overlay of CA100 KorB-dsHL DNA spectrum
with increasing protein concentration. Figure 67 shows the interaction of the dsHL Og
DNA with CA100 KorB. Figure 67A shows the stoichiometry for DN A:protein to be 1:2
and figure 67B shows the fit and the constant was calculated to be 9.1 £6.1:M.

The dissociation constants were calculated with hyperbola equation for CA100 KorB
(monomer) with dsHL and dsFL Og DNA were 17.7+3.8 uM and 27.6+9.3 M respec-
tively, where as the dissociation constants for CA100 KorB (modified quadratic equa-
tion, monomer) with dsHL and dsFL. Oy DNA were 6.4+3.6 uM and 22.6+10.2 ;M
respectively. When the binding of dsFL was considered with CA100 KorB as a dimer,
the calculated K; with modified quadratic equation was reduced to 5.9+1.7 yM. Dis-
sociation constants with pertinent statistics for NA31CA100 and CA100 with Oy DNA
(dsHL and dsFL) are listed in table 23.
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Figure 60:

320

CD titration of the dsHL Oz DNA interaction with NA31CA100

KorB protein. The figure shows an overlay of protein-DNA CD spectra of [dsHL
Op+NA31CA100 KorB] [1:n] at various n molar ratios. Circular dichroism ellipticity
is on the Y-axis and the wavelength (nm) is on the X-axis. The inset shows the DNA
signal (zoomed in the range of 270-290 nm) upon protein binding (DNA signal is not

corrected for protein addition).
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Figure 61: Interaction of the dsHL Oy DNA with NA31CA100 KorB protein. The
ellipticity values at 280 nm (from figure 60 but corrected for protein concentration)
are plotted against the corresponding protein concentration of NA31CA100 KorB.
The DNA concentration used for this experiment is 20 ¢M and the concentration of
NA31CA100 KorB is for monomeric form. (A) Stoichiometry of the dsHL O interac-
tion with NA31CA100 KorB. The dashed line and solid line show the fit for increasing
ellipticity signal and saturating ellipticity signal respectively. The change in slope in-
dicates a stoichiometry of DNA:NA31CA100 KorB to be 1:1. (B) The data are fitted
using hyperbola equation (6.12) with NA31CA100 KorB as monomer. The dissociation
constant for the interaction is 21.6+3.5 uM when calculated with hyperbola equation
(6.12) and the dissociation constant is 5.8+0.8 M calculated with modified quadratic
equation (6.13).
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Figure 62: CD titration of the dsFL Og DNA interaction with NA31CA100 KorB
protein. The figure shows an overlay of protein-DNA CD spectra of [dsFL Og
DNA+NA31CA100 KorB] [1:n] at various n molar ratios. Circular dichroism ellipticity
is on the Y-axis and the wavelength (nm) is on the X-axis. The inset shows the DNA
signal (zoomed in the range of 270-290 nm) upon protein binding.
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Figure 63: Interaction of the dsFL O DNA with NA31CA100 KorB protein. The
ellipticity values at 280 nm (from figure 62 but corrected for protein concentration)
are plotted against the corresponding protein concentration of NA31CA100 KorB.
The DNA concentration used for this experiment is 10 M and the concentration of
NA31CA100 KorB is for monomeric form. (A) Stoichiometry of the dsFL Og interac-
tion with NA31CA100 KorB. The dashed line and solid line show the fit for increasing
ellipticity signal and saturating ellipticity signal respectively. The change in slope pos-
sibly indicates a stoichiometry of DNA:NA31CA100 KorB to be 1:2. (B) The data are
fitted using hyperbola equation (6.12) with NA31CA100 KorB as monomer. The dis-
sociation constant for the interaction is 13.743.7 uM when NA31CA100 KorB is con-
sidered a monomer and calculated with hyperbola equation (6.12). The dissociation
constant is 1.140.7 uM when NA31CA100 KorB is considered a dimer and calculated

with modified quadratic equation (6.13).
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Figure 64: CD titration of the dsFL Og DNA interaction with CA100 KorB protein.
The figure shows an overlay of protein-DNA spectrum with increasing protein concen-
tration. CD spectra of [dsFL Og+CA100 KorB] [1:n] at various n molar ratios. Circular
dichroism ellipticity is on the Y-axis and the wavelength (nm) is on the X-axis. The in-
set shows the DNA signal (zoomed in the range of 270-290 nm) at 280 nm upon protein
binding.
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Figure 65: Interaction of the dsFL Oy DNA with CA100 KorB protein. The elliptic-
ity values at 280 nm (from figure 64 but corrected for protein concentration) are plot-
ted against the corresponding protein concentration of CA100 KorB. The DNA con-
centration used for this experiment is 15 uM and the concentration of CA100 KorB is
for monomeric form. (A) Stoichiometry of the dsFL Og interaction with CA100 KorB.
The dashed line and solid line show the fit for increasing ellipticity signal and satu-
rating ellipticity signal respectively. The change in slope indicates a stoichiometry of
DNA:CA100 KorB (dimer) to be 1:4. (B) The data are fitted using hyperbola equation
(6.12) with CA100 KorB as monomer. The dissociation constant for the interaction is
27.6+9.3 uM when CA100 KorB is considered a monomer and calculated with hyper-
bola equation (6.12). The dissociation constant is 9.7+5.9 uM when CA100 KorB is
considered a dimer and calculated with modified quadratic equation (6.13).
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Figure 66: CD titration of the dsHL Og DNA interaction with CA100 KorB protein.
The figure shows an overlay of protein-DNA spectrum with increasing protein con-
centration. CD spectra of [dsHL Og+CA100 KorB] [1:n] at various n molar ratios. The
ellipticity (Y-axis) is plotted against the wavelength (X-axis). The inset shows the DNA

signal (zoomed in the range of 270-290 nm) at 280 nm upon protein binding.
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Figure 67: Interaction of the dsHL Og DNA with CA100 KorB protein. The ellipticity
values at 280 nm (from figure 66 but corrected for protein concentration) are plotted
against the corresponding protein concentration of CA100 KorB. The DNA concentra-
tion used for this experiment is 20 M and the concentration of CA100 KorB is for
monomeric form. (A) Stoichiometry of the dsHL Og interaction with CA100 KorB.
The dashed line and solid line show the fit for increasing ellipticity signal and satu-
rating ellipticity signal respectively. The change in slope indicates a stoichiometry of
DNA:CA100 KorB to be 1:2. (B) The data are fitted using hyperbola equation (6.12)
with CA100 KorB as monomer. The data are fitted with CA100 KorB as monomer. The
dissociation constant for the interaction is 17.74+3.8 uM when calculated with hyper-
bola equation (6.12) and 6.4+3.6 M when calculated with modified quadratic equation

(6.13).
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6.4.3 Microscale Thermophoresis

Scans of the samples in the capillary tubes used for MST experiments were made to
check that the samples had the same amount of fluorescence and not affected by pro-
tein aggregation. Afterwards, the scans were optimised by observing the shape of the
fluorescence signal. Figure 68A shows capillary scan data for each capillary used in
a typical MST experiment. Positioned on the MST tray were 11 capillaries in the slots
numbered 5 and 15. KorB was serially diluted (1:1) from capillary 5 (108 M) to 15
(0.106 uM).

Each capillary contains KorB WT and labelled dsHL Og DNA. The DNA used in
the MST study was labelled with fluorescein at the 3’ end. Each capillary contains the
same amount of DNA (250 nM). A series of aliquots of KorB at different concentrations
was added. The concentration of KorB in each capillary is as follows: 5 (108 M), 6 (54
M), 7 (27 uM), 8 (13.5 uM), 9 (6.75 uM), 10 (3.375 M), 11 (1.688 M), 12 (0.844 M), 13
(0.422 M), 14 (0.211 M), 15 (0.106 M).

Raw fluorescence counts from the fluorophore are shown with respect to each capil-
lary (figure 68A). Native fluorescence counts are acceptable between 300 and 1000 and
within 10% of each other. The translucent blue strip in the image represents + 10% of
400 and ideally all of the counts from each capillary should be in that range. Figure 68B
overlays the shapes of the 11 capillary scans. Relative fluorescence is on the Y-axis and
relative capillary position is on the X-axis and all the scans were overlaid relative to
each other. Once the capillary scans were confirmed to be in agreement after overlay-
ing them, MST signal was measured for protein-DNA binding. Figure 69A and figure
69B shows the original trace and relative MST trace respectively for the KorB WT and
dsHL Oz DNA interaction.

At times ‘outliers’ are encountered in the measured data due to various reasons.

The presence of water/sample/dirt on the outside of a capillary can locally perturb
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the infrared laser. If the time trace appears to be ‘bumpy’, the change in the signal is
because of the convective flow of aggregates inside the capillary. An outlier in fluores-
cence signal is because of the deviation in concentration. In this study, the outliers (if
observed) were ignored from data analysis with the corresponding protein data point
concentration.

The MST results presented here suggest that MST is suitable for the quantification
of KorB-DNA dissociation constants and are of great importance in basic scientific re-
search. Binding of KorB constructs viz. WT, CA100 KorB and NA31CA100 KorB were
tested with full-site and half-site Og DNA with MST. KorB WT bound to dsFL in a two
step manner (biphasic). Here, the two binding steps are named as binding event 1 (BE1)
and binding event 2 (BE2).

KorB WT-DNA interaction: KorB WT binds to half-site (dsHL) Og in a single step
whereas binds to full-site (dsFL) Og in two steps. Binding of KorB WT to both half-site
(dsHL) and full-site (dsFL) Og are shown in figure 70 and figure 71 respectively. Each
capillary contains the same amount of DNA (250 nM for dsHL and 120 nM for dsFL).

For KorB WT and dsFL interaction, KorB WT was serially diluted (1:1) from capil-
lary 1 (108 M) to 12 (0.106 M), i.e. 1 (108 M), 2 (54 uM), 3 (27 uM), 4 (13.5 uM), 5
(6.75 uM), 6 (3.375 M), 7 (1.688 M), 8 (0.844 M), 9 (0.422 M), 10 (0.211 M), 11 (0.106
M), 12 (0.026 M).

The dissociation constants for KorB WT dsHL and dsFL Og DNA are given in table
24 and table 25 respectively. The MST trace and binding profile for the KorB WT-dsHL
interaction are shown in figure 70A and figure 70B respectively. The binding for KorB

WT-dsHL was observed as a single step and the K; for the interaction was 10.2+3.3 uM.
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Figure 68: Capillary scan optimisation. (A) Graph representing the raw fluorescence
counts for each capillary (position given as numbers on X-axis) used for KorB WT and
dsHL Og DNA binding experiment. Each capillary contains KorB WT and labelled
dsHL Og DNA. Each capillary contains the same amount of DNA (250 nM). KorB was
serially diluted (1:1) from capillary 5 (108 M) to 15 (0.106 xM). That is 5 (108 M), 6
(54 uM), 7 (27 pM), 8 (13.5 uM), 9 (6.75 M), 10 (3.375 M), 11 (1.688 M), 12 (0.844 M),
13 (0.422 M), 14 (0.211 M), 15 (0.106 M). Native fluorescence counts are acceptable
between 300 and 1000 and within 10% of each other (shown with the teal band). (B)
Overlaid shapes of the capillary scan. All the scans are overlaid relative to each other.
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Figure 69: Native and normalised MST trace. (A) The original MST trace of KorB WT
and dsHL Og DNA interaction. Each trace represents the signal observed in the individ-
ual capillary. Each trace is numbered and the numbers represent the capillary position
given in figure 68A. (B) The MST traces from all the capillaries have been normalised

for signal intensity.
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The KorB WT binds to dsFL Og DNA in a two-step manner (biphasic fashion) and
the two binding events are shown in figure 72. The overall binding profile for KorB-
dsFL interaction is shown in figure 72A and the individual binding events are shown
in figure 72B (BE1) and 72C (BE2) respectively. The overall fitting for the interaction
was achieved by first individually calculating the dissociation constant for BE1 with
the hyperbola equation 6.12 (K; = 0.84+0.3 yM) and this value was incorporated in the
modified hyperbola equation 6.15 to calculate constants for BE1 and BE2. The dissocia-
tion constant for BE1 for KorB WT-dsFL interaction was 0.8 (fixed) ©M and for BE2 the
dissociation constant was 9.4+2.3 uM.

CA100 KorB-DNA interaction: For CA100 KorB and dsHL interaction, CA100 KorB
was serially diluted (1:1) from capillary 1 (1600 M) to 12 (0.782 M) and for CA100
KorB and dsFL interaction, CA100 KorB was serially diluted (1:1) from capillary 1 (210
M) to 13 (0.052 1M).

The binding profile of CA100 KorB and half-site (dAsHL) Oy DNA is shown in figure
73 and the binding of CA100 KorB and full-site (dsFL) Og is shown in figure 74. The
binding parameters for CA100 KorB dsHL and dsFL Og DNA are given in table 26 and
table 27 respectively. CA100 KorB appears to bind DNA in a two step manner. With
both DNA species (dsFL and dsHL), there are two binding events — one with a higher
dissociation constant than the other. For the first binding event (BE1), binding of CA100
KorB to dsFL (K; = 1.1+0.3 M) is tighter than to dsHL (K; = 5.6+1.9 uM). Similarly for
BE2, binding of CA100 KorB to dsFL (K; = 110+11 uM) is tighter than to dsHL (K, =
22504250 pM).

Binding of NA31CA100 KorB was also tested with both dsHL and dsFL DNA but

no changes in the signal were observed for the interaction.
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Figure 70: Binding of KorB WT and dsHL Og DNA monitored with MST. (A) Nor-
malised MST trace of KorB WT and dsHL Og DNA. The laser is switched on for an
interval of 30 s at time 0 s and the binding is observed. (B) Normalised fluorescence
is plotted against KorB WT (dimer) and the fit calculated with equation 6.12 is shown
with dashed line. The binding parameters thus obtained are presented in table 24. The
KorB WT binds to dsHL Og DNA in a single step and the dissociation constant for the
interaction is 10.2+3.3 uM.

Parameter | Coefficient | +Std. Error t P

Yo 1169.6 2.2 531.6 <0.0001

a -54.8 4.6 -11.8 <0.0001

K, 10.2 1M 3.3 uM 3.1 0.0152
Fit

R R? Adj. R? +Std. Error*

0.9812 0.9628 0.9534 4.3062

Table 24: Binding parameters of KorB WT with dsHL Og DNA calculated from the
MST data. The dissociation constant (K;) with standard error (Std. Error) for KorB WT
with dsHL Og DNA has been calculated using the equation 6.12. The Std. Error, ¢ and

P values for respective K, values are shown in bold.
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Figure 71: Binding of KorB WT and dsFL Og DNA monitored with MST. (A) Nor-
malised MST trace of KorB WT and dsFL Og DNA. The normalised MST trace for each
capillary is plotted against time. Each capillary contains the same amount of DNA (120
nM). The laser is switched on for an interval of 30 s at time 0 s and the protein-DNA
binding is observed. (B) Normalised fluorescence is plotted against KorB WT. The KorB
WT binds to dsFL Og DNA in a biphasic fashion and the two binding events are shown

in figure 72.



Interaction of KorB with DNA and KorA

A
1125 A
) ® Binding Event 1
® Binding Event 2
I“\\
1201 @gY
1 \
1 \
\
I e
ms- N
< LA
=S | [N [ ]
. R
ﬁ 1 \\\
11107 | ~ .
I S~
[ L
e
mos4 ¢ T T T T e
1
|
® [ ]
I
1100 A
0 20 40 60 80 100
[KorB WT] (M)
B C
— 1125 A R
11259 @ Binding Event 1 P ® ® Binding Event 2
' d
-
”
/// \
4 4 A\
1120 0// 1120 '
4 \
e \
/ \
’ ¢\
1115 ’ — 1115 \
S ’ IS LIS
£ ' s N
2 7 2 N
11104 / = N
/ 1110 4 N
/ [
/ \\
/ S
1105 A o SO
/ S
/ 1105 Sso
. ~~.
11001 @ .
0.0 0.5 1.0 1.5 0 20 40 60 80 100

[KorB WT] (pM)

[KorB WT] (uM)

Figure 72: Binding of KorB WT and dsFL Og DNA monitored with MST. (A) The
binding profile for KorB WT and dsFL Og DNA. The data points for Binding Event
1 (BE1) and Binding Event 2 (BE2) are represented with hexagons and circles respec-
tively. (B) MST data and the fit for Binding Event 1. The dissociation constant for BE1 is
0.840.3 uM, calculated with equation 6.12. (C) MST data and the fit for Binding Event 2.
The data points are fitted using equation 6.15 with Ky; fixed as 0.8 M. The dissociation
constant for BE2 is 9.442.3 M. The dashed purple line represents the fit.
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Parameter | Coefficient | £Std. Error t P

a 40 0.0 fixed <0.0001

Ku 0.8 uM fixed fixed fixed

c -37.0 0.0 fixed <0.0001

K 9.4 uM 2.3 uM 4.1 0.0025

Yo 1099.2 1.3 844.7 <0.0001
Fit

R R? Adj. R? +Std. Error*

0.9474 0.8975 0.8873 2.7054

Table 25: Binding parameters for KorB WT and dsFL Og DNA from MST data.

The following equation was used to calculate the dissociation constants for KorB

WT and dsFL Og DNA for full range of data.

f=v

a*xx

CxX

o+
Ky+x

Kp+x

(6.15)

Here, y, is the initial MST signal value, a and c are the difference between maximum

and minimum values of MST signal for first curve and second curve respectively, x is

the dimer protein concentration and K;; and Kj;; are the dissociation constants for first

curve and second curve respectively.
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Figure 73: Binding of CA100 KorB and dsHL Og DNA monitored with MST. (A)
The binding profile for CA100 KorB and dsHL O DNA. The data points for Binding
Event 1 (BE1) and Binding Event 2 (BE2) are represented with circles and hexagons
respectively. The data points are fitted with equation 6.16. (B) MST data and the fit for
Binding Event 1. The dissociation constant for BE1 is 5.64+1.9 M. (C) MST data and the
fit for Binding Event 2. The dissociation constant for BE2 is 2250+250 ;M. The dashed
green line represents the fit.
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Parameter | Coefficient | £Std. Error t P
Binding Event 1 (R? = 0.9687+2.7373)

Yo 1097.8 2.7 411.5 <0.0001

a -38.8 29 -13.6 <0.0001

K 5.6 uM 1.9 uM 2.9 0.0254
Binding Event 2 (R? = 0.9994+0.533)

Yo 1066.9 0.4 2807.4 <0.0001

a -115.4 7.9 -14.7 0.0001

Ky 2250 UM 250 uM 9 0.0009

Table 26: Binding parameters for CA100 KorB and dsHL Og DNA from MST data.

The following equation was used to calculate the dissociation constant for CA100

KorB and dsHL Og DNA interaction.

a x T
K;+«x

f=y+ (6.16)

Here, y, is the initial MST signal value, « is the difference between maximum and min-
imum value of MST signal, x is the monomer protein concentration and K is the dis-

sociation constant.
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Figure 74: Binding of CA100 KorB and dsFL Og DNA monitored with MST. (A)
The binding profile for CA100 KorB and dsFL O DNA. The data points for Binding
Event 1 (BE1) and Binding Event 2 (BE2) are represented with circles and hexagons
respectively. The data points are fitted with equation 6.17. (B) MST data and the fit for
Binding Event 1. The dissociation constant for BE1 is 1.1+0.3 uM. (C) MST data and
the fit for Binding Event 2. The dissociation constant for BE2 is 110+11 ;M. The dashed
orange line represents the fit.
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Parameter | Coefficient | £Std. Error t P

a 13.4 1.1 12.1 <0.0001

K 1.1 uM 0.3 uM 3.7 0.0059

C -81.6 2.5 -33.2 <0.0001

Ko 110 4M 11 uM 10 <0.0001

Yo 1058.5 0.5 2024.9 <0.0001
Fit

R R? Adj. R? +Std. Error*

0.9994 0.9988 0.9982 0.6108

Table 27: Binding parameters for CA100 KorB and dsFL Og DNA from MST data.

The following equation was used to calculate the dissociation constants for CA100

KorB and dsFL Og DNA for full range of data.

f=v

a*xx

CxX

o+
Ky+x

Kp+x

(6.17)

Here, y, is the initial MST signal value, a and c are the difference between maximum
and minimum values of MST signal for first curve and second curve respectively, x is
the monomer protein concentration and K;; and Ky, are the dissociation constants for

tirst curve and second curve respectively.

6.5 Results of KorB-KorA interactions

Asmentioned in section 1.6, KorB and KorA interact with each other cooperatively. The
interaction of KorB and KorA WT was studied using the microscale thermophoresis

and interaction of CA100 KorB-KorA was studied using 2D NMR (HSQC) titrations.
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6.5.1 Microscale Thermophoresis

KorB WT-KorA WT interaction: In order to probe the interaction of KorA and KorB,
KorA was fluorescently labelled with the accompanying MST-NHS kit. KorB was se-
rially diluted in two fold steps from 32 ;M to 0.0156 M and aliquots were added to
a constant concentration of KorA. The concentration of KorB in each capillary is given
in table 28. The normalised MST trace for KorA and KorB binding is shown in figure
75A and the resulting binding profile is shown in figure 75B. It can be deduced from
the binding profile that KorB binds to KorA in a single step i.e. monophasic fashion.
The data point were fit using the equation 6.12 and the dissociation constant for KorB-
KorA interaction is 0.3440.1 M. The binding parameters for KorB and KorA binding

are presented in table 29.

Lane KorB WT (M)
1 32

2 16

3 8

4 4

5 2

6 1

7 0.5

8 0.25

9 0.125
10 0.0625
11 0.0313
12 0.0156

Table 28: Concentration of KorB in each capillary.
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Figure 75: Binding of KorB WT and KorA monitored with MST. (A): Normalised MST
trace of KorB WT and KorA. The laser was switched on for an interval of 30 s at time 0 s
and the binding was observed. (B): Normalised fluorescence was plotted against KorB
WT and the fit calculated with equation 6.12 is shown with dashed line. The binding
parameters thus obtained are presented in table 29. The KorB binds to KorA in a single
step and the dissociation constant for KorB-KorA interaction is 0.34+0.1 ;M.

Parameter | Coefficient | +Std. Error t P

Yo 939.6 1.1 853.9 <0.0001

a -20.8 1.2 -16.8 <0.0001

K, 0.34 M 0.1 M 3.9 0.0035
Fit

R R? Adj. R? +Std. Error*

0.9850 0.9702 0.9636 1.5373

Table 29: Binding parameters for KorB WT and KorA from MST data. The equation
6.12 was used to calculate the dissociation constant for KorB and KorA interaction.
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6.5.2 N KorA and CA100 KorB HSQC titrations

A range of concentrations of CA100 KorB protein were titrated against a fixed con-
centration of N KorA protein (dimer, 0.25 mM). The range of ratios of KorA:CA100
KorB used for the experiments were 1:1, 1:2, 1:3, 1:4 and 1:5 and the details about the
protein concentrations are listed in table 30. 'H-""N HSQCs of KorA and CA100 KorB
were superimposed to identify peaks that have either shifted or disappeared because
of the addition of KorB binding to the KorA protein. Figure 76 shows the HSQC of "N
KorA at 0.25 mM. Figure 77 and figure 78 show the overlay of "N KorA and CA100
KorB with minimum (KorA:KorB::1:1) and maximum (KorA:KorB::1:5) concentration
of CA100 KorB respectively. On comparison of KorA and KorA-KorB overlaid HSQCs,
it is evident that certain peaks in KorA HSQC disappear upon KorB binding but no
peaks were shifted. And because of that, the data for the middle concentration points
(1:2, 1:3, 1:4) are not shown because the spectra of those three middle points are identi-

cal to the spectrum with 1.25 mM KorB.

KorA KorA (mM) and | KorA:KorB Figure number
(dimer, mM) CA100 KorB

(monomer, mM)

0.25 0.25and 0 1:0 76
0.25 0.25 and 0.25 1:1 77
0.25 0.25and 0.5 1:2 Not shown
0.25 0.25 and 0.75 1:3 Not shown
0.25 0.25and 1 1:4 Not shown
0.25 0.25 and 1.25 1:5 78

Table 30: KorA and CA100 KorB concentrations used in the HSQC titrations.
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Figure 78: Overlay of HSQC of 0.25 mM "N KorA and 0.25 mM "N KorA with 1.25
mM CA100 KorB. The red coloured spectrum represents the HSQC of 0.25 mM N

KorA. The green coloured HSQC spectrum is obtained with the addition of 1.25 mM
CA100 KorB to the 0.25 mM "N KorA.
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6.6 Discussion

6.6.1 Comparative analysis of techniques to study KorB-DNA interaction

Microscale thermophoresis is an optical detection technique based on the temperature-
dependent movement of molecules to analyse biomolecular interactions. MST is sen-
sitive to changes in molecular charge and hydration shell but does not only rely on
change in particle size like FA or AUC (Jerabek-Willemsen et al., 2014; Wienken et al.,
2010).

MST utilises optical apparatus to detect the fluorophore and the direction of the
trace signal is dependent on the choice of fluorophore used in the sample. In this study,
two fluorophores were used; KorA was labelled with NHS and the O DNA was la-
belled with fluorescein. The examples for the fluorophore based direction dependence
is evident from the traces for fluorescein and NHS-label in figure 70 and figure 75 re-
spectively.

Based on the MST signals it is possible to dissect different binding mechanisms and
detect multi-step protein-DNA interactions (Jerabek-Willemsen et al., 2014). The use
of fluorescein labelled Og DNA is presented here as a relatively recent method for per-
forming protein-DNA interaction study for a plasmid partitioning system. The MST
data for KorB-DNA interaction contains information that extend single equilibrium
dissociation constant and this information is used to infer binding modes for the in-
teraction.

Binding of KorB constructs viz. WT, CA100 KorB and NA31CA100 KorB were tested
with full-site and half-site O DNA with MST. KorB WT binds to dsHL Op in a single
step whereas KorB binds to dsFL Op in two steps. CA100 KorB appears to bind Op
DNA in a two step manner whilst no significant results were obtained for DNA binding

of CA100 KorB-derived construct, NA31CA100 KorB.
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Circular dichroism spectroscopy is a relatively easy measurement technique be-
cause of low sample requirement, less experimentation time and has proven to be use-
ful for studying protein-ligand interactions (Siligardi et al., 2014). In this chapter, CD
has been used to quantify dissociation constants for KorB-DNA interactions by identi-
fying changes in the secondary structure of Oy DNA upon binding to KorB constructs.

Atwavelengths above 250 nm, minimal contribution from protein is observed whilst
DNA dominates the CD signal (Cary and Kneale, 2009). A variety of changes can be
observed in CD signal at 280 nm upon addition of protein to DNA. There are examples
in the literature where DNA-binding proteins bend the DNA molecule. Proteins con-
taining high-mobility-group (HMG) domain or with a homologous domain bend DNA
by intercalation. Example of such proteins are HMG-D and Sox-5 that induces DNA
bending by intercalation (Connor et al., 1994; Klass et al., 2003). Intercalators cause a
wavelength shift towards blue region in the CD signal but an increase in the signal is
not observed (Garbett et al., 2007).

On the other hand, an increase in the CD signal is observed for a controller protein,
C.AhdI binding its operator DNA without experiencing any shift in wavelength (Papa-
panagiotou et al., 2007). Similar to C.AhdlI titration with its operator DNA, binding of
both CA100 KorB and NA31CA100 KorB to Og DNA (both dsHL and dsFL) caused an
increase in the CD signal without any blue-shift, thereby implying twisting or bending
of the Oy DNA without any base intercalation. However, it is not conclusive from the
results of this study, whether KorB's interaction with the Og follows bending/ twisting
or any specific unwinding of the DNA.

Fluorescence anisotropy involves the excitation of fluorophores in solution and the
molecular size of the fluorophore correlates to its rate of rotational diffusion. Anisotropy
value of a fluorophore in bound form is more than the value in its free form. Here, KorB
binding to fluorescein-tagged Oy DNA was used to measure the change in anisotropy

between free form of fluorescein-tagged O DNA and tagged-DNA bound to KorB. As
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concentration of fluorophore does not impact rate of tumbling, so dilution has no effect
on anisotropy. For all the FA experiments, the increase in the protein concentration was
the only variable factor, changing the anisotropy and because of the protein addition,
the dilution effect was minimal on the intensity (excitation/emission) reduction.

During the anisotropy titration, addition of protein did not quench fluorescence, in-
dicating satisfactory spatial distance between fluorophore tagged to the 17 bp dsFL Og
DNA and the KorB binding site. As quenching was not observed, so it can be inferred
that there was no erroneous impact on the anisotropy as a result of protein binding.
It can also be assumed that the rotational diffusion of fluorophore was the only factor
contributing to the anisotropy.

The overall size (polydispersity) of a biomolecule in the solution has an effect on
the anisotropy values because of its tumbling rate. Also the rotational relaxation life-
time affects the intrinsic anisotropy of a molecule (free and bound). Jameson and Ross
(2010) defined rotational relaxation lifetime as ‘the time for a given orientation to rotate
through an angle given by the arccos e™!, which is 68.42°". An estimate of rotational
relaxation lifetime (ns) of a protein assumed to be spherical is equal to MW of protein
in kDa. In this study, based on the the MW of the proteins, estimated rotational re-
laxation lifetime of KorB constructs are - KorB WT: 38.1 ns, CA100 KorB: 30.6 ns and
NA31CA100 KorB: 25.3 ns. These effects are expected to reflect in anisotropy maximum
for KorB-DNA interactions, but the maximum anisotropy did not seem to be correlated
to the size of KorB constructs (table 21). In future anisotropy experiments, KorB-DNA
binding studies should correct for this intrinsic difference between different MW pro-

teins binding the same DNA substrate.

6.6.2 Dissociation constants and biological implication

Electrophoretic Mobility Shift Assays (EMSA) were not used to quantify dissociation
constants for KorB-DNA and KorB-KorA interactions, as the assays are time consum-

ing, require radioactivity material and the gel matrix discourages a ‘true equilibrium’
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measurement of dissociation constants (Owen and McMurray, 2009). On the other
hand, the gamut of fluorescence techniques including fluorescence anisotropy are more
accurate in the range of 10~ to 10~ molar for quantifying dissociation constants (Owen
and McMurray, 2009).

Comparison of dissociation constants for KorB constructs binding to dsHL Og DNA
and dsFL Og DNA are listed in table 31 and table 32 respectively. For WT-dsHL Og
interaction, different dissociation constants were observed from different techniques,
with the observed interaction being five-fold tighter from FA (K;=2.2+0.14 M) data as
compared to MST (K;=10.24+3.3 uM) data. Anisotropy revealed tight binding between
KorB WT with dsFL. Og DNA with dissociation constant of 0.634+0.11 xM. Interaction
of WT-dsFL Og with MST was observed to be a two step process. MST determined first
binding event of KorB WT-dsFL (K;;=0.8 uM) was in agreement with results obtained
from FA data but the second event, with K;,=9.4+2.3 was not observed in the FA assay.
This is possibly because the FA assay was done at lower KorB WT concentrations (0-
11 uM) as compared to the MST measurement and the second binding event in the
MST was only observed at higher protein concentrations (10-100 xM). Both these results
formed a solid foundation for comparison of dissociation constants for truncated KorB
constructs with Og DNA with those of KorB WT.

When compared to wild type KorB, the dissociation constants for CA100 KorB and
NA31CA100 KorB were consistently higher in all the CD, FA and MST experiments.
Comparing the binding between NA31CA100 KorB to dsFL and dsHL DNA (from FA
and CD data), the protein bound five fold tighter to dsFL. DNA, although this is only
true if the protein is assumed to bind the DNA as a dimer. On the other hand, the
reverse result was seen on comparing CA100 KorB binding to dsFL and dsHL DNA.
Data from all the techniques (FA, CD and MST), suggest CA100 KorB to bind dsHL
more tightly than to dsFL. But a consistent correlation was not established between the
dissociation constants derived from FA, CD and MST data. It was expected for KorB

constructs with truncated dimerisation domain to dimerise indirectly and only in the
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presence of the DNA. The reduced affinity of the deletion mutants of KorB to the Og
DNA can be explained with the lack of C-terminal dimerisation domain and absence
of pre-formed dimers in solution.

A lack of reproducibility in fluorescence assays could be attributed to the photo-
instability of fluorescein (de Jong et al., 2005). Provided the exposure of stock tagged
Og DNA to light was minimal, fluorescence intensity was not observed to decrease
significantly even over period of months when used for a variety of experiments. In
contrast to FA and CD, MST is more sensitive to binding-induced changes during the
protein-DNA complex formation as MST does not only rely on the change in the size
(Seidel et al., 2013). For MST and FA experiments, an alternative labelling strategy
could be explored (a different fluorophore such as 6-carboxy-fluorescein or 5-carboxy-
tetra-methyl-rhodamine) in order to improve the reproducibility and/or reduce the
error in the data acquisition.

The CTD of KorA interacts with KorB (shown using NMR spectroscopy), but the
exact region of KorB involved in this interaction with the CTD is not known (Bingle
et al., 2008). The HSQC titrations of CA100 KorB against N labelled partner protein
KorA confirm that identical KorA peaks in the HSQC are perturbed as by the KorB WT
protein. Also the missing peaks in the HSQC with 5N KorA-CA100 KorB interaction
can be attributed to the overall size (41.9 kDa) of the complex formed. To determine
any difference in the binding between KorB WT and CA100 KorB, lower concentrations
of CA100 KorB are needed when titrating against KorA.

Building and expanding on the results presented in this chapter, a number of pos-
sible future experiments can be envisaged. KorB constructs can be tested with varying
lengths of Og DNA. Binding profile of KorB constructs and non-specific DNA can be
tested with a competition assay. DNA binding of KorB can be tested in the presence of
partner protein, KorA and in the presence of O,Op DNA. Alternative buffers and salts
can be tested for KorB-DNA interactions with FA, CD and MST experiments including

testing the effect of magnesium in the buffer as suggested by Taylor et al., 2015.
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KorB construct Equation Ky (M) +Std. Error

FA
Wild-type Hyperbola 22 0.14
CA100 KorB Hyperbola 0.44 0.05
NA31CA100 KorB Hyperbola 8.4 0.98

CD
CA100 KorB Mod. Quad. 6.4 3.6
NA31CA100 KorB Mod. Quad. 5.8 0.8

MST
Wild-type Hyperbola 10.2 3.3
CA100 KorB Hyperbola Kin=5.6 +SE1=1.9
K2=2250 +SE2=250

Table 31: Comparison of binding of KorB (monomer) to dsHL Og DNA using dif-
ferent techniques. Dissociation constants from fluorescence anisotropy (FA), circular
dichroism (CD) and microscale thermophoresis (MST) data are compared for DNA-
binding KorB constructs. Mod. Quad. stands for modified quadratic equation. Kgy;
and K, are the dissociation constants and SE1 and SE2 are the standard error for bind-
ing eventl and binding event2 respectively.
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KorB construct Protein Equation K, +Std.
species (M) Error
FA
Wild-type Dimer Hyperbola 0.63 0.11
CA100 KorB Monomer Hyperbola 10.1 1.5
NA31CA100 KorB Monomer Hyperbola 1.8 0.93
CD
Monomer Mod. Quad. 22.6 10.2
CA100 KorB
Dimer Mod. Quad 9.6 5.9
"""""""" Monomer  Mod.Quad. 68 21
NA31CA100 KorB
Dimer Mod. Quad. 1.1 0.7
MST
Wild-type Monomer Mod. Hyp K41=0.8 (fixed)
K42=9.4 +SE2=2.3
CAI00KoB Monomer  Mod. Hyp.  Ky=11  +SE1-03
K4»=110 +SE2=11

Table 32: Comparison of binding of KorB to dsFL Og DNA using different tech-
niques. Dissociation constants from fluorescence anisotropy (FA), circular dichroism
(CD) and microscale thermophoresis (MST) data are compared for DNA-binding KorB
constructs. Mod. Quad. and Mod. Hyp. stands for modified quadratic equation and
modified hyperbola equation respectively. K;; and K, are the dissociation constants
and SE1 and SE2 are the standard error for binding eventl and binding event2 respec-

tively.
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7 Conclusions and Outlook

7.1 Introduction

P lasmid partitioning is a dynamic process that ensures that each daughter cell gets

at least one copy of the plasmid during bacterial cell division. DNA partition-
ing in bacteria primarily involves two proteins, a motor protein (ParA) and a DNA-
binding protein (ParB) and these two proteins interact with each other and mediate
faithful partitioning of the plasmid. Being a low-copy number plasmid, RK2 requires
an active partitioning system. The partitioning of the RK2 depends on IncC, KorB and
centromere-like sites on the plasmid (Og). IncC belongs to the ParA family of proteins
and acts as an ATPase. KorB belongs to the ParB superfamily of proteins and acts as
a DNA-binding protein, interacting at twelve Og sites on the RK2 plasmid (Chikami
et al., 1985; Figurski and Helinski, 1979; Lowbury et al., 1969; Macartney et al., 1997;
Pansegrau et al., 1994).

KorB is one of the most well-characterised ParB proteins. KorB also acts as a tran-
scription repressor, working co-operatively with another RK2 repressor protein, KorA.
Structurally, KorB is a multi-domain protein consisting of a partially structured N-
terminal domain, a central helical DNA-binding domain containing the HTH motif,
an unstructured linker and a C-terminal dimerisation domain. Of these domains, the
crystal structures of DBD and the CTD have been solved previously (Delbruck et al.,
2002; Khare et al., 2004). However, there is limited information on the structure and
function of the N-terminal domain. The aim of this work was to further our under-
standing about the structure and function of DNA-binding protein, KorB through in
vitro studies.

The structure of the N-terminal domain of KorB was determined and structural and

biophysical properties of the NTD KorB were investigated using a combination of tech-
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niques including solution state NMR spectroscopy, circular dichroism, analytical ul-
tracentrifugation and mass spectrometry. Further, the mobility of the NTD KorB was
computationally examined using molecular dynamics simulations.

In addition, multiple deletion mutants of KorB were used to investigate the bind-
ing of the KorB to the Oy DNA. KorB-DNA binding studies were undertaken using
fluorescence anisotropy, circular dichroism and microscale thermophoresis. Various
mutants of KorB (wild type, CA100 KorB and NA31CA100 KorB) capable of binding
to the DNA were tested and binding affinities of the KorB constructs were compared

to the wild-type KorB protein.

7.2 Insights gained from this work

7.2.1 Structural and biophysical characterisation of N-terminal of KorB

The N-terminal region containing amino acids 31-137 of KorB protein was expressed
and purified to homogeneity using affinity chromatography and size exclusion chro-
matography. From 1 L of the culture, 22 mg of NTD KorB was obtained, sufficient to
perform the structural and biophysical experiments. In chapters 3 and 4, structural and
biophysical properties of NTD KorB have been investigated.

In the size exclusion chromatogram for the NTD KorB, two peaks were observed,
that suggested the presence of more than one species in the solution. Itis plausible that
there is protein monomer-dimer equilibrium or that the NTD KorB is modified. Size
exclusion chromatography and analytical ultracentrifugation (AUC) data confirmed
that NTD KorB behaves as a monomer in solution i.e. no evidence for dimer formation.
The molecular mass of NTD KorB from ESI-MS data almost agreed with the theoret-
ical mass but not exactly. It is plausible that there is a partial covalent modification
of the NTD KorB. Circular dichroism spectroscopy data suggested that the NTD KorB
is partially folded. In the presence of TFE, a slight increase in a-helical character was

observed for NTD KorB (with /without the tag).
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In protein crystallisation trials of NTD KorB, precipitation was observed in about
one-third of the conditions. During the crystallisation trials of NTD KorB, micro-crystals
were observed for the protein, but the crystals failed to grow in size with time. The ad-
dition of TFE did increase the secondary structure of the NTD KorB but did not aid in
the crystallisation trials of the protein. The difficulty to crystallise the NTD KorB in a
stable conformation could be attributed to its partially unfolded character, as indicated
by the CD data. Since a structure for the NTD KorB was not elucidated by X-ray crys-
tallography, the structure of the protein was obtained with the help of solution state
NMR spectroscopy.

2D HSQC spectra overlays of NTD KorB and KorB WT (data not shown) were used
to validate the use of deletion mutant for structural insights. The HSQC data sug-
gested independent and modular domain folding within KorB. Using solution state
NMR spectroscopy data, 80% of the backbone of NTD KorB was assigned with con-
fidence. The less than ideal completeness of assignments was due to relatively high
number of proline residues (10 Pro residues) in a 130 residue protein and the intrin-
sic flexibility of the protein which gave highly overlapped spectra. The analysis of the
N-terminal domain by NMR proved somewhat harder than anticipated, largely be-
cause there were more peaks in the HSQC than NH groups. The additional peaks in
the HSQC of NTD KorB seemed to be reproducible between different labelled NTD
KorB preparations and so were unlikely due to degradation products. It is not yet clear
whether the additional peaks in the NTD KorB’s HSQC are because there are protein
conformers in very slow exchange or because of partial covalent modification of the
protein.

Comparison of secondary structure of NTD KorB from the chemical shift data using
TALOS+ and from computationally predicted Jpred and Psipred data showed agree-
ment with all of the methods (TALOS+, Jpred and Psipred) predicting two «a-helices
towards the C-terminal of the protein. An ensemble of 20 conformers for NTD KorB

was calculated compatible with the restraints used for structure refinement. The struc-
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ture of NTD KorB was mainly disordered and consisted of two a-helices (a1 and a2)
towards the C-terminal region (core region). The N-terminal tag of NTD KorB was
highly flexible and did not contribute to any peaks in the HSQC spectrum. It is plau-
sible to suggest that the tag does not contribute to the NTD KorB structure and does
not reduce the significance of the ensemble. The NTD KorB ensemble structure sug-
gested that N-terminal of the protein is mostly flexible whilst the two a-helices towards
the C-terminal show limited flexibility. The dynamics of the protein was studied us-
ing molecular dynamics simulations. The MD data corroborated that N-terminal of the
protein exhibits a wide range of motion whereas the same was not observed for the two

a-helices towards the C-terminal of the protein.

7.2.2 Biophysical characterisation of DNA-binding domain of KorB

Two KorB deletion mutants (CA100 KorB and NA31CA100 KorB) capable of binding
DNA were expressed and purified. From 1 L of the culture, approximately 25 mg of
CA100 KorB and 20 mg of NA31CA100 KorB were obtained, sufficient to perform bio-
physical and DNA-binding experiments.

In the size exclusion chromatogram, CA100 KorB was observed as a single species
and SDS-PAGE showed that the protein is devoid of any impurities, whilst impurities
were seen in the NA31CA100 KorB purification SDS-PAGE gel (after size exclusion
run). Both proteins behaved as monomers on the size exclusion column. Like NTD
KorB, crystallisation trials of both deletion mutants were also set to elucidate the struc-
ture of DNA-binding domain of KorB. In all of the crystallisation screens, precipitation
was observed for almost one-third of the conditions and micro-crystals were observed
for both mutants but the crystals failed to grow in size with time. The difficulty to
crystallise these deletion mutants might be because of the disorder in the protein pos-
sibly due to the flexible N-terminal domain. The NA31CA100 KorB was observed to
be more stable at RT when compared to CA100 KorB. CD data suggested an increase

in a-helical structure for NA31CA100 KorB and it appeared to be more ordered when



| 7 | Conclusions and Outlook 203

compared to CA100 KorB probably because of the loss of first 53 disordered residues
from the N-terminal of the CA100 KorB.

7.2.3 KorB and DNA interaction

The DNA-binding properties of KorB deletion mutants (CA100 KorB and NA31CA100
KorB) were compared to KorB WT protein using fluorescence anisotropy (FA), circular
dichroism (CD) and microscale thermophoresis (MST).

From FA and MST data, similar dissociation constants were observed for KorB WT-
dsFL DNA interaction and those constants were similar to the EMSAs done before this
study (data not shown). When compared to KorB WT, the value of dissociation con-
stants for CA100 KorB and NA31CA100 KorB for O DNA were consistently higher
in all the CD, FA and MST experiments. Comparing the binding between FA and CD
data for NA31CA100 KorB to dsFL and dsHL DNA, the protein bound five fold tighter
to dsFL DNA. On the other hand, for CA100 KorB, a second binding event with dsFL
Ogp DNA was observed with weaker affinity than first binding event. Data from all the
techniques (FA, CD and MST) suggest CA100 KorB binds dsHL more tightly than to
dsFL. But a consistent correlation was not established between the binding constants
derived from FA, CD and MST data. When comparing the dissociation constants be-
tween the truncated KorB mutants and dsFL DNA, binding of NA31CA100 KorB was
found to be tighter than to the CA100 KorB. This weaker binding of CA100 KorB can
be attributed possibly to the steric hindrance posed by the first 53 aa (23 aa from N-
terminal tag and 30 aa from KorB). In addition, the biphasic binding was observed from
the MST data, for both KorB WT and CA100 KorB with dsFL Oy DNA. This biphasic
binding indicates a second binding event of KorB binding to the DNA which possibly
is a non-specific protein-DNA interaction. It was expected for KorB constructs with
deleted dimerisation domains to dimerise indirectly and only in the presence of the
DNA. Their reduced affinity to the DNA can be explained by the lack of C-terminal

dimerisation domain and absence of pre-formed dimers in solution.
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7.3 A spreading model for plasmid partitioning

ParB proteins with spreading and bridging interactions on the DNA can be observed
across chromosomal and plasmid partitioning systems and yet the interaction inter-
faces have remained elusive (Bingle et al., 2005; Graham et al., 2014; Havey et al., 2012;
Rodionov et al., 1999). This is likely because of the lack of a full-length structure for a
ParB protein and complex domain organisation of the protein (Chen et al., 2015; Fisher
et al., 2017). ParB-DNA segregation complexes involve binding of ParB to both DNA
and other ParB proteins on the DNA (Sanchez et al., 2015; Taylor et al., 2015). Dur-
ing the course of segregation, the NTD ParB may exhibit different functions and the
N-terminal is proposed to be involved in binding both DNA and other ParB proteins
(Leonard et al., 2004). The ability of ParB to bind DNA specifically and non-specifically
supports ParB spreading on the DNA (Fisher et al., 2017). The flexible nature of the N-
terminal domain of ParB is mainly responsible for spreading interactions with a neigh-
bouring ParB (Graham et al., 2014; Havey et al., 2012). The structural study of ParB from
H. pylori suggested that N-terminal domain in the protein is likely to be important in
spreading along the DNA and possibly in bridging the DNA as well (Chen et al., 2015;
Song etal., 2017; Taylor et al., 2015). Also, the spreading of the ParB on the DNA is facil-
itated by parS, which act as nucleation points responsible for conformational changes
in the protein (Broedersz et al., 2014; Leonard et al., 2004). In case of KorB, the N-
terminal of KorB is majorly disordered but the two C-terminal helices show reduced
flexibility. As expected, by itself, the N-terminal of KorB does not bind DNA (from
FA DNA-binding data) as it lacks the DNA-binding domain. However, based on the
DNA partitioning model proposed by Chen et al. (2015) it can be postulated that N-
terminal of KorB is likely to facilitate the spreading of the full length protein along the
DNA. NTD KorB may interact non-specifically at high DNA or protein concentrations
and the flexible N-terminal may provide multiple protein-protein interaction interfaces

where KorB can interact with other KorB molecules.
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Based on the DNA partitioning model proposed by Chen et al. (2015), a similar
spreading model for KorB is proposed. Figure 79 represents the KorB spreading model
for plasmid partitioning. KorB contains a partially structured NTD, a central DBD,
an unstructured linker, and a C-terminal dimerisation domain, where these three do-
mains of KorB (NTD, DBD and CTD) participate in the DNA binding. The helical DNA-
binding domain binds to the plasmid RK2 at a specific Og site and the C-terminal do-
main of KorB facilitates the protein to dimerise with a neighbouring KorB monomer
and stabilises the KorB-Op complex (Bingle et al., 2005). Similar to the interaction in
the ParB protein from H. pylori, the neighbouring KorB dimers are proposed to inter-
act with the adjacent KorB molecule facilitated by the NTD and the protein spreads
along the DNA horizontally (Chen et al., 2015). Further, the N-terminal domain helps
in the bridging KorB dimers using transverse interactions and vertically recruiting the
distal DNA. Considering the specific and non-specific binding of KorB to the DNA,
a higher-order nucleo-protein complex can be envisioned. Subsequently, the nucleo-
protein complex recruits the motor protein, IncC. Further to the recruitment, the IncC
mediates plasmid partitioning using a mechanism that remains elusive.

The caveat to this postulated partitioning model is that there is no direct experimen-
tal evidence in this study about the non-specific interaction of KorB and DNA as the
N-terminal of KorB neither interacts with itself nor does it bind to the DNA. The exper-
imental data supporting the non-specific interaction of KorB and DNA is the two step
binding event (biphasic) from the MST data. The biphasic binding was observed for
both KorB WT and CA100 KorB with dsFL Og DNA. The biphasic event indicates a sec-
ond but weak KorB binding to the DNA possibly because of non-specific protein-DNA
interaction. Considering the lack of experimental evidence of non-specific KorB-DNA
binding, the spreading model proposed is based on KorB homologue, ParB protein
from H. pylori as proposed by Chen et al., 2015.

While this study investigates the structure of N-terminal of KorB and DNA-binding

properties of KorB, further research is needed to examine the role of the KorB in active
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plasmid partitioning. The KorB working along with IncC (the ATPase involved in RK2
partitioning) makes the partitioning system more complicated to understand. Further
structural understanding of KorB and its interaction with DNA will be required to un-
derpin KorB’s role in orchestrating efficient RK2 plasmid partitioning. Future work
would be beneficial to understand the plasmid partitioning at atomic-level and the
structural and biophysical principles used in this study can be extended to investigate

chromosomal segregation in bacteria.

N-terminal domain

DNA-binding domain DOOOOE

C-terminal domain

Figure 79: A spreading model for plasmid partitioning. The C-terminal dimerisation
(in green), the DNA-binding (in blue) and the flexible N-terminal domains (in red) of
KorB are shown. KorB binds plasmid DNA as dimer at the specific Og site (in black)
or non-specific sites (in grey). There is no direct experimental evidence in this study
about the non-specific interaction of KorB and DNA. Using the N-terminal domain,
multiple KorB molecules spread along the DNA by adjacent interactions (dashed box)
horizontally and bridge the DNA through transverse interactions (solid box) vertically.
A higher-order nucleo-protein complex recruits the motor protein, IncC mediating the
plasmid partitioning using a mechanism that remains elusive. The model is based on
the partitioning mechanism proposed by Chen et al., 2015.
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Figure 81: The expected peak patterns in the F1-F3 planes of the HNN spectrum for
several triplets of residues. Image taken from Panchal et al. (2001).
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KorB wild type

ProtParam
User-provided sequence:

10 20 30 40 50 60
MGSSHHHHHH SSGLVPRGSH SEFMIAAQAK TTKKNTAAAA QEAAGAAQPS GLGLDSI GDL

70 80 90 100 110 120
SSLLDAPAAS QGGSGPI ELD LDLI DEDPHQ PRTADNPGFS PESI AEI GAT | KERGVKSPI

130 140 150 160 170 180
SVRENQEQPG RYI | NHGARR YRGSKWAGKK SI PAFI DNDY NEADQVI ENL OQRNELTPREI

190 200 210 220 230 240
ADFI GRELAK GKKKGDI AKE | GKSPAFI TQ HVTLLDLPEK | ADAFNTGRV RDVTVVNELV

250 260 270 280 290 300
TAFKKRPEEV EAW.DDDTQE | TRGTVKLLR EFLDEKGRDP NTVDAFNGQT DAERDAEAGD

310 320 330 340 350 360
GQDGEDGDQD GKDAKEKGAK EPDPDKLKKA | VQVEHDERP ARLI LNRRPP AEGYAW.KYE

370 380
DDGQEFEANL ADVKLVALI E G

Nunber of amino acids: 381
Mol ecul ar wei ght: 41537.8
Theoretical pl: 5.01

Am no acid conposition:

Ala (A 42 11. 0%
Arg (R 22 5. 8%
Asn (N) 14 3. 7%
Asp (D 36 9. 4%
Cys (O 0 0. 0%
An (Q 16 4. 2%
Gu (E) 35 9. 2%
Ay (§ 34 8. 9%
Hs (H 11 2. 9%
e (1) 22 5. 8%
Leu (L) 27 7.1%
Lys (K) 28 7.3%
Met (M 2 0. 5%
Phe (F) 10 2. 6%
Pro (P) 21 5.5%
Ser (S) 19 5. 0%
Thr (T) 17 4.5%
Trp (W 3 0.8%
Tyr (Y) 5 1.3%
val (V) 17 4.5%
Pyl (O 0 0. 0%
Sec (U) 0 0. 0%

Total nunber of negatively charged residues (Asp + Qu): 71
Total number of positively charged residues (Arg + Lys): 50

At omi ¢ conposi tion:

Car bon C 1802
Hydr ogen H 2864
Ni trogen N 530
Oxygen O 595
Sul fur S 2

Fornul a: C1802H2864N5300595S2
Total nunber of atons: 5793

Extinction coefficients:
Extinction coefficients are in units of M1 cm'l, at 280 nm neasured in water.

Ext. coefficient 23950
Abs 0.1% (=1 g/l) 0.577

Figure 82: Parameters of KorB wild type theoretically calculated from the protein
sequence with ProtParam webserver.
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CA100 KorB
ProtParam
User-provided sequence:
10 20 30 40 50 60

MGSSHHHHHH SSGLVPRGSH SEFMIAAQAK TTKKNTAAAA QEAAGAAQPS GLGLDSI GDL

70 80 90 100 110 120
SSLLDAPAAS QGGSGPI ELD LDLI DEDPHQ PRTADNPGFS PESI AEI GAT | KERGVKSPI

130 140 150 160 170 180
SVRENQEQPG RYI | NHGARR YRGSKWAGKK S| PAFI DNDY NEADQVI ENL QRNELTPREI

190 200 210 220 230 240
ADFI GRELAK GKKKGDI AKE | GKSPAFI TQ HVTLLDLPEK | ADAFNTGRV RDVTWNELV

250 260 270 280
TAFKKRPEEV EAW.DDDTQE | TRGTVKLLR EFLDEKGRDP N

Nurmber of amino acids: 281
Mol ecul ar wei ght: 30591. 04
Theoretical pl: 5.72

Amino acid conposition:

Ala (A 29 10. 3%
Arg (R 17 6. 0%
Asn (N) 11 3. 9%
Asp (D 21 7.5%
Cys (O 0 0. 0%
Gn (Q 11 3. 9%
Gu (B 23 8.2%
dy (0 24 8.5%
Hs (H 10 3.6%
Ile (1) 19 6. 8%
Leu (L) 20 7.1%
Lys (K) 19 6. 8%
Met (M 2 0.7%
Phe (F) 8 2.8%
Pro (P) 16 5.7%
Ser (S) 19 6. 8%
Thr (T) 15 5.3%
Trp (W 2 0. 7%
Tyr (Y) 3 1. 1%
val (V) 12 4.3%
Pyl (O 0 0. 0%
Sec (V) 0 0. 0%

(B) 0 0.0%

(2) 0 0. 0%

(X) 0 0. 0%

Total nunber of negatively charged residues (Asp + Gu): 44
Total nunber of positively charged residues (Arg + Lys): 36

At omi ¢ conposition:

Car bon C 1331
Hydr ogen H 2127
Ni trogen N 395
Oxygen O 429
Sul fur S 2

Fornmul a: Cp331H2127N3950129S,

Total nunber of atons: 4284
Extinction coefficients:
Extinction coefficients are in units of M1 cm’l, at 280 nm neasured in water.

Ext. coefficient 15470
Abs 0.1% (=1 g/l) 0. 506

Figure 83: Parameters of CA100 KorB theoretically calculated from the protein se-
quence with ProtParam webserver.
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NA31CA100 KorB

ProtParam
User-provided sequence:

10 20 30 40 50 60
MDSI GDLSSL LDAPAASQGG SGPI ELDLDL | DEDPHQPRT ADNPGFSPES | AEI GATI KE

70 80 90 100 110 120
RGVKSPI SVR ENQEQPGRY! | NHGARRYRG SKWAGKKSI P AFI DNDYNEA DQVI ENLORN

130 140 150 160 170 180
ELTPREI ADF | GRELAKGKK KGDI AKEI GK SPAFI TQHVT LLDLPEKI AD AFNTGRVRDV

190 200 210 220
TVVNELVTAF KKRPEEVEAW LDDDTQEI TR GTVKLLREFL DEKGRDPN

Nunmber of amino acids: 228
Mol ecul ar wei ght: 25284.25

Theoretical pl: 4.96

Anmi no acid conposition:
Ala (A 18 7. 9%
Arg (R 16 7.0%
Asn (N) 10 4. 4%
Asp (D 21 9.2%
Cys (O 0 0. 0%
dn (Q 8 3.5%
Gdu (B 21 9.2%
dy (G 18 7.9%
H's (H) 3 1.3%
Ile (1) 19 8. 3%
Leu (L) 17 7.5%
Lys (K) 16 7.0%
Met (M 1 0. 4%
Phe (F) 7 3.1%
Pro (P) 14 6. 1%
Ser (S) 12 5.3%
Thr (T) 11 4. 8%
Trp (W 2 0. 9%
Tyr (Y) 3 1.3%
Val (V) 11 4. 8%
Pyl (O 0 0. 0%
Sec (V) 0 0. 0%
(B) 0 0. 0%
(2) 0 0. 0%
(X) 0 0. 0%

Total nunber of negatively charged residues (Asp + Qu): 42
Total nunber of positively charged residues (Arg + Lys): 32

At omi ¢ conposi tion:

Car bon C 1107
Hydr ogen H 1776
Ni trogen N 318
xygen o 357
Sul fur S 1

Formul a: Cp307H1776N3180357S1
Total nunber of atoms: 3559

Extinction coefficients:
Extinction coefficients are in units of M cmil, at 280 nmneasured in water.

Ext. coefficient 15470
Abs 0.1% (=1 g/l) 0.612

Figure 84: Parameters of NA31CA100 KorB theoretically calculated from the protein
sequence with ProtParam webserver.
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NTD KorB
ProtParam
User-provided sequence:
10 20 30 40 50 60
MGSSHHHHHH SSGLVPRGSH SEFLDSI GDL SSLLDAPAAS QGGSGPI ELD LDLI DEDPHQ
70 80 90 100 110 120
PRTADNPGFS PESI AElI GAT | KERGVKSPI SVRENQEQPG RYI | NHGARR YRGSKWAGKK
130
S| PAFI DNDY

Nurmber of amino acids: 130
Mol ecul ar wei ght: 14083. 44
Theoretical pl: 5.94

Anmino acid conposition:
9%
2%
1%
7%
0%
1%
2%
8%
9%
5%
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8%
8%
3%
7%
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. 0%
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(B)
(2)
(X)
Total nunber of negatively charged residues (Asp + Qu): 18

Total nunber of positively charged residues (Arg + Lys): 13

Atom c conposition:

Car bon C 611
Hydr ogen H 948
Ni trogen N 186
Oxygen O 197
Sul fur S 1

Fornmul a: Gg11HoagN186C197S1
Total nunber of atons: 1943

Extinction coefficients:
Extinction coefficients are in units of M cmil at 280 nm nmeasured in water.

Ext. coefficient 9970
Abs 0.1% (=1 g/l) 0.708

Figure 85: Parameters of NTD KorB theoretically calculated from the protein se-
quence with ProtParam webserver.
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KorA
ProtParam
User-provided sequence:
10 20 30 40 50 60

MKKRLTESQF QEAI QGLEVG QQTI El ARGV LVDGKPQATF ATSLGLTRGA VSQAVHRVWA

70 80 90 100
AFEDKNLPEG YARVTAVLPE HQAYI VRKVE ADAKKKQETK R

Nunber of amino acids: 101
Mol ecul ar wei ght: 11305. 92
Theoretical pl: 9.57

Amino acid conposition:

Ala (A 13 12. 9%
Arg (R 7 6. 9%
Asn (N 1 1.0%
Asp (D 3 3. 0%
Cys (O 0 0. 0%
dn (Q 9 8. 9%
Gu (B 9 8.9%
dy (9 7 6. 9%
Hs (H 2 2. 0%
Ile (1) 4 4. 0%
Leu (L) 7 6. 9%
Lys (K} 9 8.9%
Met (M 1 1. 0%
Phe (F) 3 3. 0%
Pro (P) 3 3. 0%
Ser (S) 3 3.0%
Thr (T) 7 6. 9%
Trp (W 2 2. 0%
Tyr (Y) 2 2. 0%
val (V) 9 8.9%
Pyl (O 0 0. 0%
Sec (V) 0 0. 0%

(B) 0 0.0%

(2) 0 0. 0%

(X) 0 0. 0%

Total nunber of negatively charged residues (Asp + Gu): 12
Total nunber of positively charged residues (Arg + Lys): 16

At omi c conposition:

Car bon C 502
Hydr ogen H 811
Ni trogen N 147
Oxygen O 148
Sul fur S 1

Formul a: Gso2Hg11M1470148S1
Total nunber of atoms: 1609

Extinction coefficients:
Extinction coefficients are in units of MY cm®, at 280 nmneasured in water.

Ext. coefficient 13980
Abs 0.1% (=1 g/1) 1.237

Figure 86: Parameters of KorA theoretically calculated from the protein sequence
with ProtParam webserver.
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68 GLY (-167.2, -65.7)
73 SER (60.1, -83.5)

[model] residue (phi, psi) ]]

[11] 74 ILE (64.0, -12.0)
]
]

[1] 40 SER (52.3, 88.8)
[1] 42 GLY (-166.7, -61.9)
[1] 104 ILE (-55.9, 0.8)
[1] 117 ALA (-162.3, -39.2)
[2] 54 ILE (-34.5, 147.9)
[3] 57 ASP (69.8, 89.6)
[3] 73 SER (64.9, -83.5)
[3] 74 ILE (70.6, -16.5)
[3] 119 LYS (49.1, 86.3)
4] 70 SER (59.5, 157.2)
4] 87 LYS (-179.9, -54.7)

104 ILE (59.0, 79.4)

50 ASP (-61.5, 93.4)
[12] 57 ASP (68.9, 115.7)
[12] 99 PRO (-101.6, 109.6)
[12] 101 ARG (63.0, 97.4)
[13] 70 SER (-169.1, -55.0)
[13] 99 PRO (-103.0, 113.9)
13] 103 ILE (77.4, 108.0)
13] 122 ILE (172.1, 111.5)

[6] 74 ILE (72.6, -11.7)
[7] 126 ILE (73.7, 101.1)
[8] 41 GLN (-171.8, -51.5)
[8] 70 SER (-146.7, -61.3)
[8] 101 ARG (70.3, 116.7)
[9] 63 THR (-79.3, -128.8)
[9] 87 LYS (175.5, 105.9)
[9] 101 ARG (44.9, 101.9)
[9] 121 SER (67.2, 137.9)
[10] 51 LEU (178.4, -39.2)
[10] 57 ASP (72.6, 110.8)
[10] 74 ILE (68.6, -21.7)
[10] 104 ILE (70.9, 23.3)

[
[ 14] 34 LEU (65.1, 97.3)
[4] 101 ARG (66.9, 147.2) 15] 71 PRO (-75.3, -146.0)
[5] 54 ILE (43.4, 111.4) | 73 SER (60.8, -71.3)
[5] 112 ARG (178.4, -46.2) 15] 85 GLY (136.2, 72.4)
[6]1 73 SER (56.8, -89.0) 15] 126 ILE (69.9, 99.1)

]

74 TLE (74.4, -17.1)
16] 101 ARG (64.7, -89.7)
[17] 51 LEU (-168.0, -28.2)
[17] 73 SER (62.9, -72.9)
[17] 114 SER (-85.3, -119.5)
[18] 69 PHE (67.1, 132.6)
[18] 73 SER (49.6, -95.8)
[18] 74 ILE (73.8, -17.1)
[18] 103 ILE (71.5, 109.2)
[19] 43 GLY (147.6, 78.4)
[19] 54 ILE (73.0, 119.5)
[19] 73 SER (41.8, 21.8)
[19] 100 GLY (-72.7, -111.5)
[19] 126 ILE (76.4, 143.1)
[20] 68 GLY (161.9, 62.7)

Figure 88: Outliers in the Ramachandran plot for the NTD KorB structure ensemble.
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Table 33: NTD KorB ensemble outliers based on Ramachandran plot.

Residue | Occurence | Model number
34LEU |1 14

40 SER 1 1

41GLN |1 8

42 GLY |1 1

43 GLY 1 19

50 ASP |1 12

51LEU |2 10, 17

54 ILE 3 2,519

57 ASP 3 3,10, 12
63THR |1 9

68 GLY |2 11, 20

69PHE |1 18

70SER |3 4,8,13

71PRO |1 15

73 SER 7 3,6,11,15,17, 18,19
74 ILE 6 3,6,10,11, 16, 18
85GLY |1 15

87LYS |2 4,9

9 PRO |2 12,13

100 GLY | 1 19

101 ARG | 5 4,8,9,12,16
103ILE |2 13,18

104ILE |3 1,10,11

112 ARG | 2 5, 20
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Residue | Occurence | Model number (cont...)
114 SER |1 17

117 ALA | 1 1

119LYS |1 3

121 SER |1 9

1221ILE |1 13

126 ILE | 3 7,15,19

Table 33: NTD KorB ensemble outliers based on Ramachandran plot continued.



| Appendix | 228

Xho I(158)
Not I(166)
Eag I(166)
Hind lli(173)
Sal I(179)
Sac I(190)
EcoR 1(192)
BamH 1(198)

Bpu1102 I(80 Nhe 1(231)
pu yNde 1(238)
/\ Nco 1(296)

Xba 1(335)

Bgl li(401)
SgrA 1(442)
Sph 1(598)

Dra lll(5127)

Pvu 1(4426)
Sgf 1(4426)

Sma 1(4300) Mlu I(1123)

Bcl 1(1137)
Cla l(4117)

Nru [(4083) BstE 11(1304)

L

Apa 1(1334)

BssH 11(1534)
EcoR V(1573)
Hpa 1(1629)

Eco57 1(3772)

AlwN 1(3640)

BssS 1(3397) PshA 1(1968)
Bgl 1(2187)
Fsp 1(2205)
Psp5 11(2230)

BspLU11 [(3224)
Sap 1(3108)

Bst1107 1(2995)

Tth111 1(2969)

T7 promoter lac operator rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA
HisTag ~Ndel Nhel T7-Tag

TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATGACTGGTGGACAGCAA
MetGlySerSerHisHisHisHisHisHisSerSerGlyLeuValProArgGlySerHisMetAlaSerMetThrGlyGlyGInGIn

Eag| "thrombin
BamH | EcoR | Sac | Sall Hind Il __ Notl Xho | His-Tag

ATGGGTCGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCC
MetGlyArgGlySerGluPheGluLeuArgArgGIinAlaCysGlyArgThrArgAlaProProProProProLeuArgSerGlyCysEnd

Bpu1102 | T7 terminator
GAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

<
«

Figure 89: Schematic representation of pET28a(+) plasmid showing the positions of all
restriction sites. Ori-start site of plasmid replication. Kan-Kanamycin resistance gene.
lacI-Lac repressor gene.
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Figure 90: Close contacts in the NTD KorB ensemble.

Residue
Name

104
104
26
82
94
77
56
50

Chain

L

Chain Atom

Ll B

0oD2

0oD2
2HH1

HG1
3HZ
3HZ

Sequence
Number

94
31

=

Model

(=2 = A 6 ) B S S T ]

110
80
120
82

Z2z22222 g

10

o000

229
Distance
Dist = 1.52
Dist = 1.54
Dist = 1.56
Dist = 1.56
Dist = 1.57
Dist = 1.58
Dist = 1.58
Dist = 1.58
Dist = 1.58
Dist = 1.59
Dist = 1.59
Dist = 1.60
Dist = 1.60
Dist = 1.60
Bond Dictionary
Angle Value
105.8 110.1
115.5 111.2
106.3 111.2
106.7 111.2
106.5 111.2
106.3 111.2
106.2 111.2
115.7 111.2

Figure 91: Covalent contacts in the NTD KorB ensemble.
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Amino Acid Three letter code Single letter code

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid  Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile |
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine  Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val \Y%
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JCSG+ Salt Buffer pH Precipitant

tube

number

33 - 01 M Na/K |62 25% (v/v)1,2 propanediol;
phosphate 10 % (v/v) Glycerol

34 - 0.1 M Bicine 9 10 % (w/v) PEG 20000; 2 %

(v/v) 1,4-Dioxane

43 0.2 M Lithium | 0.1 M Tris 8.5 40 % (v/v) PEG 400
sulfate

44 - 0.1 M Tris 8 40 % (v/v) MPD

84 3 M Sodium | 0.1 M Bis-Tris 5.5 -
chloride

88 0.2 M Calcium | 0.1 M Bis-Tris 5.5 45 % (v /v) MPD
chloride

89 02 M Ammo- | 0.1 M Bis-Tris 5.5 45 % (v/v) MPD

nium acetate

96 02 M Ammo- | 0.1 M HEPES 7.5 45 % (v /v) MPD

nium acetate

Table 34: Crystallisation conditions of NTD KorB.
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Abbreviations

aa Amino acid

ASU Asymmetric unit

AUC Analytical ultracentrifugation

AUDANA Automated database-assisted NOE assignment
AWSEM Associative memory water mediated structure and energy model
BE Binding event

BSA Bovine serum albumin

CBP Centromere binding protein

CCR Central control region

CD Circular dichroism

CPL Circularly polarised light

CTD C-terminal domain

Cv Column volume

DBD DNA-binding domain

DNA Deoxyribonucleic acid

dsFL double stranded full-length

dsHL double stranded half-length

EDTA Ethylene diamine tetra-acetic acid

EMSA Electrophoretic mobility shift assay
ESI-MS Electrospray ionisation mass spectroscopy
FA Fluorescence anisotropy

FP Fluorescence polarisation

FRET Forster resonance energy transfer

HMG High mobility group domain

HTH Helix-turn-helix

IDP Intrinsically disordered protein

IDR Intrinsically disordered region

INT Intensity
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IPTG
JCSG
LB
MCS
MD
mdeg
MS
MST
MWCO
nclDP-assign
NHS
NMR
NOESY
NTD
PAGE
PCR
PDB ID
PMSF
PROMALS3D
ProSA
PSVS
rpm

RT

SDS
SH3
TFE
Tris
WT
XRC

Isopropyl p-D-1-thiogalactopyranoside
Joint center for structural genomics
Lysogeny broth

Multiple cloning site

Molecular dynamics

millidegree

Mass spectrometry

Microscale thermophoresis

Molecular weight cut-off
Neighbour-corrected IDP chemical shift assignment
N-hydroxysuccinimide esters

Nuclear magnetic resonance

Nuclear overhauser effect spectroscopy
N-terminal domain

Polyacrylamide gel electrophoresis
Polymerase chain reaction

Protein data bank identifier

Phenyl methane sulfonyl fluoride
Profile multiple alignment with local structure
Protein structure analysis

Protein structure validation suite
Revolutions per minute

Room temperature

Sodium dodecyl sulphate

Src homology 3

Trifluoroethanol
Tris-(hydroxymethyl)-aminomethane
Wild type

X-ray crystallography
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