








topoisomerase IV with its ability to decatenate 100 times more efficiently than gyrase
(Zechiedrich and Cozzarelli 1995). Topoisomerase IV has been shown to recognise left-
handed crossings which accounts for the enzyme’s ability to decatenate supercoiled right-
handed catenanes without also causing their relaxation (Rawdon et al. 2016).

The current understanding is that neither Arabidopsis nor Plasmodia possess
sequences corresponding to topoisomerase IV proteins. Intriguingly, in the case of
bacteria that lack topoisomerase [V and possess only one type 1A topoisomerase (gyrase),
the enzyme serves as an efficient decatenase (Manjunatha et al. 2002). In the absence of a
topoisomerase IV protein, the prospect that A. thaliana and Plasmodia gyrases may also

be similarly adapted remains yet to be explored.

Figure 1.8: Structure of topoisomerase IV.

(a) The structure of Streptococcus pneumoniae PacE-ParC55 (Laponogov et al. 2013) (PDB: 413H).
Domain colours as follows: yellow: GHKL ATPase domain, orange: transducer domain, red: TOPRIM
domain, teal: WHD, purple: tower domain, blue: coiled-coil domain. The ParC55 structure is a
truncated version of the protein that excludes the CTD domain of topoisomerase IV. (b) The
structure of the E. coli ParC-CTD displaying the 5-bladed B-pinwheel domain (Corbett et al. 2005).
Figure adapted from (Bush et al. 2015) with permission.
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1.5.2. Type IIB topoisomerases

The type IIB topoisomerases have been identified in archaeal, plant, protist and algal
lineages (Bergerat et al. 1994; Hartung et al. 2002; Malik et al. 2007). Similar to the type
IIA topoisomerases, type IIB topoisomerases also employ an ATP- and Mg?+-dependent
mechanism for double-stranded DNA cleavage. The family was thought to comprise solely
of topoisomerase VI, however, recent in silco analysis has identified a novel member,
topoisomerase VIII (Gadelle et al. 2014). The type IIB topoisomerases have been
categorised separately due to limited sequence similarity to other type Il topoisomerases
(Aravind et al. 1998). A structural distinction of these enzymes is the formation of only
two protein-protein interfaces, in comparison to three interfaces formed by IIA

topoisomerases (Figure 1.7b).

1.5.2.1. Topoisomerase VI

Topoisomerase VI comprises two subunits, A and B, the former subunit is homologous
to Spoll, a eukaryotic protein involved in the initiation of DNA cleavage during
homologous recombination, the latter subunit is involved in the binding and hydrolysis of
ATP (Bergerat et al. 1997; Keeney et al. 1997). Similar to type IIA topoisomerases, the
active enzyme comprises an A;B; heterotetramer (Bergerat et al. 1994). The limited
homology of the topoisomerase VI to the IIA topoisomerases resides in the DNA-binding
(TOPRIM), magnesium-chelating (WHD) and ATPase (GHKL) domains of the enzyme, yet
the organization of these domains differs by the adjacent placement of the WHD and
TOPRIM domain on the same polypeptide (Figure 1.6). Topoisomerase VI can relax
positively and negatively supercoiled DNA, as well as decatenate DNA (Bergerat et al.
1997). The sequential revelation of the structures of topoisomerase VIA and
topoisomerase VIB subunits, from different species, prior to the complete structure of the
protein from Methanosarcina mazei, conclusively confirmed key structural differences
from the type IIA enzymes, these include: the absence of a post-strand passage cavity,
characteristically formed by the A-subunit CTDs of type IIA topoisomerases; and the
formation of only two protein-protein interfaces, in contrast to the three interfaces formed
by the active type IIA topoisomerases (Corbett and Berger 2003; Corbett et al. 2007;
Corbett et al. 2005; Nichols et al. 1999). Furthermore, the Sulfolobus enzyme also
highlighted a distinct cleavage activity, by introduction of a two base-pair stagger relative
to the four base-pair stagger created upon nucleophilic attack in type I1A topoisomerases.

Homologues of topoisomerase VI have been identified in various eukaryotic species,

including plants. The Arabidopsis genome has been identified to possess homologues of
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both A and B subunits of topoisomerase VI. Interestingly, there are three Spoll
homologues within the Arabidopsis genome: AtSpo11-1, AtSpo11-2 and AtSpo11-3, but
only a single topoisomerase VIB homologue: AtTopo VIB (Grelon et al. 2001; Hartung and
Puchta 2000; Sugimoto-Shirasu et al. 2002). Interaction of Arabidopsis thaliana
topoisomerase VIB with Spo11-2 and Spo11-3 has been confirmed, but no interaction is
detected with Spo11-1. The latter protein is essential for production of viable gametes and
efficient meiotic recombination (Grelon et al. 2001). The functional topoisomerase VI
protein is formed by the Spol1-3 and topoisomerase VIB subunit, disruption to the
activity of both or either subunits of this protein provides a dwarfed phenotype in
Arabidopsis (Hartung et al. 2002; Sugimoto-Shirasu et al. 2002). Specifically, mutant plants
have been identified that are defective in the process of endoreduplication, that is, a
natural process in which plants undergo successive rounds of DNA replication (an
increase in ploidy) in the absence of cellular division; topoisomerase VI is specifically
required for endocycles beyond 8C (Sugimoto-Shirasu et al. 2002).

A further intriguing aspect of the Arabidopsis topoisomerase VI is the identification of
two accessory proteins that interact to form the functional complex and are essential for
the process of endoreduplication: BIN4 and RHL1 (Breuer et al. 2007; Sugimoto-Shirasu
et al. 2005). Phenotypically, bin4 and rhl1 mutants are similar to topoisomerase VI
mutants and exhibit dwarfism. The interaction of these accessory proteins is mediated
with the topoisomerase VIA subunit (Spo11-3), RHL1 binds only to this subunit of the
complex, whilst BIN4 can interact with itself and RHL1, in addition to the topoisomerase
VIA subunit (Breuer et al. 2007). These investigations confirm that topoisomerase VI plays
a critical role in DNA replication, metabolism and cell growth in Arabidopsis.

Topoisomerase VI may potentially be encoded by the Plasmodium falciparum genome,
although a uniform view with regards to this in the topoisomerase field has not currently
been established. P. falciparum is believed to encode a topoisomerase VIB subunit, but the
existence of the partner subunit remains somewhat disputed, due to difficulties in
differentiation of topoisomerase VIA and Spoll, both of which have similar domain
architectures. Regardless, heterologous expression of P. falciparum topoVIA/Spol1 in
combination with topoisomerase VIB from the same species, has been shown to
complement a topoisomerase Il deficient Saccharomyces cerevisiae strain and exhibit
sensitivity to an ATPase inhibitor, radicicol (Chalapareddy et al. 2016). Clearly, further in-

depth exploration of potential plasmodial topoisomerase VI enzymes is required.

Chapter 1: Introduction 19



1.5.2.2. Topoisomerase VIII

Topoisomerase VIII was included within the topoisomerase family following its in
silico identification using the topoisomerase VIB subunit as a bait protein to search
databases (Gadelle et al. 2014). Topoisomerase VIII was originally identified in 19
bacterial genomes, three bacterial plasmids and a single archaeon plasmid; where
genomically encoded, these are in regions of integrated mobile elements, plausibly
ascending from a conjugative plasmid (Gadelle et al. 2014). The topoisomerase VIII
enzymes possess domains similar and unique to topoisomerase VI, that is the helix-two-
turn-helix (H2tH) and transducer domains, however, these are found encoded on a single
polypeptide alongside domains that would classically constitute the topoisomerase VIA
subunit, such as, GHKL ATPase and TOPRIM domains; the active enzyme is a homodimer
formed by two of such polypeptides (Gadelle et al. 2014). Topoisomerase VIII proteins
encoded by bacterial plasmids possess Mg2+- and ATP-dependent relaxation and
decatenation activities, whilst those encoded by integrated elements possess DNA
cleavage activity with ATP-independent relaxation activity or just the latter distinct

relaxation activity alone (Gadelle et al. 2014).

1.5.2.3. Mini-A

The most recent addition to the topoisomerase family, specifically of the type IIB is
that of Mini-A. These are distant homologs of the type IIB topoisomerases and are encoded
by extrachromosomal and integrated bacterial and archaeal viruses (Takahashi et al.
2019). These topoisomerases are aptly named due to their short region of homology to
the A-subunit of the type IIB topoisomerases or extreme C-terminus of the single
polypeptide of topoisomerase VIII (i.e. region encoding the TOPRIM domain) (Takahashi
etal. 2019). Although the Mini-A proteins conserve key residues involved in DNA cleavage,
mainly located within the TOPRIM and 5Y-CAP domains, other significant topoisomerase
domains, including the ATPase domain have not yet been identified. The function of the
Mini-A proteins remains yet to be identified, however, their pairing with other proteins,

to constitute a canonical topoisomerase, is yet to be ruled out (Takahashi et al. 2019).
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1.6. Gyrase

The type 1A topoisomerase family comprises a third member, DNA gyrase. Gyrase
possesses the unique ability to introduce negative supercoils into double-stranded DNA
substrates by means of an ATP- and Mg?+-dependent reaction (Gellert et al. 1976). In
addition, gyrase is also capable of performing other reactions typical of type IIA
topoisomerases when coupled with ATP hydrolysis, such as the relaxation of positive
supercoils, decatenation (Kreuzer and Cozzarelli 1980; Marians 1987b) and unknotting
(Liu et al. 1980). Notably, the enzyme possesses the ability to relax negative DNA
supercoils in the absence of ATP (Gellert et al. 1979; Higgins et al. 1978).

DNA gyrases are ubiquitous in bacteria, the comprehensive study of the E. coli protein
has led to the enzyme becoming a model for gyrase proteins in other species. E. coli gyrase
is encoded by the gyrA and gyrB genes, the gene products for which are 97-kDa and 90-
kDa subunits, respectively. The active enzyme is formed by the combination of two of each
of the GyrA and GyrB subunits, which combine to form an A;B; heterotetramer (Adachi et
al. 1987; Sugino et al. 1980). Limited proteolysis of the gyrase subunits has shown that the
GyrB subunit comprises two primary domains (Kampranis and Maxwell 1998; Reece and
Maxwell 1989), a 43-kDa N-terminal domain involved in the binding and hydrolysis of ATP
and a 47-kDa C-terminal domain that interacts with DNA and GyrA (Brown et al. 1979;
Chatterji et al. 2000; Wigley et al. 1991). Similarly, GyrA can be divided into a 59-kDa N-
terminal domain involved in DNA cleavage (Horowitz and Wang 1987) and a 35-kDa C-

terminal domain that wraps DNA.

1.6.1. Structure of gyrase

The structural information for DNA gyrase was initially limited to individual domains
of the protein, subunits, their truncated versions or fusion constructs of core regions
determined by X-ray crystallography. However, the latter technique has thus far been
unable to provide a structure of full-length gyrase. The structural information was
subsequently augmented by low-resolution full-length gyrase structures obtained by
small angle X-ray scattering (Baker etal. 2011) or 3D cryo-electron microscopy (cryo-EM)
(Costenaro et al. 2007; Papillon et al. 2013). The initial full-length cryo-EM structure was
obtained from the Thermus Thermophilus fusion of the gyrase B followed by the gyrase A
subunit. The active complex was crosslinked by glutaraldehyde, reaction conditions
included ADPNP and ciprofloxacin and both the presence and absence of 155 bp DNA
(Papillon et al. 2013). Albeit a low-resolution structure at 23 A, the authors were able to

deduce key aspects of the enzyme’s structure and dynamics (Figure 1.9). They observed

Chapter 1: Introduction 21



the intertwined nature of the holoenzyme, inferred the vertical movement of the GyrB
ATPase domains upon binding of DNA and observed an asymmetric disposition of the
CTDs towards the N-gate (formed by the locked ATPase domains with ADPNP), this was
stabilised by DNA (Figure 1.9) (Papillon et al. 2013).

Figure 1.9: Cryo-EM structure of Thermus Thermophilus gyrase.

(a) Space-filled model of gyrase full-length BA fusion construct (blue and yellow) complex
displaying the intertwining of the subunits. Note the connection of one ATPase domain to the
TOPRIM domain on the opposite side via a 10 amino acids linker (arrows on the inset image). (b)
Cryo-EM map of DNA bound complex shown in three orientations, the ATPase domain is observed

tilted towards the CTD. Figure adapted from (Papillon et al. 2013).
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The original low resolution full-length 3D cryo-electron microscopy structure has
been superseded by the full-length structure of E. coli DNA gyrase, formed by
stoichiometric formation of the active complex from individual subunits, at an overall
resolution of 6.6 A (Broeck et al. 2019). The representations of primary domain
architecture and its translation into a 3D structure for the E. coli gyrase protein is
illustrated in Figure 1.10.

The A;B; arrangement of gyrase leads to two-fold symmetry in its three-dimensional
structure and the formation of protein-protein interfaces, or gates (Figure 1.10b). The first
gate termed N-gate or ATP-gate is formed by two adjacent elements, an ATP binding and
hydrolysis domain and a transducer domain (Bellon et al. 2004; Classen et al. 2003;
Corbett and Berger 2003; Wigley et al. 1991). The ATPase domain is a member of the GHKL
superfamily, which possesses the unconventional Bergerat ATP-binding fold (Dutta and
Inouye 2000). The transducer domain functions to transmit signals between the ATP-gate
and the DNA-gate (Bjergbaek et al. 2000).

The second protein-protein interface, the DNA-gate, is formed by interactions
between the TOPRIM domain of GyrB and the WHD of the GyrA subunit. The TOPRIM
domain is responsible for binding the divalent metal ion (Aravind et al. 1998) and the
WHD domain encompasses the active site tyrosine (Gajiwala and Burley 2000);
contiguous with the latter domain is the tower domain, which is involved in the binding of
DNA (Morais Cabral et al. 1997). The combinatorial action of these three domains facilitate
the DNA gate in completing its role of binding the DNA and cleaving each strand of the
DNA duplex. Notably, the action of DNA cleavage results in the formation of a 5' DNA break,
staggered four base pairs apart on each strand of the duplex (Sander and Hsieh 1983).

The final dimerization interface of the protein, the C-gate, is a well-conserved region
formed by a coiled-coil extension from the shoulder with a globular protein at the
terminus (Berger et al. 1996; Morais Cabral et al. 1997). The C-gate of gyrase is extended
by the 35-kDa CTD, which is essential for the ability of gyrase to negatively supercoil DNA
(Figure 1.10d) (Kampranis and Maxwell 1996; Reece and Maxwell 1991). Interestingly,
deletion of the CTD converts gyrase into a conventional DNA relaxing enzyme, such as
topoisomerase Il (Kampranis and Maxwell 1996). The CTD adopts a six bladed -pinwheel
structure with a predominant basic outer surface that functions to bind and bend DNA.
The domain encompasses a 7 amino-acid motif (QRRGGKG), the GyrA-box, which is

essential for the supercoiling activity of gyrase (Kramlinger and Hiasa 2006).
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The structure of the DNA binding and cleavage domain of the enzyme was visualised
in two orientations by 3D cryo-EM, the first described as the ‘closed’ conformation and the
second as a ‘pre-opening’ complex (Broeck et al. 2019). Doubly-nicked DNA of 180 bp was
used as a substrate for complex formation. Of this 130 bp was mapped in the structure,
implying that the remaining DNA may be more flexible. The structure determined by
Broeck et al. (2019), provided clarity on a speculative function of the GyrA box proposed
by Papillon et al. (2013). From their 23 A full-length structure of Thermus thermophilus,
Papillon et al. (2013) proposed an additional function of the GyrA box in stabilising the G-
segment/T-segment cross-over structure, in addition to stabilising the circular shape that
enforces DNA wrapping. This was confirmed by the latter structure determined by Broeck
et al. (2019), who observed the DNA to be wrapped around the CTD of the enzyme in an
angle close to 200° and determined the GyrA box to be acting as a clamp to compensate
for this energetically unfavourable twisting of the DNA (Broeck et al. 2019; Papillon et al.
2013). Additionally, the first point of contact between G-segment DNA and the B-pinwheel
of the CTD was determined to be via blade 3, followed by the wrap around blades 4,5 and
6 and the exit of the DNA via the GyrA box on blade 1 (Broeck et al. 2019).
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Figure 1.10: Structure of E. coli gyrase.

(a) Primary domain arrangement of E. coli gyrase. (b) Raw cryo-EM structure of E. coli gyrase,
highlighting the three protein-protein interfaces. (c) Molecular cryo-EM structure of full-length E.
coli gyrase complexed with 130 bp DNA (pale green) and a side-on view of the same structure (PDB:
6RKW). Domain colours in b and c as in a. (d) GyrA C-terminal domain highlighting the six bladed
B-pinwheel structure (PDB: 1Z10). Figure adapted from (Broeck et al. 2019) with permission.
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1.6.2. Mechanism of DNA Gyrase

Gyrase is able to negatively supercoil DNA using a two-gate mechanism (Figure 1.11)
(Mizuuchi et al. 1980). The supercoiling reaction is initiated by the binding of a section of
DNA, the gate or G-segment, across the dimer interface of the GyrA N-terminal domains,
this interface provides a positively charged saddle to facilitate the binding of DNA; once
bound, the DNA is contorted. As a consequence of G-segment binding, the C-terminal
domains of GyrA swing upwards allowing an adjacent section of DNA to be wrapped
around these domains in a positive supercoil (Heddle et al. 2004; Lanz and Klostermeier
2011; Orphanides and Maxwell 1994). The wrapping of DNA around the C-terminal
domains positions a second segment of DNA, the transport or T-segment, across the bound
G-segment at an angle of about 60° (Papillon et al. 2013). The binding of DNA and its
wrapping activity induces the narrowing of the N-gate, which facilitates capture of the T-
segment (Gubaev and Klostermeier 2011). Subsequently, ATP is bound by the N-terminal
domains of each GyrB subunit, leading to dimerization of the subunits, trapping of the T-
segment and closure of the clamp (Kampranis et al. 1999; Wigley et al. 1991). The steps
described thus far, do not require the energy of ATP hydrolysis and are feasible by binding
of the non-hydrolysable analogue, 5'-adenylyl B,y-imidodiphosphate (ADPNP) (Roca and
Wang 1992). ADPNP can facilitate a single strand-passage reaction, after which, the
enzyme is stranded in an inactive state (Sugino et al. 1978). However, in order for gyrase
to carry out further catalytic cycles, the enzyme needs to be reset to its initial
conformation, which is achieved by hydrolysis of the bound ATP. Interestingly, an acidic
tail at the extreme C-terminus of the GyrA CTD in E. coli, has been shown to regulate DNA
wrapping and link the activity to ATP turnover, therefore controlling supercoiling (Tretter
and Berger 2012). The ATP-independent relaxation of negatively supercoiled DNA can
also be supported by DNA gyrase using a similar reaction, albeit in reverse; the T-segment
passes through the enzyme in the opposite direction, that is, through the bottom dimer
interface or C-gate (Williams and Maxwell 1999). Although energetically favourable, DNA
gyrase requires ATP to support relaxation of positively supercoiled DNA; in a reaction
analogous to that of supercoiling. Likewise, ATP is also required during catenation-
decatenation and knotting-unknotting reactions (Kreuzer and Cozzarelli 1980; Liu et al.

1980).
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Figure 1.11. The mechanism of supercoiling by DNA gyrase.

1. Gyrase components in solution. 2. The G-segment DNA is bound at the DNA-gate and the
contiguous DNA is wrapped (positive crossover) around the GyrA CTD; positioning the T-segment
over the G-segment. 3. ATP binds at the GyrB NTDs, leading to dimerization of the domains, capture
of the T-segment and transient cleavage of the G-segment. 4. ATP hydrolysis causes the GyrB to
rotate, the GyrA dimers to separate, and transport of the T-segment through the cleaved G-segment.
5. The G-segment is re-ligated. The process leads to the introduction of two negative supercoils into
the DNA. The T-segment exits the DNA via the last dimer interface, the C-gate. The remaining ATP
is hydrolysed to reset the enzyme. The right panel shows steps 2-4 side-on. Symbols are as follows:
circle - ATP binding pocket; star - active-site tyrosine. Colour coding of domains: dark blue -
GyrB43; red - GyrB TOPRIM; green - GyrB tail; orange - GyrA59; light blue- GyrA CTD. The G- and
T- segments are coloured black and purple, respectively. Figure adapted from (Costenaro et al.

2007) with permission.
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An alternative and somewhat controversial mechanism, to that of strand passage, for
DNA supercoiling by gyrase has been proposed, prompted by apparent negative
supercoiling by a version of the enzyme harnessing only a single catalytic tyrosine (Gubaev
et al. 2016). The rationale for the proposed mechanism of nicking and closing is initiated
by the capture of two positive supercoils in covalently closed DNA and hence the
introduction of two compensatory negative supercoils in the substrate, these distinct
topological domains of DNA are separated and fixed at opposing ends, the positive
supercoils are relaxed by rotation following single-stranded cleavage of one DNA strand,
leaving the negative supercoils intact (Gubaev et al. 2016). Intriguingly however, the
reactions of ATP-dependent relaxation and decatenation both implicated strand-passage
(Gubaev et al. 2016). The nicking-closing mechanism yet remains controversial within the

topoisomerase field.

1.6.3. Biological role of gyrase

The bacterial gyrase is the sole enzyme responsible for negative supercoiling in vivo,
be it during the process of chromosome condensation, recombination, or to facilitate
replication initiation (Bates and Maxwell 2005; Dorman and Dorman 2016) . During the
process of DNA replication and the accompanying strand separation, gyrase is implicated
in the resolution of positive supercoils that accumulate ahead of the replication fork
(Figure 1.1). The in vivo supercoiling levels are fundamentally controlled and orchestrated
by the antagonistic actions of gyrase and topoisomerase | within bacteria (Drlica 1992).
The inability of the cell to remove positive supercoils ahead of the replication fork, a
common feature in overwound DNA, induces stalling of the replication machinery and the
eventual introduction of lethal double-stranded DNA breaks that are bactericidal (Liu and

Wang 1987).

1.6.4. Gyrase inhibitors

Gyrase conducts an essential function for replication and division within bacterial
species explicitly; the combination of this essential role and the lack of gyrase in human
cells presents the enzyme as an ideal drug target. DNA gyrase can be inhibited by one of
two main mechanisms: direct inhibition of the enzyme’s activity, or the enzyme may be
poisoned through the stabilisation of the covalent enzyme-DNA complex (Collin et al.

2011).
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1.6.4.1. Aminocoumarins

The aminocoumarins are Streptomyces products that target gyrase by inhibiting the
enzyme’s supercoiling reaction (Maxwell 1997). More specifically, these drugs target the
ATPase activity of the GyrB subunit, acting as competitive inhibitors of ATP binding
(Mizuuchi et al. 1978; Sugino and Cozzarelli 1980; Sugino et al. 1978). Despite
topoisomerase IV also possessing ATP-dependent activity, gyrase has been identified as
the primary target of these inhibitors (Alt et al. 2011). Aminocoumarins bind gyrase in the
24-kDa N-terminal GyrB domain and overlap the ATP-binding site (Gilbert and Maxwell
1994; Lewis et al. 1996). The aminocoumarins include: novobiocin, chlorobiocin and
coumermycin (Figure 1.12). Despite these drugs being potent inhibitors of the ATPase
reaction of gyrase, they are not clinically successful due to solubility and toxicity issues

(Maxwell 1997).
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Figure 1.12: The structures of selected aminocoumarins.
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1.6.4.2. Quinolones

The quinolones are the most successful antibacterial compounds targeted to DNA
gyrase and have been used to treat a wide range of infections. These synthetic compounds
originated from nalidixic acid and now comprise four generations of drugs with improved
antimicrobial activity, potency and clinical success: nalidixic acid and oxolinic acid (first
generation); ciprofloxacin and norfloxacin (second generation); levofloxacin and
sparfloxacin (third generation); moxifloxacin and gemifloxacin (fourth generation)
(Figure 1.13) (Collin et al. 2011). The quinolones inhibit the DNA supercoiling and
relaxation reactions of gyrase by binding and stabilising the gyrase-DNA cleavage complex
(Gellert et al. 1977; Sugino et al. 1977). The bacteriostatic effect of quinolones arises from
this stabilised complex impeding movement of the DNA replication fork. Subsequently,
double-stranded DNA breaks are formed which is followed by protein synthesis-
dependent or -independent chromosome fragmentation and cell death (Drlica et al.
2008).

Interestingly, the quinolones also have a secondary target, topoisomerase IV.
Quinolone resistance can be mediated by single point mutations, which frequently map to
the N-terminal domains of GyrA (residues 67 to 106 E. coli numbering) or ParC (residues
63 to 102); both domains are within close proximity of the active site tyrosine (Tyr122 for
GyrA and Tyr120 for ParC) (Hooper and Jacoby 2015; Laponogov et al. 2009; Wohlkonig
et al. 2010). These domains have been designated as the ‘quinolone-resistance-
determining-regions’ (Yoshida et al. 1990). Interestingly, resistance can also be mapped

to the GyrB and ParE subunits.
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Figure 1.13. Quinolone structures.

Chemical structures of the different quinolone drugs. First generation: nalidixic acid. Second
generation: norfloxacin and ciprofloxacin. Third generation: levofloxacin and sparfloxacin. Fourth
generation: moxifloxacin and gemifloxacin. The fluoroquinolones are characterised by the addition

of a fluoro-group to the scaffold. Figure adapted from (Collin et al. 2011) with permission.
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1.6.4.3. Simocyclinone D8

The significance of simocyclinones became apparent upon analysis of its biosynthetic
gene cluster, which was found to overlap with the aminocoumarin gene cluster (Galm et
al. 2002; Trefzer et al. 2002). Simocyclinone variants, for example simocyclinone D8 (SD8),
are produced by Streptomyces antibioticus (Holzenkampfer et al. 2002; Schimana et al.
2000). Similar to aminocoumarins and quinolones, SD8 also targets gyrase and specifically
inhibits the supercoiling and relaxation reactions of the enzyme. However, SD8 does not
inhibit the ATPase reaction of gyrase, neither does it stabilise the gyrase-DNA complex,
but the inhibitor functions by a novel mechanism that involves early action in the gyrase
catalytic cycle by preventing the binding of DNA to gyrase (Flatman et al. 2005). SD8 is
formed by the unity of three subunits: a coumarin moiety, a tetraene linker, and a glycone
subunit (Figure 1.14). Observations of the crystal structure of SD8 revealed that the
inhibitor interacts with two separate binding pockets of the GyrA domain through each of
its ends, thus the molecule was aptly termed as a ‘double-headed antibiotic’ (Edwards et
al. 2009). Initially, SD8 was believed to have modest activity against Gram-positive
bacteria only; this in combination with its low solubility and high toxicity, rendered it
unsuitable as a therapeutic drug (Schimana et al. 2000). However, more recently, the
antibiotic has been reported to have strong activity against gram-negative bacteria from
clinical isolates (Richter et al. 2010). The latter discovery presents a more optimistic

outlook for the development of SD8 as a therapeutic drug.
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Figure 1.14: Structure of simocyclinone D8. Figure adapted from (Khan et al. 2018) with

permission.
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1.6.4.4. Microcin B17

Microcin B17 (MccB17) belongs to a class of peptide antibiotics with low molecular
masses that are produced and excreted by Enterobacteriaceae (Baquero et al. 1978).
MccB17 is a 3.1-kDa glycine-rich peptide, with extensive post-translational modifications,
produced by E. coli harnessing the plasmid-borne MccB17 operon (Figure 1.15)
(Davagnino et al. 1986). Similar to quinolones, MccB17 acts by stabilising the covalent
gyrase-DNA complex, leading to inhibition of DNA synthesis and formation of double-
stranded DNA breaks, ultimately resulting in cell death (Herrero and Moreno 1986; Vizan
et al. 1991). However, in comparison to quinolones, MccB17 is a weak inhibitor, it does
not completely inhibit gyrase mediated supercoiling and relaxation, but instead slows
down these processes around 3-fold. Although the inhibitor functions independently of
ATP hydrolysis, the presence of ATP has been shown to enhance its effect by about 10-fold
(Bush et al. 2015; Pierrat and Maxwell 2003).
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Figure 1.15: The chemical structure of mature MccB17.
The formation of the mature peptide (residues 27-69) involves cleavage of the leader peptide by
TIdD/E protease (see (Ghilarov et al. 2019)) for more details. Figure adapted from (Ghilarov et al.

2019) with permission.
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1.7. DNA gyrase in plants

Conventionally, DNA gyrase has been considered as a bacterial enzyme, but there is
now compelling evidence of gyrase in eukaryotes. At a first glance, gyrase may seem
surplus to requirement in a eukaryotic cell, due to the chromosomic arrangement of the
nuclear DNA, which is responsible for its maintenance in a negatively supercoiled state.
However, gyrase is thought to function in the replication of the DNA that resides in the
endosymbiotic organelles of these cells, where the condition of DNA is likely to reflect its
prokaryotic origin. The discovery of gyrase in plants and plasmodial parasites has
generated scientific interest primarily founding upon the success of the bacterial enzyme

as a biological target.

1.7.1. Detection of DNA gyrase in plants

Indirect evidence for the existence of DNA gyrase in planta was proposed as early as
1987 when researchers discovered a novobiocin-sensitive gyrase-like activity, during
investigation of chloroplast gene transcription in peas (Lam and Chua 1987). The
simultaneous identification of topoisomerase I led to the conclusion that the topology of
organellar DNA impacts transcription of chloroplast genes. Further support was provided
upon the inhibition of chloroplast DNA synthesis by typical gyrase inhibitors, nalidixic acid
and novobiocin through the recognition of reduced [3H] thymidine incorporation (Mills et
al. 1989). The molecular cloning and expression of GyrA from Pisum sativum has identified
the subunit to be dual targeted to the plastid and mitochondria (Reddy et al. 2018). The
PsGyrA shared 42% sequence similarity to its E. coli counterpart, but its closest relative
based on sequence similarity was found to be the Medicago truncatula GyraA.

Investigation of gyrase in Nicotiana Benthamiana revealed a role of the protein in
governing successful nucleoid partitioning within chloroplasts (Cho et al. 2004). The
knockdown of Nicotiana Benthamiana GyrA and GyrB through virus-induced gene
silencing (VIGS) documented the affected areas of diminished protein expression to
possess reduced numbers of chloroplasts, increased DNA content and large abnormal
nucleoids with variable DNA sizes and structures (Cho et al. 2004). The same study also
identified ultrastructural differences in chloroplasts, specifically, providing evidence of
reduced thylakoid membranes as well as the appearance of dumbbell shaped chloroplasts

with central constrictions.
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1.7.2. Topoisomerases in Arabidopsis

Arabidopsis thaliana comprises of three separate genomes: nuclear, plastid and
mitochondrial, each served by distinct suite of topoisomerases, according to the individual

genomic requirements.

1.7.2.1. Arabidopsis nuclear genome

Arabidopsis thaliana serves as a model system for the identification of genes and
determination of their functions. The small size, short generation time to produce a
significant number of offspring and modest nuclear genome make Arabidopsis a tractable
system (The Arabidopsis Genome 2000). The nuclear genome of Arabidopsis typically
resembles that of eukaryotes with its chromosomal arrangement dividing the 135 Mbp
genome amongst 5 chromosomes. The nuclear DNA is characteristically arranged by the
packaging of the duplex around histones to form nucleosomes that fold into 30 nm fibres,

which are further compressed into chromosomes, as in other eukaryotes.

1.7.2.2. Arabidopsis chloroplast genome

The Arabidopsis chloroplast genome consists of ~160 kbp, the length of DNA contains
a pair of inverted repeats of around ~26 kbp that are separated by disproportionate
single-copy regions, the larger of which is almost 5 times the length of the other (Sato et
al. 1999). The identification of a replicating intact DNA molecule with no identifiable ends,
from the E. coli K12 strain in 1963, significantly influenced subsequent research on the
size and topology of organellar DNA in planta including chloroplasts, due to their
cyanobacterial origin. The expectation was therefore, to find circular DNA molecules
corresponding to the entire genome size, within chloroplasts and mitochondria. Indeed,
early investigations of pea chloroplast DNA, concluded the presence of genome-sized
closed-circular molecules upon removal of contaminating nuclear DNA (Kolodner and
Tewari 1972). Although the circular DNA molecules only accounted for just over one-third
of the total DNA, this was interpreted as the natural organellar genomic form, as all linear
DNA molecules identified were unable to account for the full genome size (Bendich 2004).
Subsequent investigations have however identified DNA molecules of linear and linear-
branched forms that possess sizes even exceeding that of the genomic size (Oldenburg and

Bendich 2004a; Scharff and Koop 2006; Shaver et al. 2008).
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The cyanobacterial origin of the chloroplast organelles is also evidenced by their
arrangement of DNA into nucleoid structures. The nucleoids are tethered to the thylakoid
membranes by thylakoid membrane anchoring proteins, these include MFP1 and pTAC16.
The nucleoid has been proposed to consist of two layers, the first, known as the nucleoid
core, is thought to be highly condensed and associated with high transcriptional activity,
the second layer, or surrounding DNA, consists of less compact DNA with transient protein
interactions (Briat et al. 1982; Hansmann et al. 1985; Krupinska et al. 2013; Sakai et al.
2004a). These findings contradict initial theories that the organellar DNA exists as closed-
circular but topologically-constrained molecules, existing freely within the stroma of the
chloroplast; in a similar manner to their bacterial ancestors. It is therefore particularly
interesting to consider the role of gyrase within organelles encompassing such intricate

DNA arrangements.

1.7.2.3. Arabidopsis mitochondrial genome

The mitochondrial genomes of plants are notorious for their extensive sizes, often
ranging 200-2000 kbp, and complexity compared to those of animal mitochondrial
genomes, which are consistently around 16.5 kbp. However, the genome size does not
correlate with content;, the additional DNA within a plant mitochondrion is accounted by
large introns, repeats and non-coding regions (Morley and Nielsen 2017). The Arabidopsis
genome, 367 kbp in size, encodes for 58 genes, whilst the human mitochondrial genome,
more than 22 times smaller in size, encodes for 37 genes (Marienfeld et al. 1999; Taanman
1999) . The encoded genes are often involved in respiration, photosynthesis or other
organellar functions. Interestingly, the mitochondrial genome has been found to
incorporate alien fragments of both nuclear and chloroplast origin.

The plant mitochondrial genome is often mapped as a single circular molecule, large
enough to account for the entire genome size, although this has only been observed in very
low levels in liverwort or broad beans (Negruk et al. 1986; Oda et al. 1992) . The
alternative and possibly realistic theory is the existence of this genomic DNA as a mixture
of linear molecules of varying sizes, sub-genomic closed and open-circular molecules, that
may be supercoiled, and other highly complex structures, as has been alluded to by several
observations (Backert et al. 1997; Lo etal. 2011) .

The mitochondrial genome is arranged into nucleoids that associate the organellar
DNA, RNA transcripts, tethering, scaffolding and compaction proteins together. The DNA
stain, DAPI, has been found to be inefficient for mitochondrial DNA staining and identified

nucleoids to be unevenly distributed (Sheahan et al. 2005). To avoid the loss of genetic
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information, mitochondria frequently divide and fuse, a feature that helps healthy
mitochondria to complement defective ones.

1.7.3. Arabidopsis topoisomerases

The Arabidopsis genome is served by a suite of topoisomerases to manage the array
of DNA manipulations required during the process of DNA replication, repair and
metabolism. Unsurprisingly, in order to deal with all possible challenges, topoisomerases
of both, type I and type II categories are required to deal with instances of single- and
double-stranded DNA manipulations, respectively. The Arabidopsis genome possesses
three topoisomerases of each kind: type I: topoisomerase la, topoisomerase Iff and
topoisomerase Illa, and type II: topoisomerase II, topoisomerase VI and gyrase. However,
there is currently insufficient information to decipher the array of topoisomerases that
serves each of the three distinct genomes (nuclear, mitochondrial and plastid) within
Arabidopsis; regardless, a summary of the sub-cellular localisation of each gene, as

predicted by SUBA is provided in Table 1.

Table 1.1 Arabidopsis thaliana topoisomerase (topo) genes and predicted targeting

according to the Subcellular Localisation Database for Arabidopsis proteins (SUBA).

No.of SUBA prediction*

amino
Name Locus Chromosome . N P M 0
acids

Topolo.  At5G55300 5 918 8/16 4/16 2/16 2/16
Topo IB At5G55310 5 917 10/15 0/15 1/15 4/15
Topolllo.  At5G63920 5 926 7/15 1/15 6/15 1/15
Topo II At3G23890 3 1473  7/18 4/18 5/18 0

TopoVIA  At5G02820 5 427 6/11 2/11 2/11 1/11
TopoVIB  At3G20780 3 670 4/12  1/12  3/12  4/12
GyrA At5G10690 5 950 3/21  14/21 4/21 0

GyrB1 At3G10270 3 772 2/20 9/20 8/20 1/20
GyrB2 At5G04130 5 732 2/21  4/21 14/21 1/21

#: The columns of SUBA prediction: N: nucleus, P: plastid, M: mitochondria, O: other (these

include cytosol, extracellular, Golgi).
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1.7.4. Arabidopsis DNA gyrase

The sequencing of the Arabidopsis genome revealed four putative gyrase genes,
encoding one GyrA and three GyrB subunits: AtGyrA, AtGyrB1 and AtGyrB2 and AtGyrB3
(Initiative 2000; Wall et al. 2004). Phylogenetic analysis of these genes grouped the first
three in close association with cyanobacterial species, implying a possible symbiotic origin
(Wall et al. 2004). Interestingly, the fourth gyrase gene, AtGyrB3, clustered closer to
eukaryotic topoisomerase II. Experimental and bioinformatics analysis of AtGyrB3
revealed that the protein has several differences when compared to other gyrase B
subunits; this includes: the shorter length of the protein, the absence of key catalytic
domains such as the ATPase domain, the inability of the partially purified AtGyrB3 to
support supercoiling in the presence of E. coli GyrA, and the inability of AtGyrB3 to
complement an E. coli temperature-sensitive strain (Evans-Roberts et al. 2010). It was
therefore concluded that, contrary to initial belief, AtGyrB3 does not encode a DNA gyrase
subunit, but may in fact be a nuclear protein with a role in meiosis (Evans-Roberts et al.
2010).

The three genes encoding DNA gyrase in A. thaliana are described in Table 1.2. The
E. coli GyrA subunit shares 37% sequence identity with its Arabidopsis homologue,
conserving key catalytic residues; for example the catalytic tyrosine: E. coli residue 122 or
A. thaliana residue 215 (Figure 1.16). Similarly, 33% of residues are conserved between
the E. coli GyrB and AtGyrB1 and AtGyrB2 subunits, although the two GyrB subunits from

A. thaliana are 86% identical in terms of their sequence (Figure 1.17).

Table 1.2. Arabidopsis DNA gyrase genes adapted from (Wall et al. 2004).

Gene Locus Mature Protein  Transit Peptide Mature Protein
Mass (Da) Mass (Da) location
AtGyrA At3g10690 93,395 8,017 (Chloroplast) Chloroplast
6,513 (Mitochondria) Mitochondria
AtGyrB1 At3g10270 72,492 8,700 Chloroplast
AtGyrB2 At5g04130 75,803 8,465 Mitochondria
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1.7.4.1. Sub-cellular localisation of A. thaliana DNA gyrase

The sub-cellular localisation of the gyrase proteins in Arabidopsis thaliana has
previously been investigated. The experimental approach involved the construction of
clones comprising the transit peptide for each gyrase gene fused to a GFP reporter and
expressed under the control of the 35S promoter (Wall et al. 2004). Accordingly, AtGyrA
was found to be dual targeted to the chloroplasts and mitochondria, AtGyrB1 localised to
the chloroplasts, whilst AtGyrB2 was targeted to the mitochondria (Wall et al. 2004).
Subsequent to this work, it was realised that due to errors in the online database at the
time of publication (the published sequence for AtGyrB1l was in fact AtGyrB2), the
AtGyrB2 protein was actually dual targeted to both the mitochondria and chloroplasts,
whilst the location of AtGyrB1 is not clear (Evans-Roberts 2007b). Furthermore, exposure
of Arabidopsis to ciprofloxacin leads to a reduction in the number of chloroplasts and
mitochondria, in addition to disrupted chloroplast morphology, although the
mitochondria appear normal (Evans-Roberts et al. 2016). These results imply that gyrase
may play a role in both of these organelles.

The subcellular localisation of proteins can be determined by using: fluorescent
protein tags, mass-spectrometry, or through the identification of conserved protein
sequence features as implemented by prediction software. One such useful resource, the
subcellular localisation database for Arabidopsis proteins (SUBA) combines information
from all three sources of data to conclude subcellular localisation of proteins (Hooper et
al. 2017). According to the curations of this database, not only are all three gyrase
subunits: AtGyrA, AtGyrB1 and AtGyrB2, predicted to be targeted to the chloroplast and
mitochondrion, but mass-spectrometry information also supports these predictions
(Heard et al. 2015; Heazlewood et al. 2004; Melonek et al. 2016a; Melonek et al. 2016b;
Senkler et al. 2017).
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Figure 1.16. E. coli GyrA and A. thaliana GyrA sequence alignment.

The sequences for GyrA from E. coli and A. thaliana have been aligned, they share an overall

sequence identity of 37%. Conserved residues are shown in black, residues replaced with similar

amino acids are in grey. Dashed lines represent gaps in aligned sequences. Figure was produced

using T-coffee sequence alignment and boxshade.
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Figure 1.17. E. coli GyrB and A. thaliana GyrB1/B2 sequence alignment.

Top line: E. coli GyrB sequence; middle line: A. thaliana GyrB1 sequence; bottom line: A. thaliana
GyrB2 sequence. Residues conserved between all three GyrB subunits are shown in black, residues
replaced with similar amino acids are in grey. Dashed lines represent gaps in aligned sequences.
The three GyrB sequences share 33% sequence identity, whilst AtGyrB1 and AtGyrB2 sequences

are 86% identical. Figure was produced using T-coffee sequence alignment and boxshade.
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1.7.4.2. A. thaliana gyrase insertional mutagenesis phenotypes

DNA gyrase plays a significant role in DNA replication, thus in extension of this, it can
be anticipated that Arabidopsis thaliana gyrase will partake substantially in the process of
plant development. This has been investigated using T-DNA insertion mutants, whereby
the results indicate that knockout of Arabidopsis thaliana gyrA is seedling lethal, whilst
those of gyrB range from seedling lethality to stunted growth (Wall et al. 2004).
Intriguingly, yeast-two hybrid analysis of AtGyrA identified AtGyrB1 as an interacting
partner only, whilst no interaction was observed with AtGyrB2 (Evans-Roberts et al.
2010). The lack of interaction with AtGyrB2 is particularly surprising considering the fact
that the protein supports supercoiling when partnered with the E. coli GyrA subunit
(Evans-Roberts et al. 2016; Wall et al. 2004).

Although the toxic effect of quinolones on A. thaliana cultures, plants and organelles
had been demonstrated relatively early, DNA gyrase had not been identified as the protein
target (Wall et al. 2004). Recently, a forward genetics approach identified a point mutation
in the AtGyrA subunit that confers resistance to ciprofloxacin; this confirms that the A.
thaliana gyrase genes encode an active gyrase enzyme, which is targeted by the quinolone

class of antibiotics (Evans-Roberts et al. 2016).

1.8. DNA gyrase in plasmodia

1.8.1. Apicomplexa

Apicomplexan parasites comprise many important pathogens linked to disease,
including: Plasmodium - responsible for malaria, Toxoplasma - linked to congenital
neurological births, and Eimeria - a significant disease of poultry and cattle (Fichera and
Roos 1997; Levine 1988). These parasites comprise a non-photosynthetic plastid-like
organelle, the apicoplast, thought to be acquired by secondary endosymbiosis of alga
(Kohler et al. 1997). The apicoplast contains the third genetic element in Apicomplexa, a
35 kbp circular extrachromosomal genome, in addition to the nuclear and mitochondrial
genomes (Williamson et al. 1996; Wilson and Williamson 1997). The small apicoplast DNA
does not provide any insight into the functions of the apicoplast itself, beyond DNA
replication, transcription and translation (Lim and McFadden 2010). Therefore, research
efforts focused upon the nuclear-encoded apicoplast proteins instead. These can be
identified due to unique N-terminal extensions that are bipartite in nature, comprising a

signal peptide and a transit peptide (Foth et al. 2003; Zuegge et al. 2001). Bioinformatics
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tools have been used to assemble a predicted apicoplast proteome and putative
biosynthesis pathways, based on existing bacterial pathways, for synthesis of fatty acids,
isoprenoids, iron-sulphur clusters and haem in the apicoplasts (Ralph et al. 2004). It is
believed that at least one of these functions is vital to the host, thus making the apicoplast

indispensable.

1.8.2. Apicomplexan topoisomerases

The endosymbiotic relationship of cyanobacteria and an early eukaryote gave rise to
chloroplasts and their subsequent diverse forms. The formation of a secondary
endosymbiosis event initiated by engulfment of a photosynthetic alga, possibly of the red
classification, by an early Plasmodium species, resulted in the acquisition of a chloroplast
by a non-photosynthetic eukaryote (Obornik et al. 2009). The evolution of this chloroplast
into the apicoplast, a remanent chloroplast, was accompanied by loss of its photosynthetic
capacity (Howe 1992). As a consequence of their secondary endosymbiotic acquisition,
the apicoplast are often surrounded by three to four membranes (Waller and McFadden
2005).

The Apicomplexa contain three essential genomes: nuclear, mitochondrial and
apicoplast. The vital processes of DNA replication, transcription and recombination all
require the unwinding of the DNA duplex, to allow access to DNA or RNA polymerase
complexes, this results in topological implications that are resolved by topoisomerase
proteins. The apicoplast genome is of particular relevance to the work described here due
to its unique association with gyrase amongst the three Apicomplexan genomes. The
sequencing of genomes of the Apicomplexa have identified two putative type I
topoisomerases: eukaryotic topoisomerase I and topoisomerase IIl, and the type II

topoisomerases: topoisomerase I, gyrase and topoisomerase VI (Table 1.3).

1.8.3. Apicomplexan gyrase

Typically, Apicomplexan gyrases are encoded by two genes, a single GyrA and GyrB,
within their nuclear genomes. The gyrase protein biologically functions to support
replication of its 35 kbp circular genome, which largely encodes rRNAs and ribosomal
proteins (Blackwell et al. 2002; Wilson et al. 1996). The DNA gyrase of Toxoplasma gondii
is able to negatively supercoil DNA, possesses an efficient decatenation activity as well as
sensitivity to classic gyrase inhibitors, such as novobiocin and ciprofloxacin (Lin et al.

2015).
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Table 1.3. Plasmodium falciparum strain 3D7 topoisomerase genes according to

annotations on the PlasmoDB.

Name Locus Chromosome No. of amino acids
Topo I PF3D7_0510500 5 829
Topo III PF3D7_1347100 13 710
Topo II PF3D7_1433500 14 1472
Spol1l PF3D7_1217100 12 327
Spol11-2 PF3D7_1027600 10 336
TopoVIB  PF3D7_1365600 13 561
GyrA PF3D7_1223300 12 1222
GyrB PF3D7_1239500 12 1006

1.8.3.1. Plasmodium falciparum gyrase

Malaria is a life-threatening parasitic disease that caused 229 million cases in 2019
(World Health 2019). It is transmitted to people through the bite of an infected female
Anopheles mosquito. The causative agents of malaria are Plasmodium parasites; of the five
species, two predominantly cause human infections: P. falciparum and P. vivax.

DNA gyrase genes have been identified in the malarial parasite, Plasmodium
falciparum (Carucci et al. 1998; Gardner et al. 2002a). The nuclear genome of the parasite
comprises 23 Mbp divided amongst 14 chromosomes and is extremely AT rich, averaging
81% overall, 90% for introns and intergenic regions, and about 87% for the apicoplast
(Gardner et al. 2002b). In part, as a consequence of the high AT content, the P. falciparum
genome is also rich in asparagine repeats, which are recognised to enhance intracellular
protein aggregation (Aravind et al. 2003; Muralidharan and Goldberg 2013; Nagano et al.
2014). As is the case for the apicoplast in general, most of the proteins in the organelle,
gyrase included, are nuclear-encoded, a few exceptions include genes required for
apicoplast transcription and translation, 9 duplicated tRNAs, and both subunits of the
rRNA genes (Fleige and Soldati-Favre 2008; Wilson et al. 1996).

P. falciparum encodes one GyrA (PfGyrA) subunit and one GyrB (PfGyrB) subunit. An
initial indication of the existence of gyrase in the parasite came from the selective
sensitivity of the apicoplast to ciprofloxacin, whereas a general topoisomerase Il inhibitor,
VP-16, also induced cleavage of the nuclear DNA (Fichera and Roos 1997; Weissig et al.
1997). Gyrase from P. falciparum has been predicted to have distinct characteristics when

compared to the “conventional” E. coli protein. This is perhaps unsurprising considering
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that the EcGyrA and EcGyrB are encoded by 857 and 804 amino acids respectively, whilst
PfGyrA and PfGyrB are encoded by 1067 and 886 amino acids respectively.

The in vitro expression of P. falciparum gyrase has been attempted on more than one
occasion, leading to successful expression of the full-length PfGyrB subunit (Dar et al.
2007; Raghu Ram et al. 2007). Interestingly, the reduction in the ratio of apicoplast to
nuclear DNA upon novobiocin treatment suggests that gyrase functions directly in
apicoplast DNA replication (Singh et al. 2005). Moreover, the N-terminal sequences of
PfGyrA and PfGyrB target GFP to the apicoplast within T. gondii and both subunits showed
evidence of co-localization with an apicoplast targeted protein in P. falciparum itself (Dar
et al. 2007). PfGyrB successfully complemented an EcGyrB temperature-sensitive strain,
suggesting a somewhat overlapping function of the protein with EcGyrB; interestingly
however, PfGyrA was unable to complement an EcGyrA temperature-sensitive strain,
unfortunately, the clarity of this result is questionable as no PfGyrA expression was
detected within the E. coli strain (Dar et al. 2007).

PfGyrB possesses intrinsic ATPase activity, the rates of ATP hydrolysis increase
linearly with an increase in PfGyrB concentration; in addition, the ATPase activity is
sensitive to the aminocoumarin ATPase inhibitor, novobiocin (Dar et al. 2007; Raghu Ram
et al. 2007). This is in contrast to behaviour of the classical E. coli gyrase, which exhibits
dimerization in the presence of nucleotide and its ATPase activity is stimulated when
joined by the EcGyrA subunit and DNA (Ali et al. 1993; Sugino and Cozzarelli 1980). The
intrinsic ATPase activity of PfGyrB is stimulated by DNA, even without any corresponding
GyrA; this indicates direct DNA binding activity by the PfGyrB protein. Indeed, Dar and co-
workers identified PfGyrB to be predominantly dimeric in solution, with the capacity to
directly bind DNA (preferably with a high AT content), in accordance with the base-pair
bias of the apicoplast, but without any assistance from GyrA (Dar et al. 2009). These
distinctive characteristics were found to be attributed to a unique 45 amino acid insertion
region, within the TOPRIM domain of PfGyrB (Dar et al. 2009). The deletion of these 45
amino acids, abolished the DNA binding capacity of PfGyrB, in addition to its ability to
conduct DNA cleavage and supercoiling when in partnership with EcGyrA, and the ability
of PfGyrB to complement an EcGyrB temperature-sensitive strain (Dar et al. 2009). The
ATPase activity of PfGyrB is increased in a DNA length-dependent manner, suggesting
close communication of the ATPase domain and DNA-binding activity of the enzyme. The
dependence of DNA binding upon its passage through the ATP-gate of PfGyrB was
confirmed by the inability of the active complex, formed with EcGyraA, to bind or supercoil
DNA when preincubated with the non-hydrolysable ATP analogue (AMPNP), which

effectively locks the ATP-gate of the enzyme complex; notably DNA cleavage activity was
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still detectable (Dar et al. 2009). The treatment of AMPNP preincubation of E. coli gyrase
reduces its DNA binding activity, but does not abolish it completely, the observations of
PfGyrB made by Dar and co-workers resemble that of yeast topoisomerase II (Roca and
Wang 1992; Williams et al. 2001).

The heterologous expression of full-length PfGyrA has not yet been possible, but
domains of the protein corresponding to the N-terminal region, encompassing the winged-
helix, tower and the coiled-coil domains have been expressed and purified (Dar et al.
2007). The unsuccessful expression of the full-length PfGyrA protein is interesting
considering its relatively lower expression in vivo when compared to PfGyrB, notably
expression of both gyrase subunits peak during the trophozoite and schizont stages of
parasite development (Dar et al. 2007). The combination of PfGyrA (N-terminal region)
with PfGyrB, forms a complex active in the DNA-cleavage reaction only; the resultant
enzyme is not expected to supercoil DNA due to the absence of the C-terminal region of
the protein, which plays an essential role in the DNA-wrapping activity of gyrase and
presentation of a T-segment contiguous to the bound G-segment of DNA. Contradictorily,
in later investigations, Dar and co-workers showed that PfGyrB alone was able to cleave-
DNA, therefore leaving the activity contribution of PfGyrA-NTD questionable (Dar et al.
2009).

Insilico analysis of the P. falciparum gene has highlighted the lack of a GyrA box, which
is essential for supercoiling activity (Nagano et al. 2014). Therefore, plausibly P.
falciparum gyrase may be inefficient in DNA supercoiling, as has been reported for other
gyrases lacking this essential domain (Kramlinger and Hiasa 2006). Sequence alignments
of the E. coli gyrase protein and its Plasmodia counterpart highlighted the core domains to
be similar, for example the ATPase binding and hydrolysis site and cleavage-reunion
regions of the two enzymes. However, overall, the sequence identity was ~26% for the
GyrA of the two species, but this identity was not homogenously distributed along the
entire sequence; the NTD of the GyrAs were up to 34% identical, whilst the CTD was found
to be most divergent, with only 18% identical residues between the two species (EGyrA
and PfGyrA). The GyrB sequences were more conserved (~39% overall), which were
uniformly distributed within the sequence (Nagano et al. 2014). The binding site for
fluoroquinolone inhibitors (cleavage-reunion region of GyrA) is conserved between the
two species.

Interestingly, domain prediction software only identified PfGyrA to possess three of
the typical six B-blades of the B-pinwheel to be conserved in the GyrA CTD (Nagano et al.
2014). Following unsuccessful attempts to express meaningful quantities of soluble full-

length PfGyrA, the boundaries of the PfGyrA C-terminal domain (PfGyrA-CTD) were
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