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Abstract

The problem of antibiotic resistance is a complex issue and one that urgently needs
addressing from multiple sectors, including agriculture, medicine, science/research,
government, social science, businesses and the community. Although many strategies
are being implemented around the world to address these different aspects that
contribute to the rise and spread of antibiotic resistance, one further possibility to help
alleviate this problem is through the design of novel antibiotics. The essential process
of bacterial cell division, is yet to be targeted by any of the FDA-approved antibiotics
and represents an untapped area of potential drug targets. In this thesis, the overall
strategy of inhibiting the bacterial cell division process is to target the essential and
conserved protein FtsZ in two ways: Firstly, to understand the essential interaction of
FtsZ with another division protein, FtsA as a starting point to design inhibitors of
division complex formation and, secondly, to develop compounds that inhibit FtsZ

function.

Characterizing the protein-protein interaction of FtsZ and its partner FtsA used the
proteins from the organism Acinetobacter spp.. This is because A. baumannii is now
classified by the World Health Organization as a priority 1 pathogen that urgently needs
an antibiotic against due to its high multidrug resistance profile, as well as causing high
mortality rates. Two of the most highly conserved bacterial cell division proteins, FtsZ
and FtsA, have been recognised as promising drug targets in Acinetobacter spp. and
other bacteria. The interaction of these two proteins has been known for over a decade
with mutational studies indicating that the conserved aspartate and proline at the
extreme C-terminal peptide of FtsZ being the important amino acid residues for the
interaction of FtsZ and FtsA in Escherichia coli and other bacterial species. Co-

crystallography of Thermotoga maritima FtsZ C-terminal peptide and FtsA identified
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an additional amino acid; arginine, to be important in the interaction of FtsZ and FtsA.
In the Acinetobacter spp. the aspartate, proline and arginine have been changed to a
serine, glutamine and lysine, respectively. Understanding this could potentially be used
to develop new narrow-spectrum antimicrobials to specifically treat Acinetobacter
infections. The work in this thesis attempted to understand the implication of these
amino acid differences by initially conducting an in silico study. The data obtained
suggests that the serine, glutamine and lysine are important for the FtsZ/FtsA
interaction of Acinetobacter spp. Further follow up co-crystallographic studies were
planned using full-length Acinetobacter FtsZ and FtsA. Both of these full-length
Acinetobacter proteins were successfully purified in this study but, the purified FtsZ
protein was unable to form crystals of acceptable size for structure determination, while
the purified FtsA were found to be aggregated. Therefore, in the interest of time and for
gaining positive results, the focus of the project was shifted towards solely

understanding and targeting FtsZ.

Thus far, many published FtsZ inhibitors have been shown to target FtsZ in one of the
three druggable regions on the protein: nucleotide-binding domain, interdomain cleft
and T7-loop. A missing piece of information is an in-depth understanding of FtsZ
structure at the molecular level across diverse bacterial species to ensure inhibitors have
high affinity for the FtsZ target in a variety of clinically relevant pathogens. To address
this, an in silico investigation was conducted by analysing multiple FtsZ structures,
which revealed that FtsZ groups into two distinct classes based on structural differences.
The outcome of this analysis lead to the suggestion of several binding pockets on FtsZ
which can potentially be used as a broad- and narrow-spectrum target. The use of
fragment-based drug discovery approach, allowed the confirmation of one of the

suggested pockets, which is located towards the front of the nucleotide-binding domain.
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This pocket is yet to be reported in the literature, therefore, allowing the possibility of

novel drug design to contribute in tackling the global issue of antimicrobial resistance.
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Chapter 1 - Introduction

Ever since the discovery of penicillin in 1928, antibiotics have revolutionized medicine
by allowing various types of medical therapies and surgeries, such as bowel surgery,
hip replacements and treatment of leukaemia, to be routinely conducted (1, 2). It has
also been estimated that the widespread availability of antibiotics in developed
countries has added 30 years to human life expectancy (3). This, however, is changing
due to the rise of antimicrobial resistance which is shifting society into a post-antibiotic
era where common and minor infections will once again be lethal and will cause many
of the routinely conducted medical procedures to be too risky due to the high-risk of
attaining complications associated with untreatable infections (2, 4). One measure to
help alleviate the antibiotic resistance crisis is to develop new antimicrobials which
have a novel mechanism of action. However, prior to discussing new antimicrobials
with a novel mechanism of action, it is imperative that we ask, “What is an ideal

antibiotic?”’ and also understand how resistance occurs.

1.1 The ideal antibiotic

Since the discovery of penicillin, many highly effective antibiotics have been identified
and their chemical variants developed for clinical use in the treatment of bacterial
infections (1, 5). With this comes the question, “What is an ideal antibiotic?”
Philosophically, an ideal antibiotic is an antibacterial agent that kills or inhibit the
growth of harmful bacteria in a host regardless of the site of infection without affecting
beneficial microbes (gut/skin flora) or causing undue toxicity to the host, and with low
potential for resistance (6). To achieve this, the antibacterial agent has to exhibit broad-

spectrum ability towards the harmful bacteria, while at the same time demonstrate



exceptional blood/fluid circulation as well as, absorption, distribution, metabolism and
excretion (ADME) properties (6). These properties of an ideal antibiotic will allow the
use of these drugs in low dosage and at the same time create a large therapeutic window.
Unfortunately, no such antibiotics have ever existed as most clinically used antibiotics
today do not have a broad enough spectrum to treat infections caused by all Gram-
positive and —negative bacteria (6). For that reason, most clinically used antibiotics
today are grouped as Gram-positive agents, Gram-negative agents and a few others with
partial broad-spectrum activity (7). Antibiotics, without a doubt, have revolutionized
modern medicine but many of these drugs are failing to treat infections effectively due
to the rapid increase in the number of bacteria resistant to these drugs. Today, the
majority of modern antibiotics target either cell wall synthesis, protein biosynthesis,
DNA repair and replication, RNA polymerase or bacterial cellular metabolism, such as
folic acid metabolism (Figure 1.1) (8). These types of antibiotics are the last novel class
developed during the 1940s to 1980’s and, in the 21% century, only a handful have been
approved by the FDA. These antibiotics have, thus far, proven to be successful in
treating infections. However, recently, bacteria resistant to these antibiotics have
increased in numbers which have caused these drugs to be ineffective for use in treating
infections. Figure 1.2 shows a timeline of antibiotic approved by the FDA from the

discovery of penicilin up to the year 2000 onwards.
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Figure 1.1: Pathways targeted by antibiotics. a—e depicts metabolic pathways in the cell that have been, or are proposed to be, targets for antibiotic action. a | Cell-wall biosynthesis & cell membrane: the
intracellular steps of murein (peptidoglycan) biosynthesis are catalysed by the enzymes MurA—F and MurG (steps1—4). Peptidoglycan is a polymer of two hexoses (filled hexagons) — N-acetylglucosamine (GlcNac)
and N-acetyl-muramic acid (MurNAc). Peptidoglycan units are transferred to a carrier lipid — bactoprenol-phosphate (orange circles) — which transports precursor molecules across the cell membrane, generating Lipids
I and II. Sugars and phosphates are added by transglycosylation and pyrophosphorylation (steps 5 and 6), and finally, a peptide bond between the peptide chains is formed (step 7). Antibiotics that inhibit cell-wall
synthesis are indicated. Antibiotics such as deptomycin and colistin interferes with the cell membrane by affecting the cell membrane potential b | Protein biosynthesis: bacterial ribosomes comprise two subunits (30S
and 50S) of rRNA and protein. Structural studies have identified the sites at which antibiotics bind. ¢ | DNA and RNA replication: rifampin binds to RNA polymerase and prevents attachment of the polymerase to DNA,
thereby inhibiting transcription. Ciprofloxacin and novobiocin bind to DNA gyrase, thereby preventing the introduction of supercoils in DNA. d | Folate metabolism: folate is necessary for the synthesis of thymine,
which, in turn, is an essential component of DNA. The figure shows antibiotics that block steps in folate metabolism and therefore block the synthesis of thymine. Adapted from (9).



Rifampicin introduced (1971)
Tobramycin discovered (1971)

Oxytetracycline discovered {1950) Cephamycins discovered (1372)
Erythromycin dicovered (1952) Minocycline introduced (1972)
Sulfonamides discovered (1932) vancomycin discovered (1956) Cotrimoxazole introduced (1974) Azithromycin introduced (1993)
Gramicidin discovered (1939) Kanamvcin discovered (195 Amikacin introduced (1976) Quinupristin/dalfopristin introduced (1999)
Boloro 1930 1990499 1940949 h 19801989 19901999
Penicllin discovered (1928) Penicillin introduced (1942) Methicillin introduced {1960) Amoxicillin-clavulanate introduced (1984)  Linezold introduced (2000)
Streptomycin discovered (1943) Ampicillin introduced (19&1) Imipmem/cilastin introduced (1987) Cefditoren infroduced (2002)
Bacitracin discovered (1943) Spectinomycin reported (1961) Ciprofloxacin introduced (1987) Daptomycin introduced (2003)
Cephalosporins discovered (1943) Gentmicin discovered (1963) Tehthromycin infroduced (2004)
Chloramphenicol discovered (1947) Cephalosponins infroduced (1964) Tigecycline introduced (2005)
Chlortetracycline discovered (1947) Vancomycin introduced (1964)
Neomycin discovered (1949) Doxycycline introduced (1966)
Clindamycin reported (1967)

Figure 1.2: Timeline of antibiotic discovery. Antibiotic discovery peaked in the mid- towads the late-1900s and these are still use clinically today. These, however, are increasingly becoming inadequate to treat
infections as bacteria resistant to these antibiotics are increasing in numbers. Numbers of discovered antibiotics have since dwindled in the 21% century. Adapted from (10).



1.2 Targets of currently approved antibiotics

Bacterial cell wall is made up of a key component known as peptidoglycan, which
function in maintaining cell shape and protects the cell from bursting by its internal
turgor (11). Peptidoglycan itself consists of glycan strands connected by short peptides
which form a continuous, mesh-like structure around the cytoplasmic membrane (12).
The glycan strands are made up of alternating N-acetylglucosamine (GlcNAc) and N-
acetylmuramic acid (MurNAc) residues linked by -1,4 glyosidic bonds and the peptide
is made out of L- and D-amino acids which are linked to MurNAc residues (12). The
peptide group in Gram-negative bacteria is typically comprised of L-alanine-y-D-
glutamate-diaminopimelate(meso-DAP)-D-alanine-D-alanine (13). The peptide group
in some Gram-positive bacteria like Bacillus subtilis is the same as that of the Gram-
negative peptide group, while the peptide group in other Gram-positive bacteria will be
a variation of this. For example, the peptide group of Staphylococcus aureus is typically
comprised of L-alanine-y-D-glutamate-L-lysine-D-alanine-D-alanine ~ with a
pentaglycine branch protruding from the L-lysine residue (13). Protruding peptides
from adjacent glycan strands may then be connected through the carboxyl group of D-
alanine at position 4 of one peptide to the g-amino group of the meso-DAP residue at
position 3 of another peptide, creating an amide bond (12). During cell growth and
division, peptidoglycan synthesis starts with the production of precursors to the glycan
strands and the peptide in the cytoplasm of the cell (Figure 1.1a). These precursors are
then phosphorylated in the cytoplasm to finally produce lipid II, which is then brought
to the vicinity of the inner membrane and then translocated to the outside of the cell by
a lipid II flippase (Figure 1.1a). For the duration of cell growth and division, the surface
area of the cell membrane increases and through the aforementioned process, new

peptidoglycan is incorporated into the new site by class A penicillin-binding proteins



(PBPa’s), through the polymerization of peptidoglycan by cross-linking the peptide
chains (12). For a more detailed explanation of peptidoglycan synthesis, the reader is
directed to reference (14). As shown in Figure 1.1a, a number of highly effective
antibiotics have been developed to target the various enzymes and/or proteins involved

in the peptidoglycan synthesis pathway(15).

The first antibiotic discovered, penicillin, is part of the B-lactam class of antibiotics and
is known to target the PBPs that assemble and cross-link the peptidoglycan of the
bacterial cell wall (16). Penicillin compounds (e.g. penicillin G, methicillin,
aminopenicillin) bind strongly to class A PBPs, resulting in the prevention of cell wall
synthesis and causing cell death (17). Since then, more B-lactams have been developed,
including cephalosporins, carbapenems and monobactams (13). Unfortunately, there
now exists bacterial strains, especially those of the Enterobacteriaceae family, that are
resistant to even third generation -lactams like cephalosporins, due to the production
of extended-spectrum P-lactamases (ESBLs) (18). There are also other antibiotic
classes that are non-B-lactam antibiotics which are known to inhibit cell wall synthesis
by targeting molecules other than the PBPs and these include glycopeptide (e.g.
vancomycin), lipopeptide (e.g. friulimicin B) and lipodepsipeptide (e.g. daptomycin
(A)) antibiotics (15). Similarly, there also exist bacterial strains that are resistant to the

glycopeptide, lipopeptide and lipodepsipeptide classes of antibiotics.

Protein synthesis is essential for all life and in bacterial cells, the process is carried out
by a 70S rRNA which is made up of 50S and 30S ribosomal subunits, while eukaryotic
cells use an 80S rRNA which comprise of the 60S and 40S ribosomal subunit.
Antibiotics such as aminoglycosides (e.g. streptomycin), tetracycline and macrolides
(e.g. erythromycin) selectively bind to the 30S or 50S subunit of the bacterial ribosome,

which inhibits protein biosynthesis in bacteria. One such example is erythromycin,



which binds to the 23S rRNA of the 50S subunit causing a blockage at the exit of the
growing peptide chains, thus inhibiting translocation of the growing peptide chain (19,
20). However, the effective use of erythromycin in clinical settings has been hindered
due to the rise of erythromycin-resistant strains such as erythromycin-resistant

Streptococcus pneumoniae (6).

Transcription has also been successfully targeted by antibiotics. Rifampicin specifically
targets bacterial RNA polymerase by binding to the B-subunit. This inhibition sterically
blocks the growth of the RNA chain during the transcription process (21). DNA
replication can also be targeted safely without affecting the eukaryotic host. The DNA
gyrase enzyme, also known as DNA topoisomerase type II, controls the topological
state of DNA by relieving strain as DNA is unwound by helicase enzymes during DNA
synthesis. Antibiotics such as fluoroquinolones (e.g. ciprofloxacin) successfully target
DNA gyrase without inhibiting eukaryotic topoisomerase by binding to the N-terminal
domain of the enzyme and preventing the DNA from binding, hence inhibiting DNA
replication (22). Similar to erythromycin, the use of fluoroquinolones in clinical
settings is also being affected due to the rise of resistant strains to this class of

antibiotics; for example Escherichia coli (23) and Neisseria gonorrhoeae (24).

Lastly, the synthesis of folic acid is another target for antibiotics. Sulfonamides (e.g.
prontosil) and trimethoprim are known to inhibit dihydropteroate synthase (DHPS), an
enzyme that acts as an intermediate in folate biosynthesis. Antibiotic drugs such as
sulfonamides and DHPP (6-hydroxymethyl-7,8-dihydropterin monophosphate) bind
the DHPS binding pocket and act as competitive inhibitors of the enzyme (25), which

will eventually lead to the inhibition of DNA synthesis (7). Again resistance to these



class of antibiotics is already being seen; not just in hospital settings but also in the

environment (26, 27).

Additionally, genes giving rise to resistance are able to be transferred across bacterial
species in the environment through lateral gene transfer (26-28) and this has been
shown to accelerate the spread of resistance, particularly with respect to multidrug
resistance genes (29). Exacerbating this is that, the whole process of lateral gene
transfer is not dependant on cell division and so enrichment of these resistant genes
happens very rapidly and without the need for multiplication. Mechanisms of lateral
gene transfer are depicted in Figure 1.3. The acquisition of these genes by bacteria have
caused bacterial cells to become resistant in several ways and these are discussed further

below.
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Figure 1.3: Mechanisms of lateral gene transfer. Each quadrant represents one
different method of lateral gene transfer. (A) Conjugation is a process requiring cell to
cell contact via cell surface pili or adhesins, through which DNA is transferred from
the donor cell to the recipient cell. (B) Transformation is the uptake, integration, and
functional expression of naked fragments of extracellular DNA. (C) Through
specialized or generalized transduction, bacteriophages may transfer bacterial DNA
from a previously infected donor cell to the recipient cell. During generalized
transduction, bacterial DNA may be accidentally loaded into the phage head (shown as
a phage with a red DNA strand). During specialized transduction, genomic DNA
neighbouring the prophage DNA is co-excised and loaded into a new phage (not shown).
(D) Gene transfer agents (GTAs) are bacteriophage-like particles that carry random
pieces of the producing cell’s genome. GTA particles may be released through cell lysis
and spread to a recipient cell. Adapted from (29).



1.3 Mechanisms of resistance to currently approved
antibacterial agents

Bacterial cells become resistant to our currently available antimicrobials via numerous
biological factors including mutation or modification of the drug target site, enzymatic
inactivation or modification of the antibiotic, resistance through decreased permeability
of the antibiotic to get inside the cell, acquisition of alternative metabolic pathways and

finally through efflux pump proteins (30-32).

1.3.1 Modification of the target

Most antibiotics specifically bind to their target in order to disrupt the normal function
of the target. Mutation or modification of the target drug site has contributed to
antibiotic resistance and this is responsible for the resistance to aminoglycosides, -
lactams, quinolones, rifamycins, lipopeptides, tetracyclines and macrolides. For
example, the most common mechanism of resistance to macrolides is by target
modification, which is through methylating the adenine residue in domain V of the 23S

rRNA of the 508 ribosomal unit and hence blocking macrolides to bind that site (30).

Target modification has also been linked to vancomycin resistance in Enterococci
species through the modification of its peptidoglycan. Vancomycin is known to bind
D-alanine-D-alanine found in the peptide portion of peptidoglycan, thereby inhibiting
the cross-linking of this peptide and causing cell death (33). Resistance to vancomycin
has been attributed to the modification of the target by replacing the amide link in an
alanine residue with a ketone group, which converts a D-alanine residue to a D-lactate,
giving rise to a D-alanine-D-lactate sequence instead of D-alanine-D-alanine (33)

(Figure 1.4). This effectively eliminates the crucial hydrogen bond through the amide
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group on the peptide and instead introduces lone pair repulsion by replacing the amide
group with oxygen on the peptide (33) (Figure 1.4). By doing this, the affinity of

vancomycin for peptidoglycan is reduced almost 1000-fold.
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Figure 1.4: Vancomycin resistance mechanism of action. Vancomycin is
known to bind to D-alanine-D-alanine (D-Ala-D-Ala) residue in the peptide portion of
peptidoglycan. Resistance to vancomycin is caused by the conversion of D-Ala-D-Ala
to D-Lactate-D-Alanine (D-Lac-D-Ala). The normal D-Ala-D-Ala structure allow for
a crucial hydrogen bond through the interaction of the nitrogen of the amide group in
the peptide (coloured red on the left) but the conversion of D-alanine to D-lactate
changes the amide group to an oxygen (coloured red on the right), which results in the

abolishment of the crucial hydrogen bond between the oxygen of vancomycin and the
amide group on the peptide. Adapted from (33).

Resistance arising from the mutation of the target site has also been identified for
several other antibiotic classes such as oxazolidinone and B-lactam (34). Most often
than not, this mechanism of resistance is usually through the acquisition of a gene
encoding a protein homologous to the original target but the acquired gene contains a
mutation at the encoded antibiotic target site, giving resistance to the bacterial cell (34).
For example, methicillin-resistant Staphylococcus aureus (MRSA) have acquired the
staphylococcal chromosome cassette mec (SCCmec) element (35). The element carries

the mecA gene which encodes the B-lactam insensitive protein PBP2a. Methicillin,
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being a derivative of penicillin, will also target the PBP and in this case PBP2a (35). S.
aureus sensitive cells will only have one copy of this gene encoding the wild-type
protein, which will be targeted by methicillin, causing the cells to die. However,
MRSA, have two copies of this gene, one coding for the wild-type protein in its
chromosome and the mutated version encoded on the SCCmec element (35). Cells
which have the SCCmec element will use the wild-type PBP2a as a decoy for the target
of methicillin while at the same time using the methicillin-insensitive PBP2a to carry

out normal peptidoglycan synthesis.

1.3.2 Enzymatic inactivation

Enzymatic modification and degradation of an antibiotic is another cause of resistance
that has limited the use of several antibiotics, including chloramphenicol and 3-lactams.
The increase in resistance against chloramphenicol and 3-lactams has been partly due
to the ability of bacteria to easily and readily transfer genes encoding resistance via
lateral gene transfer. Enzymes such as chloramphenicol acetyltransferase, which
inactivates chloramphenicol by acetylating the hydroxyl group on the carbon at position
3 (36), and B-lactamases, which hydrolyse the amide bond of a B-lactam ring, has
rendered chloramphenicol and penicillin derivatives inactive and therefore ineffective
in the clinic (30, 37, 38). A study conducted in 2010 by Karthikeyan et al. analysed a
number of ESBL isolates of Gram-negative Enterobacteriaceae such as E. coli and
Klebsiella pneumoniae and found an increase in prevalence of a novel gene dubbed
New Delhi metallo-f-lactamase 1 (NDM-1) (18). The presence of this gene in a
bacterial cell confers resistance to all B-lactams, fluoroquinolones and aminoglycosides
(18). This is of major concern, as these three families of antibiotics are the frontline

treatment for Gram-negative infections.
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1.3.3 Efflux pumps

Another major mechanism of resistance is the efflux pumps. Efflux pumps are a
complex of proteins located across the cell membrane, with some spanning from the
inner- to the outer-membrane in Gram-negative bacteria and some spanning from the
inner-membrane to the peptidoglycan layer in Gram-positive bacteria (39). Antibiotics
are firstly brought in from the extracellular matrix and into the vicinity of the inner-
membrane through porin proteins via passive diffusion. While being in the vicinity of
the inner-membrane, the antibiotics are then detected by transporter efflux proteins
(TEPs), and subsequently pumped back out into the extracellular matrix via active

transport (39). Thus, the antibiotic is unable to reach its target inside the cell.

Efflux pumps have contributed to resistance to B-lactams, rifampicin, chloramphenicol,
aminoglycosides, tetracycline, quinolones and glycopeptides as well as the derivatives
of'each drug (28, 39, 40). An example of a well-studied efflux pump is the TolC-AcrAB
complex found in E. coli (and numerous homologues found in other Gram-negative
species) which is responsible for resistance to linezolid (oxazolidinone class) (Figure
1.5). This complex creates a tunnel across the cell membrane (spanning from the inner-
to the outer-membrane) that allows antibiotics to be transported out into the
extracellular space with the assistance of a number of other proteins. The pump contains
the outer-membrane TolC channel, which is connected to the inner-membrane
transporter AcrB via the periplasmic AcrA. This complex is assisted by a number of

other proteins which are known as the resistome (31, 39).

A notable example of efflux pumps in Gram-positive bacteria is the NorA protein which
was the first chromosomally-encoded efflux pump identified and it was in S. aureus

(41). Based on its nucleotide sequence, this protein was predicted to have 12 trans-
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membrane segments and overexpression of this efflux protein in both E. coli and S.

aureus resulted in the resistance to fluoroquinolones such as norfloxacin (41).
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Figure 1.5: The working of the efflux pump complex TolC-AcrAB in E.
coli. Three types of antibiotics were presented to the cell and only one (Antibiotic B)
were taken up inside the cell via an outer-membrane pore (pore), but as soon as it comes
into the vicinity of the inner-membrane, it is taken up by TolC-AcrAB complex and is
pumped out. Figure was adapted from (34).
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1.3.4 Reduced permeability

In general, membrane permeability is different between Gram-positive and Gram-
negative bacteria, with Gram-negative bacteria being intrinsically less permeable to
many antibiotics due to the presence of its outer-membrane which acts a permeability
barrier (42, 43). Antibiotics enter bacterial cells by diffusing through the outer-
membrane porin proteins (Figure 1.5). In most Enterobacteriaceae, such as E. coli, the
major porin proteins are OmpF and OmpC, which function as non-specific channels
(34). Multiple studies have shown that Pseudomonas spp. and Acinetobacter spp. are
able to reduce the expression of these proteins, causing resistance to newer B-lactam
class drugs such as carbapenems and cephalosporins, which are usually inactivated

through enzymatic degradation in other resistant bacterial species (44-48).

1.3.5 Possible solutions to antibiotic resistance

With all the knowledge and understanding about how antibiotic resistance works and
how it is transferred between bacterial species, it is still realistic to ask the question,
“what can we do about it?”” There are a number of approaches that have been suggested
in the literature and this falls into the term coined as “antibiotic stewardship”. The
Transatlantic Taskforce on Antimicrobial Resistance (TATFAR) outlined the most
pressing needs that should be addressed immediately to tackle antibiotic resistance (49).
These include (1) appropriate therapeutic use in human and veterinary medicine, (2)
prevention of drug-resistant infections, and (3) strategies for improving the pipeline of

new antimicrobial drugs (50).

The fight for appropriate use of antibiotics involves increasing public knowledge about

antibiotics as well as understanding antibiotics usage in relation to animal farming (51).
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Investigation carried out by the World Health Organization across 12 countries found
that two-thirds of the population believed that antibiotics could cure viral infections
such as flu and colds (52). Such misconceptions will drive antibiotics consumption (51).
A systematic review of public-targeted communication interventions to improve
antibiotic use conducted by Cross et al., which included 74 — 75 million participants
across America and Europe, found that multi-faceted communication interventions that
target both the general public, as well as clinicians can reduce incorrect antibiotic

prescribing in developed countries (53).

In both the developed and the developing world, the usage of antibiotics in animal feed
have primarily been for the purpose of growth supplement in livestock (54). Animals
that are fed with antibiotic-supplemented feed are known to have a 1-10% increase in
their daily growth rate, compared to animals fed with feed without antibiotics (54). The
basis of growth-promoting effect of antibiotics is not clearly known (54). However, it
is hypothesized that antibiotics in the animal feed function by suppressing harmful
bacteria which affects animal growth, for example by consuming nutrients in the feed
and by producing toxins in the gut of the animal (54). Multiple studies have provided
evidence for the selection of multidrug resistant bacteria from the use of antibiotics in
animal feeds (55-58) but it is argued by farmers which practice such methods that the
doses of antibiotics used for this purpose are small compared to their therapeutic dose
and it is not definitely known whether such low doses really select for resistance or not
(54). For this reason, policy makers around the world are in a quandary to formulate a
guideline for the addition of antibiotics to the animal feed (54). Denmark is currently
the only country that has now completely stopped the use of antibiotics as a growth
promoter in animal farming (59, 60), and Netherland is in the process of eliminating

the use of antibiotics as growth promoters in animal farming (59).
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Prevention of drug-resistant infections is mainly focused towards good hygiene
practices in health care settings. Hand washing is acknowledged to be the single most
important activity for reducing transmission of infectious agents by both contact and
fecal-oral routes (61). However, compliance to protocol by health care workers remains
inadequate (62). A review of global hand hygiene studies by the World Health
Organization found that, on average only 38.7% of health care workers around the
world comply with the standard of hand hygiene (63). A systematic review on the
effectiveness of interventions to improve hand hygiene compliance conducted by
Dornina et al. found that interventions consisting of strategies which promote hand
washing in the hospital setting were able to improve hand hygiene practices among

nurses (64).

With the consorted effort to bring about public knowledge about antibiotics and also
improvement to hygiene compliance in health care settings, new antibiotics with a novel
mechanism of actions are without a doubt still needed as an arsenal in the fight against
multidrug resistant pathogens. There are multiple areas that scientists are researching
into for the purpose of creating new antibiotics with a novel mechanism of action. For
the purpose of this thesis, only cell division (65, 66) and the inhibitors of this process
will be covered further, as the main focus of this thesis is targeting the bacterial cell

division process.

The process of bacterial cell division involves many protein-protein interactions to form
the division machinery, termed the divisome, so that it can carry out its function (67).
The inhibition of these interactions will no doubt be detrimental to the cell. Additionally,
since the division proteins are known to be essential and that their roles appear to be
structural (stabilizing the divisome), rather than enzymatic; targeting the interacting

sites is likely to be highly effective (68). This approach will also arguably have a lower
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rate of resistance since the cell will need to accommodate and balance the change in
amino acids between multiple proteins to maintain its interactions. For example, since
one of the well-known cell division protein called FtsZ is understood to bind multiple
proteins, a single inhibiting molecule may simultaneously disrupt many essential

interactions and lower the chance of resistance (69).

1.4 Cell division and division proteins

Cell division, a process whereby one cell divides to form two identical daughter cells,
is fundamental for the propagation of all living organisms. The bacterial cell cycle
(Figure 1.6) involves chromosome replication, followed by chromosome segregation,
and then cell division between the two newly replicated chromosomes. After
chromosome replication and segregation into nucleoids, FtsZ, the first protein to be
recruited to midcell, forms a structure known as the Z-ring via self-polymerisation. The
formation of the Z-ring serves as a scaffold for the assembly of the division machinery,
a complex macromolecular structure composed of over 20 known proteins in the Gram-
negative model organism E. coli and a similar number in the Gram-positive model
organism B. subtilis (although not all are conserved. See Figure 1.7) (70). In E. coli, ten
of these (FtsA, -B, -1, -K, -L, -N, -Q, -W, -Z and ZipA) are considered to form the core
of the divisome and are essential for the process of cell division (67). These proteins
are distributed between the cytoplasm, cytoplasmic membrane and periplasmic space

(68, 71-75). This study focuses on two of these divisome proteins: FtsZ and FtsA

There are two different modes of division based on the model organism Gram-negative
E. coli and Gram-positive B. subtilis (76, 77) (Figure 1.6). In E. coli, synthesis of the

division septum is accompanied by constriction of the outer-membrane, while in B.
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subtilis, a cross-wall of peptidoglycan initially divides the cell before it is degraded and
remodelled to form the new, hemi-spherical cell poles (65). Following this, the septum
is then cleaved to form two new daughter cells containing the same genetic material as

the parent cell.

Escherichia coli Bacillus subtilis

= @
- CIED
o — |

- @ (@) @)

Figure 1.6: Schematic of E. coli and B. subtilis cell division. Different modes
of division occur in different bacterial species. After chromosome replication and
segregation into nucleoids, the Z-ring assembles at mid-cell. The ring then constricts to
bring about division. Cell wall synthesis follows the ring inwards. In E. coli, synthesis
of the division septum is accompanied by constriction of the outer membrane. In B.
subtilis, a cross wall of peptidoglycan initially divides the cell before it is degraded and
remodelled to form the new, hemi-spherical cell poles.

= _ — Nucleoid +«—
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Figure 1.7: The E. coli cell division proteins and their partners that form the divisome. The E. coli divisome comprises of two
sets of factors: the early proteins which forms the protoring (FtsZ, FtsA, ZipA, and ZapB in this figure) and the late proteins, whose recruitment
is subsequent to and dependent upon the early proteins. FtsN connects the early and late proteins by interacting with FtsA to stabilize the FtsQLB
complex in the periplasm and with FtsI/PBP3 and FtsW to stimulate cell wall synthesis (the latter interaction is not shown). Green and orange
starbursts indicate pre-activation state of FtsA, FtsN, FtsW and FtsI/PBP3 while green and red starburst indicates activated state. Moreover, FtsEX
mediated ATP hydrolysis stimulates amidase activity (AmiA in this figure), consequently coordinating cell wall synthesis with hydrolysis to
facilitate daughter cell separation. The model is not meant to reflect actual interaction stoichiometries, because they have yet to be determined. In

addition, it is not yet clear if the amidases remain in complex with EnvC as drawn or if this interaction is also regulated. Figure was adapted from
(70).
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1.6 FtsZ: the prokaryotic homologue of tubulin

FtsZ is highly conserved amongst bacteria (78). In E. coli, FtsZ is a soluble protein of
389 amino acids in length (79) and has a molecular mass of ~40 kDa (80). The FtsZ
crystal structure was first solved using an archaean protein from Methanocaldococcus
jannaschii (81), which showed structural similarity to the eukaryotic cytoskeletal
tubulin (80). Structural similarities and differences between multiple FtsZ species and

tubulin will be examined further in Chapter 4.

The X-ray crystal structure shows that FtsZ consists of an N-terminal and C-terminal
domain that are separated by a central core helix called the H7-helix (Figure 1.8) (82).
The nucleotide-binding domain is located within the N-terminal domain and is bound
to the guanosine triphosphate (GTP) molecule, which is a substrate for its GTPase
activity (83). The C-terminal globular domain is followed by a disordered region
(known as the linker) and ends at a conserved extreme C-terminal peptide. The length
of the linker varies between FtsZ from different species, with experimental data from
E. coli (84) and B. subtilis (85) suggesting that the linker plays a major role in acting as
a flexible tether. This tether binds FtsZ to membrane anchoring proteins, FtsA and ZipA,
through the conserved extreme C-terminal peptide while simultaneously interacts with
itself and other modulatory proteins in the cytoplasm (84, 85). A study using
Caulobacter crescentus further indicates that this linker has a role in regulating
peptidoglycan metabolism (86). Another study using C. crescentus FtsZ also identified
the FtsZ linker to have a role in regulating the structural integrity of polymerized FtsZ
and dynamics through intrinsic effects on lateral interactions and turnover of
polymerized FtsZ, while at the same time influencing the extrinsic regulation of FtsZ

by binding partners (87). In E. coli and other bacterial species, the conserved extreme
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C-terminal peptide is essential for interacting with other cell-division proteins such as

FtsA and ZipA (88-90).

FtsZ polymerizes in a head-to-tail fashion; a process that requires the presence of GTP
(91, 92). Polymerization is initiated when the catalytic synergy T7-loop of one FtsZ
subunit inserts into the nucleotide-binding domain of another FtsZ subunit (Figure 1.8)
(93, 94). The polymerization process results in the hydrolysis of GTP to guanosine
diphosphate (GDP) and the repetition of such events gives rise to the formation of the
Z-ring at the cell centre (73, 95-97). In the earlier years, it was thought that the Z-ring
was the sole contributor for the generation of constrictive force to direct septum
formation during division (89). This, however, raises a number of questions (89): Is
FtsZ really the only protein to generate constrictive force and if so, how? How is
assembly and constriction of the Z-ring coordinated with peptidoglycan synthesis?
These questions were recently addressed by both Bisson-Filho et al. and Yang et al.
(98, 99). Bisson-Filho ef al. showed that the Z-ring in B. subtilis performs a treadmilling
action via the FtsZ and FtsA complex, while Yang et al. showed the same FtsZ action
in E. coli via the FtsZ and FtsI complex. Both groups showed that the process is driven
by the hydrolysis ability of FtsZ and is coupled to peptidoglycan synthesis (98, 99).
Thus, giving an overall picture of the function of FtsZ in the generation of force to bend
membranes (100, 101) and as a scaffold for peptidoglycan synthesis during cell division

(102, 103).
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Figure 1.8: Crystal structure of M. jannaschii FtsZ and its ability to
polymerise. Protein Data Bank Entry 1W5B. The monomer unit of M. jannaschii
FtsZ is shown on the left with GTP occupying the nucleotide-binding pocket.
Polymerisation involves the insertion of T7-loop of one subunit into the nucleotide-
binding pocket of another subunit forming FtsZ filaments. In the process, GTP is
hydrolysed to GDP, which in-turn causes the de-polymerization of the FtsZ filaments
back into FtsZ monomer units.

1.7 FtsA: an actin-like FtsZ-interacting protein

FtsA in E. coli is a protein with 420 amino acids (79) and a molecular mass of 50 kDa.
After FtsZ, FtsA is the second highly conserved cell division protein in bacteria (78).
E. coli studies have shown that FtsA plays two critical roles in cytokinesis (77). First,
together with ZipA, it tethers FtsZ filaments to the membrane to stabilize the Z-ring
(104). Second, also together with ZipA, it is required for the recruitment of the other
division proteins to the Z-ring (105). FtsA belongs to the actin/HSP70/sugar kinase
ATPase superfamily (106) and this homology was confirmed through the analysis of

the crystal structure of FtsA from Thermotoga maritima (107) and S. aureus (108). The
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FtsA crystal structures indicated that it is comprised of four domains (Figure 1.9); 1C,
which interacts with division proteins Ftsl and FtsN (109), and domains 1A, 2A, and
2B, which together form the nucleotide-binding domain that binds to ATP (107). It is
now understood that the FtsA 2B domain plays a role in the interaction between FtsA
and FtsZ (110), and this is discussed below. Analysis of the amino acid sequence of
FtsA from several Gram-positive and Gram-negative bacteria has revealed that this
protein localizes to the cell membrane via its C-terminal amphipathic helix, which is a
membrane-targeting sequence (MTS) (111). Mutants with the MTS removed show a
loss in the ability to adhere to the membrane and instead form rods of FtsA in the
cytoplasm of the cell, while FtsZ was still observed to form a Z-ring at midcell but is
non-functional for division (88, 111). This suggests that the function of FtsZ relies on

the correct localization of FtsA.

The 3D structure of FtsA and actin resemble each other in three of the four domains
and in containing a nucleotide-binding domain (107).The difference between FtsA and
actin is that FtsA does not have a 1B domain but instead has a 1C (divisome-interacting)
domain, which is absent in actin (Figure 1.9) (107). Szwedziak et al. (110) and Fujita
et al. (108) showed that in 7. maritima and S. aureus, FtsA can polymerize and form
actin-like protofilaments in vitro, which further supports the notion that FtsA and actin
are homologues. In addition to that, bacterial cells also have another actin-like protein,
known as MreB, which has the same domains as actin. Its function, however, is
different to that of FtsA with MreB having more of a role in the determination and
maintenance of rod cell shape in bacteria (112). For further information on this protein,

the reader is directed to a review article on MreB (112).
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T. maritimaFtsA Actin

Figure 1.9: The crystal structures of FtsA from 7. maritima and actin. T.

maritima FtsA structure is 1E4G (107) and actin structure is 4JHD (113). (A) The FtsA
structure is divided into four domains: 1A (blue), the FtsA-specific 1C domain (orange),

2A (red) and 2B (green). Secondary structure elements are labelled according to their
order of appearance in the primary sequence of FtsA. (B) Actin structure is divided into
four domains: 2B (green), the actin specific domain 1B (purple), 2A (red) and 1A (blue).
ATP in both structures is depicted in a stick form.

1.8 Interaction between FtsZ and FtsA

The interaction between FtsZ and FtsA has been known for over a decade (114). Studies
involving yeast two-hybrid assays (115, 116) and systematic deletion mutagenesis (116,
117) in several organisms have shown that the C-terminal FtsZ interacts with FtsA via
conserved amino acid residues on the very extreme of the C-terminal region of FtsZ.
The mechanism of interaction between the FtsZ peptide and FtsA was discovered by
Szwedziak et al. through the co-crystallization of 7. maritima FtsA and the T. maritima

FtsZ peptide (110). Further details will be covered in Chapter 3.
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In this study, the FtsZ and FtsA interaction from the organism Acinetobacter baumannii
was pursued for several reasons. Firstly, A. baumannii is now classified by the World
Health Organization as a bacterium that the world urgently needs an antibiotic against
due to its high multidrug resistance profile, as well as causing high mortality (118).
Secondly, the FtsZ C-terminal peptide, which is conserved in other bacterial species is
different in 4. baumannii, especially at the residues that are known to be important for
the binding of FtsZ with its protein partner FtsA. This in-itself is of interest to further
understand the interaction of FtsZ and FtsA and its mechanisms in 4. baummannii, as
well as having the potential which can lead to the development of an A. baumannii
specific antibiotic, which is needed at once. This thesis also examined targeting cell
division from another angle; that is by focusing solely on the FtsZ protein. Below the

suitability of FtsZ as a target and its current well-studied inhibitors are discussed.
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1.9 Is FtsZ a good antibacterial target?

To date, many potential FtsZ inhibitors have been reported in the literature. Table 1.1
below displays the most active compounds from a large number of derivatives in each
referenced publication, including evidence that suggests FtsZ is the target. Currently,
not a single inhibitor has made it to phase I clinical trials, with the inhibitor TXA709
currently undergoing some pre-clinical assessments in preparation for phase I (119).
This is due to many of the published FtsZ inhibitors not meeting the required

specifications and also showing worrying resistance frequencies (120).

Traditional antibacterial targets of known antibiotics generally share a number of
parameters which make them effective for the treatment of bacterial infections (121).
A target should ideally be essential for bacterial growth or viability, be highly
conserved amongst different species, contain minimal eukaryotic homology (and
therefore minimal toxicity), be druggable and finally, be situated in an accessible
location within the bacterial cell. Future novel targets should meet this criterion, with
an added focus of a low natural tendency for resistance. So, does FtsZ fit the criterion

of a good target?

The essential nature of FtsZ in bacterial cell division was confirmed in E. coli by Dai
and Lutkenhaus in 1991 (122). It was found that when the function of FtsZ was
inhibited, it gives rise to a phenotype where the bacterial cell would form long
“spaghetti-like” cells, known as filaments, which eventually lyse, causing cell death.
Coccus-shaped bacteria, like S. aureus, do not filament but instead increase to about
eight times their normal size. Cell wall synthesis occurs at the division site in S. aureus,
however when division is inhibited, cell wall synthesis occurs in a non-regulated
manner dispersed over the entire cell surface. Eventually this results in the ballooning

of the cell, leading to lysis and cell death (123, 124).
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FtsZ is also highly conserved amongst most bacterial species, with some exceptions
such as the Chlamydiaceae family and Ureaplasma Urealyticum (122, 125, 126).
Interestingly, the bacterium Streptomyces coelicolor carries the fisZ gene, although
when deleted, growth was not impaired. This is due to the mycelial growth habit of the
bacterium, which allows for growth in the absence of cell division (127). It was
identified that the FtsZ protein was essential for sporulation as spores requires cell
division to enter its vegetative state but not essential for non-sporulating cells, a feature
common in all Streptomyces species (128, 129). The essential nature of FtsZ in all but
one species, and its high conservation creates an opportunity to develop broad-spectrum

FtsZ inhibitors (130).

Druggability and the lack of eukaryotic homology of FtsZ needs to be evaluated to
determine FtsZ as a potential target. Currently, there appear to be three druggable
protein pockets; the nucleotide-binding domain (131), the synergistic T7-loop (Figure
1.10) (132) and the interdomain cleft (133). The nucleotide-binding domain has been
successfully targeted by a C8-substituted GTP analogue that could selectively inhibit
the GTPase activity of FtsZ, while having no effect on tubulin (131). The second
druggable protein cleft, the T7-loop, has also been shown to bind small molecules, as
predicted by the in silico modelling and STD-NMR studies for the binding of non-toxic
cinnamaldehyde to FtsZ (132). The final druggable region, the interdomain cleft
between the central core helix (H7-helix) and the C-terminal domain (Figure 1.10), is
structurally different to tubulin, and can be successfully inhibited (80). PC190723 has
been shown to directly bind the interdomain cleft of S. aureus FtsZ through the use of
X-ray crystallography. The interdomain cleft, however, is not well conserved across
species, evident as PC190723 only inhibits Gram-positive S. aureus and B. subtilis FtsZ,

but not Gram-positive E. faecium and S. pyogenes FtsZ, suggesting variations in this
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pocket between species (134). This was further shown computationally by Miguel et
al., who discovered that the PC190723 binding region of FtsZ is significantly different
in various bacteria (135). Whilst not highly conserved, this pocket can be successfully
targeted with minimal toxicity, evident by the ability of PC190723 to efficaciously
clear S. aureus infections in a septicaemia mouse model. PC190723 and its derivatives
are shown to be non-toxic, which is evident by the inability of the compound to affect
the growth of yeast and human hepatocytes cells in vitro (133). The evidence thus far

shows the feasibility of selectively targeting one of the three druggable pockets in FtsZ.

S. aureus FtsZ Human a-tubulin

N-terminal

H7 helix .
domain

N-terminal
domain

C-terminal

C-terminal )
domain

domain

Interdomain '\
cleft T7-loop

Superimpose

Figure 1.10: Structural comparison of S. aureus FtsZ and human a-
tubulin. Protein structure for S. aureus FtsZ is 3VOB (93) and the human o-tubulin is
S5ITZ (136). Cartoon representation showing the structural homology of GTP-bound
FtsZ and GTP-bound human o-tubulin. Most of the molecules are coloured red. The
FtsZ H7-helix (residues 179-202) and the helix in a-tubulin, which corresponds to the
FtsZ H7-helix is shown in blue. GTP is represented as green sticks. FtsZ in blue and a-
tubulin in gold, shows that there are structural differences such as the existence of the
T7-loop and interdomain cleft in FtsZ and its absence in a-tubulin (denoted by the
bottom arrow). This is further supported by the obtained Ca atom root-mean-square
deviation (RMSD) value of 10.75 A (unpublished data).
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The suitability of a target for antibacterial development must consider the cellular
location of the protein within the cell. FtsZ resides in the cytoplasm of the cell (137).
When treating a Gram-negative bacterial infection, an inhibitor must circumvent the
porin B-barrels proteins and the transporter efflux pump proteins, generally absent in
Gram-positive species (138, 139). However for broad-spectrum activity, the inhibitor
must still be able to permeate both Gram-negative and Gram-positive bacteria, a very
difficult undertaking (140). One method to address this is by using combination
compound treatment. A previous study showed the FtsZ inhibitor TXA436, a derivative
of PC190723 (Table 1.1), which is only active against Gram-positive species, inhibited
E. coli cell growth when treated in combination with an efflux pump inhibitor such as
phenylalanine-arginine B-naphthylamide (PafN) (141). The dual treatment gave a
phenotype characteristic of cell division inhibition in E. coli, and TXA436 also
inhibited the polymerization of E. coli FtsZ in vitro. Furthermore, the use of an E. coli
strain that expressed mYFP (yellow fluorescent protein)-tagged FtsZ suggested that the
co-treatment disrupted the ability of the E. coli cells to form Z-rings (141). This co-
treatment supports the potential of a combination of FtsZ inhibitors and efflux pumps
inhibitors in inducing activity in Gram-negative species. Furthermore, the limitation of
a cytoplasmic location of a target can be overcome, as there are current commercialised
compounds such as fluoroquinolones and macrolides that inhibit cytoplasmic targets

(22, 142).

Resistance is the major issue that all current commercial antibiotics face, regardless of
the target. Only a small number of publications conduct a frequency of resistance (FOR)
assay for FtsZ inhibitors. This absence of rigorous evaluation of resistance means that
the likelihood of bacteria developing resistance to FtsZ inhibitors cannot be quantified.

In the small number of publications that do assess the FOR, it was found that S. aureus
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and B. subtilis successfully develop resistance to the benzamide derivatives, such as
PC190723, that arose during single exposure to a high concentration of the inhibitor
(143-145). The sequencing of a B. subtilis resistant isolates by Stokes et al. identified
several single-point mutations in f#sZ per isolate, generally at one of six residues: R191,
G193, G196, V214, N263 and G266, all located in the interdomain cleft discussed
previously (143). This spontaneous resistance is a caveat, much like that of the current
antibiotics available. However, this has only thus far been shown for PC190723 and its
derivatives. Inhibitors that bind other pockets are yet to be tested. Interestingly, a
synergistic study showed that treatment with the FtsZ inhibitor TXA709 (PC190723
derivative) and a B-lactam can greatly reduce the frequency of resistance in both
compounds below detectable levels (145). This is a potential indicator that an FtsZ
inhibitor could be utilised in combination therapy. Using a combination treatment with
an already-marketed antibiotic is obviously much more commercially attractive than

using two uncharacterized, undeveloped compounds.

1.10 Inhibitors of FtsZ: The Benzamide Derivatives

Currently as it stands, only the benzamide derivatives have been studied extensively
and provided the most conclusive evidence to suggest that FtsZ is the target. The work
done on these derivatives could be considered a gold standard in FtsZ drug discovery.
The benzamide derivative, PC190723 is the most studied scaffold of any inhibitor of
FtsZ and has presented the most informative and direct evidence for FtsZ specificity.
The history of benzamide inhibitors started in 1999 when Ohashi et al. showed that 3-
methoxybenzamide (3-MBA) induced filamentation in B. subtilis and that FtsZ
mutations also allowed cell growth in the presence of 3-MBA, indicating that the target

was FtsZ (146). Some years later, Haydon et al. reported a potent and selective anti-
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staphylococcal benzamide derivative named PC190723 that contained the 3-MBA
moiety and demonstrated FtsZ inhibition (143). Since the discovery of PC190723, a
number of derivatives were developed to increase potency and bioavailability while
trying to overcome any resistance. However, later derivatives still developed
spontaneous resistant mutants at a similar rate (147-151). Evidence that shows FtsZ is
the target of PC190723 and its derivatives includes: a GTPase light scattering assay,
cell filamentation in B. subtilis and ballooning in S. aureus, the disruption of Z-ring
formation as seen using FtsZ-GFP constructs in B. subtilis and, lastly, sequencing of
the fisZ gene in spontaneous mutants to identify if resistance was due to mutations in
ftsZ. Matsui et al. also successfully co-crystallised S. aureus FtsZ with PC190723 (93)
and very recently, Fujita et al. also successfully co-crystallised the compounds
TXA707 and TXA6101, which are derivatives of PC190723, with S. aureus FtsZ
(152). These benzamide derivatives are the only inhibitors to ever been co-crystallised
with FtsZ. This evidence of, if and how an inhibitor binds, is what are missing in many

studies in the field.

As previously mentioned in Section 1.1, there is yet to exist an ideal antibiotic since
many antibiotics do not have a large enough broad-spectrum activity. The field of FtsZ
inhibitors is also shadowed by this in that the majority of the reported inhibitors only
target either Gram-positive or Gram-negative species, exclusively. A key question can
be raised from this, which is, is it possible to create a broad-spectrum FtsZ inhibitor?
The work conducted by Chan et al. with Compound 12 (153, 154) and the work by
Lian et al. with Compound Sc (155) suggests that it might be possible, but more work
is still needed to support this idea. As part of this thesis, this question is examined by
conducting an in silico analysis of published FtsZ crystal structures from various

bacterial species to identify druggable regions on the protein for developing broad- and
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narrow-spectrum FtsZ inhibitors and also to understand the FtsZ structure as a drug

target.

1.10 Thesis aims

The long-term objective of the project this thesis is a part of, is to address the rising
problem of antibiotic resistance and to provide a solution by targeting the bacterial cell
division proteins for the purpose of creating new antimicrobials with a novel
mechanism of action. The work in this thesis attempted to target the bacterial cell
division protein FtsZ in two ways. Firstly, to inhibit FtsZ function by blocking its
interaction with another division protein, FtsA and, secondly, to inhibit FtsZ function

by targeting just this protein.

Chapter 3 reports the use of an in silico approach to understand the differences and
similarities of the FtsZ and FtsA interaction in the Gram-negative pathogen, A.
baumannii, and compares the data obtained to the current knowledge of the FtsZ-FtsA
interaction from the organism 7. maritima. The information gained could then be used
for the development of an antibiotic which targets the FtsZ and FtsA interaction in A.
baumannii. Chapter 4 builds upon the in silico work carried out in Chapter 3 by
investigating the FtsZ-FtsA interaction in Acinetobacter spp. in vitro; the aim being to
purify both FtsZ and FtsA, co-crytallize them, and determine the structure of the
complex. However, there were several challenges that were not all solved. In the
interest of time, the project focus was shifted to providing structural insight into FtsZ
as a drug target. This is dealt with in Chapter 5 by carrying out an in silico analysis of
FtsZ crystal structures and identifying differences and similarities of multiple FtsZ

structures from a range of bacterial species, with the aim of identifying other possible
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pockets within the protein which can be targeted with small molecules to create broad-
and narrow-spectrum antibiotics, which target this protein. Chapter 6 continues on from
Chapter 5 with confirming other possible binding pockets in FtsZ using a fragment-
based drug discovery approach and at the same time identify fragment leads which will

be used in creating new antibacterials with a novel mechanism of action.
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Table 1.1: Current reported inhibitors of FtsZ and experimental evidence provided.

Compound 1

S. warneri (0.25 pg/ml

Compounds Minimum Inhibitory Evidence for FtsZ inhibition” Ref
structure/ Name Concentration? Phenotype Protein Inhibition | Direct Protein binding Other
assay
O NHz B. subtilis (5 mM) Phase contrast microscopy - - FtsZ (146)
6\ showed mutations
P filamentous phenotype in B. allows cell
© . subtilis growth in the
3-methoxybenzamide presence of 3-
(3-MBA) MBA
cl B. subtilis (1.0 pg/ml) Phase contrast microscopy GTPase assay In silico molecular The ftsZ gene (93,
NQ S. aureus (1.0 pg/ml) showed modelling of resistant 143,
1 MRSA (1.0 pg/ml) ballooning phenotype in S. Polymerisation mutants was 147,
S\EN MDRSA (1.0 pg/ml) aureus. assay X-ray crystallography sequenced. 156,
o S. epidermidis (1.0 pg/ml) 157)
F S. haemolyticus (0.5 pg/ml) Fluorescence microscopy
@N% S. hominis (1.0 ug/ml) found GFP-tagged FtsZ
I 1 S. lugdunensis (1.0 ng/ml) | showed the FtsZ monomers as
S. saprophyticus (1.0 pg/ml) discrete foci throughout the
R S. warneri (1.0 pg/ml) filamentous
B. subtilis cells
Cl S. aureus (0.25 pg/ml) - - In silico molecular - (147)
Q modelling
S__N
L
F
(L
F O
8]
CF3 B. subtilis (0.03 pg/ml) - - - The fisZ gene | (144,
S. aureus (0.12 pg/ml) of resistant 148)
MRSA (0.12 pg/ml) mutants was
Br_ Ay MDRSA (0.12 pg/ml) sequenced.
O&—/OH S. epidermidis (0.12 pg/ml
o F S. haemolyticus (0.12 pg/ml
S. hominis (0.12 pg/ml
Fﬁ:} S. lugdunensis (0.25 pg/ml
H,N $ S. saprophyticus (0.06 pg/ml
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cl MSSA (0.5 pg/ml) Phase contrast microscopy Polymerisation - (150)
N ) MRSA (0.5 pg/ml) showed assay
Y ballooning phenotype in S.
\[ aureus.
o
F .
@[ﬁo Fluorescence microscopy
found GFP-tagged FtsZ
PR showed the FtsZ monomers as
AN discrete foci throughout the
TXY436 filamentous
B. subtilis cells
CFs MRSA (2-4 pg/ml) Fluorescence microscopy Polymerisation The ftsZ gene | (151)
N VRSA (2 pg/ml) found GFP-tagged FtsZ assay of resistant
— MSSA (2-4 pg/ml) showed the FtsZ monomers as mutants was
STN discrete foci throughout the sequenced.
o filamentous
F B. subtilis cells
[ I 0
Lab o TEM imaging showed that no
septa are observed in S.
E% aureus cells. The
N peptidoglycan synthesis
TXA709 shifted to discret; locations at
the cell periphery.
TEM showed ballooning
(approximately 3-fold) which
eventually led to lysis.
S. aureus (8 pg/ml) Phase contrast microscopy - - (158)

oL
O)v

Compound 7

B. subtilis (8 pg/ml)

showed
ballooning phenotype in S.
aureus and filamentation in B.
subtilis.
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S. aureus (0.25 pg/ml)

Phase contrast microscopy
showed
ballooning phenotype in S.
aureus

(159)

Berberine

S. aureus (128 pg/ml)
B. subtilis (128 pg/ml)

E. faecium (>196 pg/ml)
S. epidermidis (128 pg/ml)
E. coli (>500 pg/ml)

K. pneumoniae (>500 pg/ml)

TEM showed reduction of E.
coli FtsZ bundles when
treated with berberine

Fluorescence microscopy
found that GFP-tagged FtsZ
in E. coli was dispersed as
discrete foci throughout
filamentous cells.

GTPase assay

Polymerisation
assay

In silico molecular
modelling

STD NMR binding
studies

Isothermal calorimetry to
determine Ky

(160)

B. subtilis (4 pg/ml)
S. aureus (2 pg/ml)
E. faecium (8 pg/ml)
S. epidermidis (4 ng/ml)
E. coli (96 pg/ml)
K. pneumoniae (128 pg/ml)

TEM showed S. aureus FtsZ
polymers drastically reduced
in size and thickness, as well
as the binding of FtsZ
protofilaments.

Phase contrast microscopy
showed
filamentous phenotype in B.
subtilis

Fluorescence microscopy
found that GFP-tagged FtsZ
in E. coli was disorganized

and the filamentous
phenotype was seen.

GTPase assay

Polymerisation
assay

In silico molecular
modelling

(160)

Sanguinarine

S. aureus (1 uM)
VRE (8 uM)
B. subtilis (1 uM)
MRSA (2 uM)
E. coli (8 uM)
K. pneumoniae (16 uM)
A. baumanii (16 pM)
P. aeruginosa (128 uM)

Phase contrast microscopy
showed
filamentous phenotype in B.
subtilis

Fluorescence microscopy
found that GFP-tagged FtsZ
in E. coli was disorganized
and the filamentous
phenotype was seen.

GTPase assay

Polymerisation
assay

(161)
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coli FtsZ bundles when
treated with berberine and
gave rise to aggregates

TEM showed reduction of E.

TEM showed the size and
thickness of FtsZ polymers
reduced extensively, and FtsZ
polymers were considerably
when exposed to curcumin

Immunofluorescence
microscopy showed curcumin
strongly inhibited the Z-ring
formation.

S. aureus (1 pg/ml) - GTPase assay - FtsZ binding (162)
E. faecalis (4 pg/ml) assay
Polymerisation developed that
assay involved
monitoring
protein
induced
changes in the
intrinsic
Compound 6b fluorescence
of the
compound.
@Mo B. subtilis (500 pg/ml) Fluorescence microscopy GTPase assay In silico molecular - (132)
E. coli (1000 pg/ml) using a GFP-tagged FtsZ in E. modelling
Cinnamaldehyde coli gave a filamentous Polymerisation
phenotype with dissipated Z- assay STD NMR binding
ring morphology. studies
EM shows a loss of Isothermal calorimetry to
polymerized FtsZ bundles determine Ky
when treated.
o © B. subtilis (100 uM) Phase contrast microscopy GTPase assay - - (163)
O X 7 O E. coli showed
(80% inhibition at 100 uM) filamentous phenotype in B.
Curcumin subtilis.
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cl S. aureus (4 pg/ml) Cell division phenotype seen GTPase assay - (164)
B. subtilis (128 pg/ml) in S. aureus, B. subtilis, E.
E. coli (128 pg/ml) coli and Polymerisation
) P. aeruginosa (128 ng/ml) P. aeruginosa assay
o)
NN
N\@
Compound 10
OH B. subtilis (2 uM) Phase contrast microscopy GTPase assay - (165)
showed
filamentous phenotype in B. Polymerisation
subtilis. assay
Totarol
O OH OH S. aureus (4-8 pg/ml) Phase contrast microscopy GTPase assay - (166)
E. faecium (8-16 pg/ml) showed
S. pneumoniae (16-32 ng/ml) | filamentous phenotype in E.
E. coli (>64 pg/ml) coli.
O OH OH
Viriditoxin
HO O OH ci S. aureus (2 pg/ml) Fluorescence microscopy GTPase assay STD NMR binding (167-
o O on MRSA (1.5 pg/ml) o studies 169)
cl E. faecium (4 pg/ml) Polymerisation
| | VRE (3 pg/ml) assay
HO HO “
(L
cl OH
Chrysophaentin A
_O N M. tuberculosis (42 pg/ml) Phase contrast microscopy Polymerisation - (170)
m showed assay
HO 0o .
) ) filamentous phenotype in B.
Scopoletin (Coumarins) subtilis.
TEM shows that scopoletin at
100 uM concentrations
perturb the FtsZ
polymerization
0 M. smegmatis (31 uM) Phase contrast microscopy GTPase assay In silico molecular (171)
B. subtilis (29 uM) showed modelling
filamentous phenotype in B. Polymerisation
O OH subtilis. assay
Plumbagin
Immunofluorescence

microscopy showed
Plumbagin inhibited Z-ring
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formation and considerable
reduced the number of mid-
cell Z-rings.

TEM found Plumbagin
inhibited B. subtilis FtsZ
assembly and induced
aggregation of B. subtilis FtsZ
monomers at high

concentrations
S. aureus (4.0 pg/ml) - Polymerisation - (172)
MRSA (4.0 ng/ml) assay
N E. faecalis (8.0 pg/ml)
(F ) VRE (16 pg/ml)
N
NH
H,N"SNH
Compound 11a
S. aureus (0.5 pg/ml) - Polymerisation - (173)
MRSA (1.0 pg/ml) assay
O E. faecalis (2 pg/ml)
VRE (2 pg/ml)
o+
-~ ‘ ~
Compound 9
S. aureus (128 pg/ml) Cell division phenotype seen - - (174)
B subtilis (128 pg/ml) in S. aureus, B. subtilis, E.
E. coli (128 pg/ml) coli and
P. aeruginosa (128 pg/ml) P. aeruginosa
S. epidermidis (>128 pg/ml)
EcFtsZ 1Cso (30 uM) E. coli gave filamentous GTPase assay Identified (138)
phenotype prior to lysis. through high-
Sedimentation throughput
Fluorescence microscopy assay screen using
shows Z5 perturbs Z-ring pure E. coli
assembly, without effecting FtsZ

-/

Zanterin 5

chromosome segregation.
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cl S. aureus 1Cso (0.030 mM) - - In silico molecular - (155)
E. coli 1Cs0 (1.112 mM) modelling
20 P. aeruginosa ICs
Noy (13.25mM)
o I
w0
Compound 5c¢
o O M. tuberculosis (1.0 pM) TEM showed significant GTPase assay - - (175)
N N reduction in the extent of M.
° Q tuberculosis FtsZ Polymerisation
§ protofilaments formation. assay
NN Density of protofilaments was
E‘j reduced.
SEM of M. tuberculosis cells
Compound 16-G1 revealed altered cell lengths
and aberrant division.
F M. tuberculosis (0.63 pg/ml) | TEM showed M. tuberculosis Polymerisation - Fluorescence (176)
Q FtsZ polymers drastically assay anisotropy of
O>¥ H= reduced in length and density. compound
o was measured
Q to determine
Compound 5a
CF3 B. subtilis ICso: 1.2 £0.2 uM Phase contrast microscopy GTPase assay In silico molecular - (177)
showed modelling
filamentous phenotype in B. Polymerisation
- subtilis. assay
4 Fluorescence microscopy
HNm/S shows CCR-11 exposure
S resulted in no Z-rings at
CCR-11 Midcell in B. subtilis, rather

FtsZ was present as helices
and spots throughout
elongated cell.
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Compound 12

E. coli (49.2 uM)

modelling

0 E. coli FtsZ 1Cso (9 uM) - GTPase assay - GTP (178)
O *o)LCF3 competition
HoN* Polymerisation experiment
' g assay
N, / N
\ cl
Compound 13L
OH 4-128 ng/ml across species. Phase contrast microscopy GTPase assay In silico molecular - (179)
c Selectively against Gram- showed modelling
positive. filamentous phenotype in B. Polymerisation
0”0 subtilis. assay
i Fluorescence microscopy
OKQ found that GFP-tagged FtsZ
OH in B. subtilis is delocalized
¢ with the formation of
UCM53 numerous punctuate foci and
distorted ring structures.
S. aureus (24.6 uM) - GTPase assay In silico molecular - (153)

4 MIC is recorded as either pg/ml or pM as presented in publications. If the ICso is given instead, the antibacterial activity was not determined.
b Evidence encompasses any data presented in the publication that indicates FtsZ inhibition. Any other work not directly related to FtsZ was omitted.
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Chapter 2 - Materials and Methods

2.1 Materials

2.1.1 Chemicals

Antibiotic sources and their working concentration are listed in Table 2.1. Media used

in this study are listed in Table 2.2.

Table 2.1: Antibiotic sources and their working concentration for E. coli.

Working
Antibiotic Source

concentration
Ampicillin 100 pg/mL Sigma-Aldrich, Australia
Kanamycin 50 pg/mL Sigma-Aldrich, Australia
Tetracycline 5 ng/mL Sigma-Aldrich, Australia

Table 2.2: Media used in this study.

Luria-Bertani broth
(LB)

1% (w/v) sodium chloride, 1% (w/v) Tryptone, 0.5% (wW/v)

yeast extract

Minimal media (M9)

1X M9 salts, 2 mM MgSO4, 0.1 mM CaCl, and 0.2% (w/v)

glucose

43



2.1.2 Solutions

Solutions used in this work are described in Table 2.3.

Table 2.3: Solutions used in this study.

Solution Ingredients

Coomassie Blue Stain 50% Ethanol (V/V), 10% Glacial Acetic acid > 99.85% (V/V),
0.5% Coomasie R-250 (w/v)

Destaining buffer 20% Ethanol (v/v), 10% Glacial Acetic acid = 99.85% (v/v)

SDS-PAGE loading buffer
0.62 M Tris-HCI pH 6.8, 10% SDS (w/v), 20% Glycerol (v/v),

(2X) 0.1% Bromophenol blue (w/v)

SDS-PAGE loading buffer
SDS-PAGE loading buffer (2X) with 10% of 2-Mercaptoethanol

(1X) (v/v)

SDS-PAGE running

0 ] 0 1 0
buffer (10X) 14.42% (w/v) Glycine, 3% (w/v) Tris, 1% (w/v) SDS

For a 10% gel = 25% (v/v) N,N’ -methylenebisacrylamide stock
(40%), 25% (v/v) 4x Tris/SDS bufter, 1% (v/v) APS (10%),

Resolving gel buffer 0.1% (v/v) TEMED (pure)-catalyst

For a 12% gel, change to 30% (v/v) acrylamide stock (40%)

10% (v/v) N,N’ -methylenebisacrylamide stock (40%), 25%
Stacking gel (4%) buffer | (v/v) 4x Tris/SDS buffer, 1% (v/v) APS (10%), 0.1% (v/v)
TEMED (pure)-catalyst

4x resolving Tris/SDS
Tl 0
buffer 1.5 M Tris-HCI pH 8.8, 0.4% SDS
4x stacking Tris/SDS
500 mM Tris-HCI pH 6.8, 0.4% SDS
buffer
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10X MO salts

6% (w/v) NaHPO4, 3% (w/v) KH2PO4, 0.5% (w/v) NaCl, 1%
(w/v) NH4Cl pH 7.4

ISN-NH4Cl is added to media just before use, as it degrades over
time if mixed in solutions

A. baylyi untagged FtsZ
and FtsA-6xhis

purification lysis buffer

25 mM Tris-HCI (pH 7.6), 2 mM DTT, 1 mg/mL lysozyme, 50
ng/mL DNAse (Sigma), 1 complete protease inhibitor tablet
(Roche), 2 mM 1,10-phenanthroline, 1 mM PMSF

A. baylyi untagged FtsZ
purification anion

exchange buffer A

20 mM Tris-HCI pH 7.74

A. baylyi untagged FtsZ
purification anion

exchange buffer B

20 mM Tris-HCL, 1M NaCl pH 7.74

A. baylyi untagged FtsZ
purification size exclusion

buffer

20 mM Tris-HCIL, 200 mM NaCl pH 7.74

B. subtilis 6xhis-FtsZ

purification lysis buffer

50 mM Tris-HCI pH 8.0, 50 mM KCI, 5% glycerol (v/v), 100
pg/mL lysozyme, 1 mM PMSF

B. subtilis 6xhis-FtsZ
purification his trap and

anion exchange buffer A

50 mM Tris-HCI pH 8.0, 50 mM KCI, 5% glycerol (v/v)

B. subtilis 6xhis-FtsZ
purification his trap buffer

B

50 mM Tris-HCI pH 8.0, 50 mM KCI, 5% glycerol (v/v), | M

imidazole

B. subtilis 6xhis-FtsZ
purification anion

exchange buffer B

50 mM Tris-HCI pH 8.0, 5% glycerol (v/v), 1 M KCl

B. subtilis 6xhis-FtsZ
purification gel filtration

buffer

50 mM NaH>PO4.2H>0 pH 7.4, 200 mM NaCl
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A. baylyi FtsA-6xhis
purification inclusion

bodies wash buffer

25 mM Tris-HCI pH 7.6, 2 mM DTT

A. baylyi FtsA-6xhis
purification his trap wash

buffer

20 mM Tris-HCI, 500 mM NaCl, 20 mM imidazole, 6 M Urea,
1 mM DTT pH 7.7

A. baylyi FtsA-6xhis
purification refolding

buffer

20 mM Tris-HCI, 500 mM NaCl, 20 mM imidazole, 1 mM DT
pH 7.7

A. baylyi FtsA-6xhis
purification his trap

elution buffer

20 mM Tris-HCI, 500 mM NaCl, 1 M imidazole, ] mM DTT
pH 7.7

A. baylyi FtsA-6xhis
purification concentrating

buffer

20% PEG 20 000 (w/v), 20% glycerol (v/v)

A. baylyi FtsA-6xhis

purification storage buffer

20 mM Tris-HCI pH 7.76, 300 mM NaCl, 20% glycerol (v/v)

Tris-Salt (TS) buffer

200 mM Tris-HCI pH 7.74, 100 mM NaCl
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2.1.3 Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are described in Table 2.4 and 2.5, respectively.

Table 2.4: Bacterial strains used in this study.

Strains Description? Sources

Escherichia coli

Gift from lain Duggin
B834 (DE3) F- hsdS metE gal ompT (University of
Technology Sydney)
BLR (DE3) F ompT hsdSs(rs” mp") gal lac ile dem A(srl-recA)306::Tnl0 Novagen”
(tet?)(DE3)
Gift from [ain Duggin

B F—ompT hsdS (rB— mB—) decm+ Tetr gal A(DE3) endA Hte [argU _ .
BL21 codonplus (DE3) RIPL (University of
proL Camr] [argU ileY leuW Strep/Specr]
Technology Sydney)

Gift from lain Duggin
BL21-Al B F—ompT gal dem lon hsdSB (rB- mB-) araB::T7RNAP-tetA (University of
Technology Sydney)
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Gift from lain Duggin

C41 (DE3) B F—ompT gal dem hsdSB (rB- mB-)(DE3) (University of
Technology Sydney)
F’ proA+B+ laclg A(lacZ)M15 / fhud2 A(lac-proAB) ginV gal R(zgb-
DH5a Laboratory stock
210::Tnl0) (TetS) endAl thi-1 A(hsdS-mcrB)5
fhuA?2 [lon] ompT gal (2 DE3) [dcm] AhsdS. A DE3 = A sBamHlIo
BL21 (DE3) Laboratory stock
AEcoRI-B int::(lacl::PlacUV5::T7 genel) i2l Anin5
DHS50 pETMCSI A. baylyi untagged FtsZ
DH5a containing pETMCSI 4. baylyi untagged FtsZ; Amp" Dr Amy Bottomley
DHS50 pETMCSI A. baylyi FtsZ-6xhis
DH5a containing pETMCSI 4. baylyi FtsZ-6xhis; Amp” Dr Amy Bottomley
DH50 pETMCSI A. baumannii untagged o
Fis7 DH5a containing pETMCSI A. baumannii untagged FtsZ; Amp' Dr Amy Bottomley
ts
DH5o pETMCSI A. baumannii FtsZ-6xhis | DHS5a containing pETMCSI A. baumannii FtsZ-6xhis; Amp* Dr Amy Bottomley
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B834 (DE3) pETMCSI 4. baylyi untagged

. B834 (DE3) containing pETMCSI 4. baylyi untagged FtsZ; Amp* This study
Fts
B834 (DE3) pETMCSI 4. baylyi FtsZ-6xhis | B834 (DE3) containing pETMCSI A4. baylyi FtsZ-6xhis; Amp" This study
B834 (DE3) pETMCSI 4. baumannii o .
B834 (DE3) containing pETMCSI 4. baumannii untagged FtsZ; Amp" This study
untagged FtsZ
B834 (DE3) pETMCSI 4. baumannii FtsZ- . ' .
oxhi B834 (DE3) containing pETMCSI 4. baumannii FtsZ-6xhis; Amp' This study
xhis
BLR (DE3) pETMCSI 4. baylyi untagged o )
S BLR (DE3) containing pETMCSI A. baylyi untagged FtsZ; Amp"; Tet" This study
ts
BLR (DE3) pETMCSI A4. baylyi FtsZ-6xhis | BLR(DE3) containing pETMCSI A. baylyi FtsZ-6xhis; Amp"; Tet" This study
BLR (DE3) pETMCSI A. baumannii BLR (DE3) containing pETMCSI A. baumannii untagged FtsZ; Amp"; Thi q
18 study
untagged FtsZ Tet"
BLR (DE3) pETMCSI 4. baumannii FtsZ- o ‘ .
ok BLR (DE3) containing pETMCSI 4. baumannii FtsZ-6xhis; Amp"; Tet" | This study
xhis
BL21 codonplus (DE3) RIPL pETMCSI 4. | BL21 codonplus (DE3) RIPL containing pETMCSI 4. baylyi untagged Thi q
18 study

baylyi untagged FtsZ

FtsZ; Amp’

49




BL21 codonplus (DE3) RIPL pPETMCSI 4.

BL21 codonplus (DE3) RIPL containing pETMCSI 4. baylyi FtsZ-

. _ This study
baylyi FtsZ-6xhis 6xhis; Amp"
BL21 codonplus (DE3) RIPL pETMCSI 4. | BL21 codonplus (DE3) RIPL containing pETMCSI 4. baumannii i q
18 study
baumannii untagged FtsZ untagged FtsZ; Amp’
BL21 codonplus (DE3) RIPL pETMCSI 4. | BL21 codonplus (DE3) RIPL containing pETMCSI 4. baumannii FtsZ- Thi q
is stu
baumannii FtsZ-6xhis 6xhis; Amp" Y
BL21-Al pETMCSI 4. baylyi untagged
Fisz BL21-AlI containing pETMCSI A. baylyi untagged FtsZ; Amp' This study
ts
BL21-AI pETMCSI A. baylyi FtsZ-6xhis BL21-AlI containing pETMCSI A4. baylyi FtsZ-6xhis; Amp* This study
BL21-AI pETMCSI 4. baumannii untagged o .
Fie7 BL21-AlI containing pETMCSI 4. baumannii untagged FtsZ; Amp" This study
ts
BL21-Al pETMCSI 4. baumannii FtsZ- o ) )
Sxhi BL21-AlI containing pETMCSI 4. baumannii FtsZ-6xhis; Amp* This study
xhis
C41 (DE3) pETMCSI A4. baylyi untagged o _
Fis7 C41 (DE3) containing pETMCSI 4. baylyi untagged FtsZ; Amp" This study
ts
C41 (DE3) pETMCSI A. baylyi FtsZ-6xhis | C41 (DE3) containing pETMCSI A. baylyi FtsZ-6xhis; Amp' This study
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C41 (DE3) pETMCSI 4. baumannii

C41 (DE3) containing pETMCSI 4. baumannii untagged FtsZ; Amp" This study
untagged FtsZ
C41 (DE3) pETMCSI 4. baumannii FtsZ- o . .
oxhi C41 (DE3) containing pETMCSI 4. baumannii FtsZ-6xhis; Amp" This study

xhis

DHS50 pETMCSI A. baylyi FtsA-6xhis DH5a containing pETMCSI 4. baylyi FtsA-6xhis; Amp' Dr Amy Bottomley
DHS5o pETMCSIII 4. baylyi 6xhis-FtsA DHS5a containing pETMCSIII 4. baylyi 6xhis-FtsA; Amp” Dr Amy Bottomley
BL21-AI pETMCSI 4. baylyi FtsA-6xhis BL21-AlI containing pETMCSI 4. baylyi FtsA-6xhis; Amp" This study
BL21-AI pETMCSIII A. baylyi 6xhis-FtsA | BL21-Al containing pETMCSIII A. baylyi 6xhis-FtsA; Amp® This study
C41 (DE3) pETMCSI A. baylyi FtsA-6xhis | C41 (DE3) containing pETMCSI A. baylyi FtsA-6xhis; Amp" This study
C41 (DE3) pETMCSIII 4. baylyi 6xhis- . . .

C41 (DE3) containing pETMCSIII 4. baylyi 6xhis-FtsA; Amp" This study

FtsA

DHS50 pAT20 B. subtilis FtsZ'>!> A182E

DH5a containing pAT20 B. subtilis FtsZ'=!> A182E; Kan'

Gift from Frederico
José Gueiros Filho
(University of Sao

Paulo)
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BL21 (DE3) pAT20 B. subtilis FtsZ'=1>

315

AISE BL21 (DE3) containing pAT20 B. subtilis FtsZ'3'> A182E; Kan" This study
DHS5a pETMCSI WT B. subtilis FtsZ'*!> | DH5a containing pETMCSI wild-type B. subtilis FtsZ!'*>1%; Amp* This study
BL21-AI pETMCSI WT B. subtilis FtsZ'* o , .
BL21-Al containing pETMCSI wild-type B. subtilis FtsZ'>>1%; Amp* This stud
gp Yp p Y

?Antibiotic resistance markers are expressed as follows: Amp" = ampicillin resistance; Kan" = kanamycin resistance; Tet' = tetracycline

resistance.
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Table 2.5: Plasmids used and constructed in this study.

creation of N-terminus hexa-histidine tagged protein for overproduction; Amp'

Plasmid Description® Sources

Stable high-copy number plasmid which contains a modified bacteriophage T7

promoter for overexpression of genes that have a Ndel site at their start codon. The

‘ o ‘ o Gift from Nick Dixon

multi-cloning site is located downstream the T7 promoter and ribosome binding o
pETMCSI . ‘ . ‘ ' o (University of

site. This plasmid allows the creation of untagged and C-terminus hexa-histidine

. . . . : Wollongong) (180)

tagged protein for overproduction. The histidine tag is incorporated during PCR;

Amp'

Stable high-copy number plasmid which contains a modified bacteriophage T7 Gift from Nick Dixon
pETMCSIII promoter. Met-His6 was inserted upstream the multi-cloning site, allowing the (University of

Wollongong) (180)

pETMCSI 4. baylyi

pETMCSI plasmid encoding full length A. baylyi untagged FtsZ downstream of T7

6xhis

Restriction sites used were for EcoRI and Ndel

promoter; Amp* Dr Amy Bottomley
untagged FtsZ

Restriction sites used were for EcoRI and Ndel

pETMCSI plasmid encoding full length 4. baylyi C-terminus hexa-histidine tagged
PETMCSIA. baylyi FisZ- FtsZ downstream of T7 promoter; Amp" Dr Amy Bottomley
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pETMCSI 4. baumannii

pETMCSI plasmid encoding full length 4. baumannii untagged FtsZ downstream

of T7 promoter; Amp* Dr Amy Bottomley
untagged FtsZ

Restriction sites used were for EcoRl and Ndel

pETMCSI plasmid encoding full length 4. baumannii C-terminus hexa-histidine
PETMCSIA. baumannii tagged FtsZ downstream of T7 promoter; Amp' Dr Amy Bottomley
FtsZ-6xhis

Restriction sites used were for EcoRI and Ndel

pETMCSI plasmid encoding full length A. baylyi C-terminus hexa-histidine tagged
PETMCSI A. baylyi FtsA- FtsA downstream of T7 promoter; Amp" Dr Amy Bottomley
6xhis

Restriction sites used were for EcoRl and Ndel

pETMCSI plasmid encoding full length 4. baylyi N-terminus hexa-histidine tagged
PETMCSUIA. baylyi 6xhis- FtsA downstream of T7 promoter; Amp* Dr Amy Bottomley

FtsA

Restriction sites used were for EcoRI and Ndel

pAT20 B. subtilis FtsZ!31°
A182E

Stable high-copy number plasmid containing a bacteriophage T7 promoter. B.
subtilis ftsZ gene coding for amino acid 1-315 was inserted downstream of T7
promoter. Sequence encodes for A182E mutation within B. subtilis fisZ. The

resulting protein is unable to polymerize; Kan"

Gift from Frederico José

Gueiros Filho
(University of Sao

Paulo)
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pETMCSI wild-type B.
subtilis FtsZ!?315

pETMCSI plasmid encoding wild-type B. subtilis FtsZ downstream of T7 promoter.
The protein produce will have truncations at both the N- and C-terminus and will

only produce the globular domain, which is amino acid residue 12-315; Amp"

Restriction sites used were for EcoRI and Ndel

This study

aAntibiotic resistance markers are expressed as follows: Amp" = ampicillin resistance; Kan' = kanamycin resistance.

55




2.2 Methods

2.2.1 DNA manipulation

2.2.1.1 Plasmid extraction

Plasmids used were extracted from E. coli strains containing the plasmid of interest by
using GenElute™ Plasmid Miniprep kit (Sigma-Aldrich, Australia). Protocol followed
was in accordance to the manufacturer’s instructions and the quantity and quality of the

plasmid was measured using the nanodrop “NanoDrop One” (Thermo Scientific).

2.2.1.2 Preparation and transformation of electro-competent E. coli

Electro-competent E. coli were prepared in the following way. An overnight culture of
E. coli was diluted to ODgoo of 0.05 in 500 mL of LB broth and incubated at 37°C with
vigorous shaking to an ODgoo of 0.5. The samples were then put on ice-slurry for 20
min and the cells were harvested by centrifugation at 3,761 xg for 10 min. Following
harvest, the cells were resuspended and washed with 30 mL of ice cold MilliQ water
three times, with centrifugation at 3,761 xg for 10 min at 4°C between each washing.
After the last washing, the supernatant was removed and ice cold 50% (w/v) glycerol
was added to a final concentration of 10%. The cells were then distributed in 50 puL

aliquots, froze in liquid nitrogen and stored at -80°C.

Transformation of electro-competent E. coli is as follows. The entire procedure was
carried out on ice. 1 uL of purified plasmid (~100 ng/uL) was mixed with 50 uL aliquot
of electro-competent E. coli cells and transferred to 0.2 cm “Gene Pulser® Cuvette”
(BioRad, USA). Electroporation conditions were 25 pFD, 200 Q, 2.0 kV for 5 sec.

Following electroporation, cells were resuspended in 500 puL of LB broth and incubated
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for 1 h at 37°C with shaking at 145 rpm before being spread on LB plates containing

appropriate antibiotics and incubated overnight at 37°C until colonies appeared.

2.2.1.3 PCR amplification of wild-type B. subtilis ftsZ!?>"° gene

PCR was used to amplify a truncated portion of the fisZ gene from B. subtilis 168
genomic DNA which encodes amino acid 12 to 315. This was set up with the following
components: 1X Phusion HF buffer, 200 pM 10 mM dNTPs, 0.5 uM forward primer
and reverse primer (refer to table 2.6), 1 uL of genomic DNA, 1 unit of Phusion DNA

Polymerase and MilliQ water was used to make the reaction into 50 pL.

Table 2.6: Primers used for the PCR amplification of B. subtilis FtsZ!>-315,

Forward primer sequence
(KDK30)

Reverse primer sequence
(KDK31)

Sequence® ttttttcat ATGTCAATTAA | ataatagaattcAACTAAAA
AGTAATCGGAGTAGG | GCCGGTTGCAATCAC
AGG

Melting point 54.1°C 54.1°C

Restriction enzyme site Ndel EcoRI

* lower case letters on the sequence are the sequence overhangs. The restriction enzyme
cutting site is underlined, while the upper-case letters are the sequence which directly
binds to the genomic DNA.

Amplification was started with initial denaturation at 98°C for 30 sec and followed by
35 cycles of denaturation at 98°C for 10 sec, annealing at 54°C for 25 sec and extension

at 72°C for 30 sec. The process was concluded by a final extension at 72°C for 10 min.
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The truncated fisZ PCR fragment should be 909 bp. The amplified sample was cleaned

with a PCR purification kit from Sigma and stored at 4°C until further use.

2.2.1.4 Restriction digest of the PCR product and plasmid

The fisZ PCR product (Section 2.2.1.3) and plasmid pETMCSI were digested using the
restriction enzymes Ndel and EcoRI. All restriction digests were performed with 1 pg
of PCR product or plasmid with 40 U of restriction enzymes at 37°C for 4 h.
Appropriate buffers were added to the restriction digest reaction in a total reaction
volume of 50 pL in accordance to the manufacturer’s instructions. Following digestion,
the digested PCR product and plasmid were purified using GenElute™ PCR clean-up
kit (Sigma-Aldrich, Australia). To confirm the plasmid digestion efficiency with the
restriction enzymes, the digested plasmids were analysed on a 1% agarose gel in which
a single band of 909 bp and 4676 bp should be observed for the insert and plasmid,

respectively.

2.2.1.5 Ligation of the PCR product and plasmid

Ligation reactions were carried out by mixing 1:3, 1:5 and 1:7, plasmid to PCR product
ratio, together with 400 U of T4 DNA ligase and ligase buffer (New England Biolab,
United Kingdom) in a total reaction volume of 20 pL. The ligation reaction was
incubated overnight at 16°C and 10 pL of the reaction was used for transformation into

electro-competent E. coli DH50. to make DH5a pETMCSI WT B. subtilis FtsZ'>315,
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2.2.1.6 Colony PCR

Colony PCR was carried out in a 20 pL reaction volume. The reaction mixture
contained 0.25 pL 10 mM dNTPs, 2.5 pL 10X ThermoPol® Reaction Buffer (New
England Biolab, United Kingdom), 0.5 pL 10 pM of both forward and reverse primers
(Table 2.6), 0.25 pL Tag DNA Polymerase (New England Biolab, United Kingdom),
and 16 pL MilliQ to make up to 20 pL volume. In colony PCR, one bacterial colony
was used as a template instead of purified DNA. PCR conditions were as follow. Initial
denaturation at 95°C for 2 min and followed by 30 cycles of denaturation at 95°C for
15 sec, annealing at 54°C for 30 sec and extension at 72°C for 1 min. The process was
concluded by a final extension at 72°C for 5 min. The amplified sample was stored at

4°C until further use.

2.2.2 Protein purification

2.2.2.1 Overproduction trial of Acinetobacter FtsZ and FtsA

Overnight culture of the protein overproduction E. coli strain which contains the
necessary plasmid was firstly inoculated to a fresh 5 mL (small scale trial) or 1 L (large
scale production) LB broth containing the necessary antibiotics to ODgoo of 0.05 and
grown at 37°C with shaking at 200 rpm. Once the cells reached ODgoo of ~0.5, protein
production induced with 0.5 mM IPTG. The E. coli strain BL21-Al was induced with
0.2% (w/v) arabinose. Following induction, the cells were moved to several induction
temperatures to determine optimum conditions for protein yield and solubility (37 °C,
30 °C, 25 °C and 10°C) and left to grow overnight in the separate temperatures with
shaking at 200 rpm. The following day, the cells were harvested by centrifugation at

12,600 xg for 15 min at 4°C.

59



2.2.2.2 Analysis of the Acinetobacter FtsZ and FtsA protein overproduction and
solubility

During the preparation of cells in Section 2.2.2.1, 1 mL of culture was removed before
the addition of inducer (uninduced sample), and 2x 1 mL of culture were removed after
the overnight incubation following the addition of inducer (induced sample). The
cultures were centrifuged at 12,600 xg for 15 min at 4°C and the supernatant was
discarded. The samples were then resuspended and washed twice with 250 pLL TS buffer
(refer to Section 2.1.2), snap frozen with liquid nitrogen and stored at -20°C. Upon
thawing, the samples were normalized to ODsoo = 10 by resuspension in TS buffer.
Equal volumes of SDS loading buffer (1X) were added to the normalized uninduced
and one induced sample. The samples were vortexed and heated for 10 min at 95°C. 10
uL of each sample was analysed by SDS-PAGE and stained with Coomassie blue stain

and destained to confirm overproduction of the protein.

To determine the solubility of protein, 15 pL of 5 mg/mL lysozyme was added to the
second normalized induced sample. The sample was incubated at room temperature for
1 h with frequent mixing via vortexing, followed by sonication for 5 x 10 sec bursts
using a Selby-Biolab sonicator. The sample was centrifuged at 16,100 xg for 15 min at
4°C to separate the soluble and insoluble materials. The supernatant containing soluble
proteins was removed into a fresh microcentrifuge tube and equal volume of SDS
loading buffer was added. The pellet containing the insoluble material was resuspended
in an equal volume of TS buffer and equal volume of SDS loading buffer (1X) was also
added. The two samples were subsequently vortexed and heated at 95°C for 10 min. 10
uL of each sample was analysed by SDS-PAGE and stained with Coomassie blue stain

and destained for visualisation.
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SDS-PAGE gels used in the overproduction and solubility studies were made with
recipe outlined in Section 2.1.2. The SDS-PAGE running buffer used is also outlined

in Section 2.1.2. All SDS-PAGE running conditions were 175 V for 50 min.

2.2.2.4 Ammonium sulphate precipitation trial

Ammonium sulphate trials were conducted at 4°C as a first step of purification for the
full-length Acinetobacter untagged FtsZ protein. 50 mL of E. coli cells harbouring
plasmid encoding for this protein were firstly grown and induced for protein
overproduction under the conditions determined optimal for protein yield and solubility.
The cells were subsequently lysed in 4. baylyi FtsZ lysis buffer (refer to Section 2.1.2).
The amount of lysis buffer used was 15 mL of lysis buffer for 1 g of cell pellet. Once
lysed, the cell lysate was centrifuged at 39,856 xg for 30 min to separate the soluble
and insoluble material. The soluble material was then filtered using a 0.2 um filter to
remove any remaining debris and divided into six aliquots. The six aliquots were used
to determine the optimum concentration of ammonium sulphate resulting in protein
precipitation (0.15 g/mL, 0.20 g/mL, 0.25 g/mL, 0.30 g/mL, 0.35 g/mL, and 0.40 g/mL).
The solution was stirred gently during the addition of the solid ammonium sulphate in
their respective concentrations to avoid protein denaturation, as evidenced by foaming.
The solid ammonium sulphate was added slowly to the solution over the duration of 30
min. Once all the ammonium sulphate had been added, the solution was left to continue
stirring for a further 20 min, after which 1 mL aliquots were taken and centrifuged at
9,300 xg for 20 min at 4°C to separate the supernatant and precipitate. To determine the
location of the protein, the supernatant was transferred to a new tube (soluble fraction)
and the precipitate (insoluble fraction) resuspended in 1 mL TS buffer (refer to Section

2.1.2). Optimum ammonium sulphate concentration is determined by the highest
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protein yield with minimal contaminants residing in the insoluble fraction. For
visualization, equivalent amount of SDS-PAGE loading buffer (1X) was added to both

samples and analysed on an SDS-PAGE gel.

2.2.2.5 Sodium chloride dialysis trial

To determine the stability of the protein in no-salt buffer for subsequent experiments,
the ammonium sulphate-precipitated pellet, which gave high yield and minimal
contamination, was re-dissolved in 30 mL buffer (25 mM Tris-HCI pH 7.6). The
supernatant was then divided into four aliquots, placed in a dialysis tube (Sigma) with
10,000 Da MWCO and dialysed overnight at 4°C with gentle stirring against 500 mL
buffer (25 mM Tris-HCI pH 7.6) containing 0 M, 0.1 M, 0.2 M or 0.3 M of sodium
chloride. After 16 h, a 200 pL sample was taken from each of the four dialysis
conditions and centrifuged at 16,100 xg for 20 min to separate the soluble and any
insoluble material formed during the dialysis. To determine the location of the protein,
the supernatant was transferred to a new tube (soluble fraction) and the precipitate
(insoluble fraction) resuspended in 1 mL TS buffer (refer to Section 2.1.2). Optimum
sodium chloride concentration is determined by the target protein residing in the soluble
fraction. For visualization, an equivalent amount of SDS-PAGE loading buffer (1X)

was added to both samples and analysed on an SDS-PAGE gel.

2.2.2.6 Optimized purification protocol

Electro-competent E. coli strain BL21-Al was transformed with pMCSI containing full
length A. baylyi untagged FtsZ (refer to Section 2.2.1.2) and grown at 37°C overnight
in 50 mL of LB broth (refer to Table 2.3 in Section 2.1.1) containing 100 pg/mL of

Ampicillin with shaking. The following morning, the cells were diluted to ODgoo = 0.05
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in 1 L of LB with the same concentration of antibiotic. Cells were grown at 37°C until
mid-exponential phase (ODgoo = 0.5) and 0.2% arabinose was added to induce the cells
for protein overproduction. The induced cells were grown at 25°C for 24 h with shaking
at 200 rpm. Subsequently, the cells were harvested by centrifugation at 12,600 xg for
15 min at 4°C. The cell pellet was collected and resuspended in 15 mL of lysis buffer
per 1 g of cell pellet (refer to A. baylyi untagged FtsZ and FtsA-6xhis purification Lysis
buffer in Section 2.1.2). The lysate was then incubated at 25°C for 1 h and subsequently
freeze-thawed four times to ensure complete cell lysis. The freezing process used liquid
nitrogen, while the thawing was conducted in a shaking water bath at 25°C. After
freeze-thawing, the lysate was centrifuged at 39,856 xg for 30 min to separate the
soluble and insoluble materials. The soluble material was transferred to a new tube and
filtered using 0.2 pm filters to remove any remaining cell debris. The supernatant was
then placed in a beaker and 0.2 g/mL of solid ammonium sulphate (as determined by
the ammonium sulphate precipitation trial in Section 2.2.2.4) was added slowly to
precipitate the target protein, while the solution was stirred slowly using a magnetic
stirrer; the process was conducted at 4°C. Once all the solid ammonium sulphate was
added, the solution was left stirring for 20 min before centrifugation at 9,300 xg for 20
min at 4°C. Afterwards, the ammonium sulphate precipitate was re-solubilised in 30
mL of anion exchange buffer A (4. baylyi untagged FtsZ purification anion exchange
buffer in Section 2.1.2) and dialysed overnight with gentle stirring against 5 L of the
same buffer to remove the ammonium sulphate in the sample. After dialysis, the sample
was centrifuged at 9,300 xg for 20 min to remove any insoluble material and the
supernatant was immediately applied to the anion exchange column HiTrap Q HP 5 mL
(GE Healthcare) which is connected to the AKTA PURE system. The target protein

was eluted from the column using elution buffer (4. baylyi untagged FtsZ purification
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anion exchange buffer B in Section 2.1.2) in a gradient manner (10 column volumes
with a flow rate of 2 mL/min). The eluent was collected as 2 mL fractions and fractions
corresponding to the elution peak of the chromatogram (absorbance at 280, 254 and
215 nm were measured) were collected and analysed on a 10% SDS-PAGE gel.
Fractions showing high purity of the desired protein were pooled and applied to the size
exclusion column HiPrep 26/60 Sephacryl S300 HR (GE Healthcare) for further
purification (4. baylyi untagged FtsZ purification gel filtration buffer in Section 2.1.2).
The purification was conducted over 1 column volume with a flow rate of 0.3 mL/min.
The eluent was collected as 10 mL fractions and fractions corresponding to peaks
detected on the chromatogram (absorbance at 280, 254 and 215 nm were measured)
were collected and analysed on 10% SDS-PAGE gel. Fractions containing the target
protein (~42 kDa) were concentrated at 4°C to 10 mg/mL using the vivaspin column

with a 10,000 Da MWCO (GE Healthcare) and stored at -80°C.

Overproduction and purification of the wild-type B. subtilis FtsZ!'*>!> follows the
protocol used for the full-length A. baylyi untagged FtsZ with slight modifications (refer
to Section 2.2.2.6). Overproduction strain used was BL21-Al. Induction temperature
used was at 10°C and the cells were left for 4 days. Lysis buffer used refer to B. subtilis
6xhis-FtsZ purification lysis buffer in Section 2.1.2. Ammonium sulphate precipitation
was achieved by adding 0.35 g/mL of solid ammonium sulphate. Anion exchange
buffer used was the same as the one used for purification of the A182E version of the
protein. The size exclusion column used was the HiLoad 26/600 Superdex 75 pg and
the sample was collected as 1 mL fraction. The size exclusion buffer used was 20 mM
Tris, 100 mM NaCl pH 7.74. The column was run at 0.5 mL/min during the purification

for 1 column volume.
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Overproduction and purification of full-length 4. baylyi C-terminus hexahistidine
tagged FtsA followed the same protocol with slight changes. Changes are as follows.
Overproduction strain used was BL21-Al. For cell lysis buffer refer to 4. baylyi
untagged FtsZ and FtsA-6xhis purification lysis buffer in Section 2.1.2. The insoluble
material containing the insoluble protein inclusion bodies was recovered, resuspended
in 50 mL inclusion bodies wash buffer (refer to A. baylyi FtsA-6xhis purification
inclusion bodies wash buffer in Section 2.1.2) and kept stirring at 4°C for 45 min. The
solution was then homogenised with a homogeniser (Heidolph DIAX 600; John Morris
Scientific Pty. Ltd.), followed by centrifugation at 39,856 xg for 20 min to remove the
supernatant. The inclusion bodies were washed for a further three times. The subsequent
two washes used the wash buffer containing 1 M NaCl, while the final wash step used
the initial inclusion bodies wash buffer. The pellet was resuspended in the smallest
possible volume of wash buffer (about 500 puL to 1 mL) and afterward solubilised by
resuspending them in 30 mL his trap wash buffer per I mL of inclusion bodies (refer to
A. baylyi FtsA-6xhis purification his trap wash buffer in Section 2.1.2) and stirring at
4°C for 60 min. The solubilised protein was then applied to HisTrap HP 5 mL (GE
Healthcare) and the protein was allowed to refold on-column by slowly changing the
buffer on the column to the refolding buffer (refer to 4. baylyi FtsA-6xhis purification
refolding buffer in Section 2.1.2) in a linear gradient manner (10 column volumes with
a flow rate 1 mL/min). The column was further washed with five column volumes of
the refolding buffer and the protein was eluted with the elution buffer (refer to A. baylyi
FtsA-6xhis purification his trap elution buffer in Section 2.1.2) in a stepwise elution. 2
mL fractions containing the target protein were combined and dialysed overnight
against 1 L storage buffer (refer to A. baylyi FtsA-6xhis purification storage buffer in

Section 2.1.2). After 16 hours, the sample was concentrated by placing the sample in a
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3,500 MWCO dialysis tube (Thermo Scientific) and dialysing it against 800 mL of the
concentrating buffer (refer to 4. baylyi FtsA-6xhis purification concentrating buffer in
Section 2.1.2). This method of concentrating is a slow process, but once the sample
reached the desired concentration, it was again dialysed against the storage buffer to

remove any PEG that might have diffused through during the concentration.

Overproduction and purification of B. subtilis FtsZ'3!> A182E followed a similar
protocol with a number of changes and these are summarised here. Plasmid containing
the protein construct was transformed into BL21 (DE3) and grown in M9 media in the
presence of 50 pg/mL of Kanamycin. Induction was achieved through the addition of
0.5 mM IPTG at 10°C and the cells were left for 4 days. Cell lysis was carried out by
incubation in lysis buffer (refer to B. subtilis 6xhis-FtsZ purification lysis buffer in
Section 2.1.2) for 30 min, followed by 6 min of sonication using 30 sec bursts and 30
sec intervals on ice slurry. The soluble and insoluble materials were separated by
centrifugation of lysate at 42,200 xg for 90 min. Following that, the supernatant was
applied to the nickel affinity column HisTrap HP 5 mL (GE Healthcare) which was
connected to the AKTA PURE system. The target protein was eluted from the column
using the elution buffer (refer to B. subtilis 6xhis-FtsZ purification his trap buffer B in
Section 2.1.2) in a gradient manner (10 column volumes with a flow rate of 2 mL/min).
Fractions showing high purity of the desired protein were pooled together and diluted
to 45 mL with buffer A (B. subtilis N-his FtsZ purification his trap and ion exchange
buffer A in Section 2.1.2). 2 U/mL of Thrombin was subsequently added and incubated
at 4°C overnight with gentle agitation to cleave off the hexa-histidine tag. The next day,
I mL of Ni-NTA Agarose resin (Thermo Scientific) was added and the solution was
further incubated for 30 min at 4°C with gentle agitation to remove the cleaved

hexahistidine tags. The resin was separated from the protein solution by 1 min
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centrifugation at 800 xg twice, with the soluble material transferred to a fresh tube
between centrifugations. Solution containing the protein was purified further using
anion exchange and refer to B. subtilis N-his FtsZ purification anion exchange buffer B
in Section 2.1.2 for the buffer used. Final purification was achieved though size
exclusion chromatography using HiPrep 26/60 Sephacryl S300 HR (GE Healthcare).
The purification was conducted in 1 column volume with a flow rate of 0.3 mL/min and
the eluent was collected as 10 mL fractions. Refer to B. subtilis N-his FtsZ purification
size exclusion buffer in Section 2.1.2 for buffer used. The purification of the N
labelled version of the protein also follows this protocol, with the exception of using

I5N labelled ammonium chloride in the M9 salts.

Table 2.7: The molecular weight, pI and extinction coefficient of proteins used in
this study.

Molecular Extinction Coefficient
Protein pl M1 cm™)
Weight (Da)
Full-length A. baylyi untagged
¢ yy =8 41,782.54 5.11 7,450
FtsZ
Full-length A. baumannii
41,997.55 4.85 7,575
untagged FtsZ
Full-length 4. baylyi FtsA-6xhis 45,612.2 5.50 37,150
B. subtilis FtsZ'>'> A182E 33,211.8 4.55 2,980
Wild-type B. subtilis FtsZ!>313 31,379.92 4.68 2,980
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2.2.3 Functional assays

2.2.3.1 GTPase assay using wild-type B. subtilis FtsZ'?~"°

To determine the GTPase activity of the wild-type B. subtilis FtsZ'>='°, a standard curve
was initially created as written in the instruction manual of Innova Biosciences GTPase
assay kit (181). In short, this was carried out by setting up a triplicate of each known
phosphate concentration in a 96-welled plate and measuring the absorbance at 650 nm.
The absorbance values of the triplicates were averaged and then graphed against the

phosphate concentrations to produce a linear curve (Figure 2.1).
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Figure 2.1: Standard curve of known phosphate concentration vs
absorbance at 650 nm. This linear standard curve was used to calculate the released
of free phosphate from three different concentrations of B. subtilis FtsZ'>315,
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To obtain the GTPase activity of the wild-type B. subtilis FtsZ!'??!3  the protein
concentration was adjusted to 2.7 uM, 5.4 uM and 10.8 uM in 100 pL buffer (20mM
Tris, 100mM NaCl pH 7.74). Each protein concentration was then mixed with 100 pL
of substrate/buffer (SB) mix provided by the kit (50 mM Tris pH 7.5, 2.5 mM MgCl.).
Since the SB mix already contain 0.25 mM GTP as a part of its component, the samples
were subsequently incubated at 37°C for 15 minutes. The reaction is stopped upon the
addition of 50 pL of PiColorLock™ mix. After 2 minutes, 20 uL of the Stabiliser
solution was added and each of the samples were mixed well by thoroughly pipetting
up and down. Following that, the reactions were incubated for a further 30 minutes at
37°C for colour development and the absorbance were read at 650 nm. Triplicates were
set up for each protein concentrations and the experiment were repeated three times.

The absorbance from each of the protein concentrations were averaged and the amount
of phosphate released in the reaction was calculated by using the equation of the line
from the standard curve (y = 0.0239x). Enzyme activity was calculated as per
manufacturer’s guideline using the equation; Activity (units/mL) = (AxC)/500B, where,
A = concentration of free phosphate (Pi) in pM, determined from the standard curve
(22.1,32.9 and 48.6 for 2.7 uM, 5.4 uM and 10.8 puM, respectively); B = assay time is
in minutes (15 minutes for this study); C = enzyme dilution factor (126, 63 and 32 for

2.7 uM, 5.4 uM and 10.8 uM, respectively).
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2.2.4 Nuclear Magnetic Resonance

2.2.4.1 Competition experiment using HSQC

Fragments needed for the HSQC competition experiments were bought from MolPort
and the GDP from Sigma Aldrich. Prior to conducting the experiment, the fragments
were made up to 50 mM in 100% dimethyl sulfoxide (DMSO). When conducting the
experiment, each fragment was diluted to a final concentration of ImM in 50 mM
sodium phosphate, 200 mM sodium chloride pH 7.4, 10% D>0O and 100 uM 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS), along with 100 uM !*N-labelled B.
subtilis FtsZ!'-*!> A182E. Control experiments of FtsZ with1% DMSO and with GDP

were prepared to account for any peaks shifting due to DMSO and GDP.

The competition experiment itself was conducted by firstly obtaining the spectra of
FtsZ with fragment, followed by the spectra acquisition of FtsZ with fragment and GDP.
After obtaining the four spectrum (FtsZ with 1% DMSO, FtsZ with GDP, FtsZ with
fragment and FtsZ with fragment/GDP), each spectra was processed using the software
TopSpin 3.5 (Bruker) (182). Once processed, the four spectrum for each fragment were
then overlayed and analysed using the software Sparky (183). This process was

repeated for all three fragments.

2.2.5 Crystallography

2.2.5.1 Setting up crystal trays

The wild-type B. subtilis FtsZ'*15 were firstly purified as stated in Section 2.2.2.6.
Initial screening was conducted using crystal screening kits purchased from Jena
Bioscience: JBS Classic 1-10, JBS JCSG++ 1-4, JBS Membrane 1-4, JBS PACT++ 1-

4 and JBS PEG Salt 1-4. Preparation of the crystal trays were carried out by firstly
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pipetting 85 puL of the screening buffer provided by the kit into a 96-welled MRC plate,
followed by the dispensing of the protein with the buffer into the crystal well (Figure
2.2). Protein dispensing was carried out wusing the programable robot
FORMULATRIX® and the drop size was set to 200 nL, containing 100 nL of protein
and 100 nL of buffer. Protein concentration during screening was set to 10 mg/mL and
5 mg/mL. Once set, the crystal trays were incubated at room temperature (25°C) and
checked on day 1, 3, 5, 7 and then at day 14. Crystals with sharp edges usually formed
by day 7 and conditions which formed such crystals were pursued further by setting a
gradient tray, whereby the parameters of the initial conditions are halved and doubled,

to provide a gradient.

Buffer well — Crystal well 1

— Crystal well 2

Figure 2.2: An example of a well set up in the 96-welled MRC plate for
crystallography. Crystallization buffer are aliquoted into the buffer well (75 to 85
pL) and the protein is dispensed and mixed with the buffer in a 1:1 ratio in either crystal
well 1 or crystal well 2. The drop size of the protein/buffer mix is typically 200 or 400
nL.

2.2.6 Molecular modelling

2.2.6.1 Creating a protein homology model of Staphylococcus aureus FtsZ and
Acinetobacter FtsA

Amino acid sequence of S. aureus FtsZ and Acinetobacter FtsA were downloaded from
National Center for Biotechnology Information (NCBI) and these sequences are termed

the query sequence. The query sequence was then BLAST-searched against protein X-
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ray crystal structure database using Discovery Studio 4.5 (DS 4.5). Protein X-ray
structures identified by BLAST which have an E-value < 1 x 10~ were chosen for use
as the template for creating homology models. The amino acid sequence of these
structures is termed the template sequence and the crystal structure itself is termed the
template structure. The query sequence was then aligned to the template sequence in
DS 4.5 by using the Align Sequence to Templates. The templates with E-value < 1 x
10 were selected in the Input Template Structures parameter and the query sequence
was selected in the Input Model Sequence parameter. This was followed by the
creation of the homology models based on amino acid sequence alignment by going
using Build Homology Models. Again, the templates with E-value < 1 x 107 were
selected in the Input Template Structures parameter and the query sequence was
selected in the Input Model Sequence parameter. Number of Models parameter was

set to 5 to create five homology models.

2.2.6.2 Assessing the validity of the homology models

The validity of the five newly-created homology models were assessed by using Verify
Protein (Profiles-3D). The five homology models were selected in the Input Protein
Molecules parameter. The result of the process produced scores termed Verify Expected
High Score, Verify Expected Low Score and Verify Score. In general, if the Verify
Score result of the model protein is higher than the Verify Expected Low Score value,
then the model is of acceptable quality. The closer the Verify Score result is to the Verify
Expected High Score value, the better the quality of the model. The process also colour
code the homology protein structures into red, white and blue. Regions colored blue
signifies high-quality prediction, while red signifies low-quality prediction and white

signifies a medium-quality prediction.
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2.2.6.3 Protein-protein interaction using docking

The interaction of the Acinetobacter spp. FtsA protein and FtsZ peptide was firstly
analysed using ZDOCK in DS 4.5. The ZDOCK protocol is usually used to perform
rigid body docking of two proteins (184, 185). This was access by using Dock Proteins
(ZDOCK). The FtsA homology model was set as the receptor protein, while the FtsZ
peptide was set as the ligand protein. The Angular Step Size was set to 6 degrees. The
software provides two values for the Angular Step Size; 6 and 15 degrees. 6 degrees
was chosen as it performs finer conformational sampling and thus typically results in
more accurate predictions. However, 15 degrees can also be selected for a faster
analysis, but the result will not be as accurate. The RMSD Cutoff and Interface Cutoff
values were set at 6.0 A and 9.0 A, respectively. The Maximum Number of Clusters

was set to 60.

Since there is a published co-crystal structure of 7. maritima FtsA binding to the C-
terminus peptide of 7. maritima, the amino acid residues responsible for the interaction
can be selected in the Receptor Binding Site Residues parameter and the other amino
acid residues selected in the Receptor Blocked Residues. Similarly, amino acid
residues of the FtsZ peptide known to be involved in the interaction were selected in
the Ligand Binding Site Residues parameter, while residues that are not involved in
the interaction were selected in the Ligand Blocked Residues. This blocking and
filtering option allow the software to perform gating processes instead of making the

software dock the FtsZ peptide all over the FtsA protein.

Following the ZDOCK run, the software will group the docked poses as clusters. The
screening process involves viewing the docked poses in these clusters. Clusters with
poses observed to be similar to the co-crystal structure of the 7. maritima FtsZ peptide

with FtsA were then taken forward and refined further using the RDOCK protocol (186).
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Again, FtsA was set in the Input Receptor Protein parameter and the FtsZ peptide was
set in the Input Ligand Protein parameter. Clusters with poses similar to the co-crystal
structure were set in the Input Poses parameter. The RDOCK run produced values for
the selected poses termed the E-RDOCK, which are used to determine the likelihood of

the prediction to be near the native docking conformation in vivo.

2.2.6.4 Superimposition of multiple crystal structures

Crystal structures of human a- and B-tubulin, along with the GDP-bound FtsZ structures
of Staphylococcus aureus (PDB: 3VOA and 3VOS8 (93)), Staphylococcus epidermidis
(PDB: 4M8I (187)), Mycobacterium tuberculosis (PDB: 1RQ7 (188) and 4KWE (189)),
Bacillus subtilis (PDB: 2RHL (190)), Pseudomonas aeruginosa (PDB: 2VAW (191))
and Aquifex aeolicus (PDB: 2R6R (191)) were obtained from the Protein Data Bank
(PDB) (192). These structures were chosen based on the following criteria: (1) their
structure was solved using X-ray crystallography with good resolution (2 - 3 A); (2)
they contain GDP but no inhibitor; and (3) they are the wild-type version of the protein
from either Gram-positive or Gram-negative bacterial species. The structures were
loaded into DS 4.5. Initially, the crystal structures of the human tubulin and some FtsZ
proteins included multiple chains, however, only chain A of each protein was used for
the alignment in this analysis. The protein structures were then loaded into the same
Molecule Window. The amino acid sequences were opened and aligned within the DS
software. Sequence alignment in DS 4.5 uses the Align123 algorithm, a progressive

pairwise alignment algorithm modified from the CLUSTAL W program (193).

The protein structures were superimposed based on the sequence alignment. The

reference protein used for the superimposition was the GDP-bound S. epidermidis FtsZ
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structure as it is a high-resolution structure with a resolution of 1.43 A (PDB: 4M8I
(187)). The root-mean-square deviation (RMSD) values of the Ca atoms were obtained

after superimposition.

2.2.6.5 Identification of Accessible Binding Spheres

Prior to identifying accessible binding spheres on the protein structures, the protein
structures were prepared using the Prepare Protein function in DS 4.5. The Prepare
Protein function is an optimisation step which corrects structural, atomic and bond
length anomalies. Following protein preparation, using the “eraser” algorithm (194),
accessible binding spheres were identified and the radius of the spheres was calculated

by DS 4.5.

2.2.6.6 Molecular Dynamics Simulations

Before conducting molecular dynamics (MD) simulations, the structures were corrected
using the Prepare Protein function in DS 4.5. The CHARMm forcefield version 40.1
(195, 196) was chosen and water molecules were added. The solvation model used was
the Explicit Periodic Boundary (197, 198) in an orthorhombic cell filled with water

molecules. Neutralization was achieved by the addition of Na+ and Cl- ions.

Once the solvent environment was set, 500 ps of isothermal-isobaric ensemble (NPT)
molecular dynamics simulation was conducted using a Standard Dynamic Cascade in
DS 4.5. The initial system was minimised by 1000 steps of Steepest Descent, followed
by 2000 steps of Adopted Basis Newton-Raphson. After the minimisation, the system
was heated from 50 to 300 K over 10 ps and then equilibrated for 100 ps. Finally, a 500

ps molecular dynamics simulation was performed under a constant temperature of 300
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K. Trajectory snapshots were taken every 50 ps during the production step. In all the
simulations, the SHAKE constraint, which fixes all bonds involving hydrogens, was
applied by default by DS 4.5 and the reference pressure was kept constant at 1.0

atmospheric pressure.
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Chapter 3 - Understanding the
interaction of Acinetobacter FtsZ and

FtsA using in silico methods
3.1 Introduction

In the past, bacterial infections were once easily controlled via the use of antibiotics.
However, the increase in antibiotic resistant bacteria is threatening human health,
especially in hospitals (199-203). The most concerning issue is the emergence of
multidrug resistant (MDR) strains, as they are un-treatable with currently available
antibiotics. Over the last decade, multidrug resistant Gram-negative bacteria, including
MDR-Pseudomonas aeuginosa, MDR-Acinetobacter baumannii and
Enterobacteriaceae producing extended-spectrum [-lactamases (ESBL) and
carbapenemases, have been associated with hospital-acquired infections and the
numbers of infections caused by these pathogens are steadily rising (204). This is
largely because they have an outer-membrane which acts as a permeable barrier to
antibiotics, B-lactamases that inactivate B-lactams and multiple drug efflux systems that
pumps antibiotics out of the cells faster than they can act on their target (205, 206).
Added to this is the ability of bacteria to transfer genes coding for these resistance to

susceptible bacterial populations through plasmid and lateral gene transfer (29).

Acinetobacter spp. are nonmotile y-proteobacteria (79), that have now become one of
the new emerging Gram-negative pathogens that cause hospital-acquired infections
such as, pneumonia, wound and urinary tract infections, post-surgery complications and
blood stream infections in severely ill and immuno-compromised people (207, 208).
The most clinically relevant species is A. baumannii, although pathogenic strains of
Acinetobacter Iwoffi and Acinetobacter baylyi have also been reported (209-211). Of

greatest concern is the rapid emergence of recently reported multidrug resistant strains
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of A. baumannii (212), which are resistant to all currently available antimicrobials,
including recently approved ones such as tigecycline (79). This has resulted in the
World Health Organisation putting this organism in the priority 1: critical category in
their priority pathogen list (213). Thus, there is an urgent need for the development and
production of new classes of antimicrobials that target essential processes in this

pathogen.

Cell division is an essential process in bacteria that could be targeted to generate a new
class of antibiotics. The process involves many protein-protein interactions to form the
divisome, and carry out its function (67). The inhibition of these interactions will no
doubt be detrimental to the cell since the division proteins are known to be essential
and that their roles appear to be structural (stabilizing the divisome), rather than
enzymatic, therefore, targeting the interacting sites is likely to be highly effective (68).
This approach will also arguably, have a lower rate of resistance since the cell will need
to accommodate and balance the change in amino acids between multiple proteins to
maintain its interactions. Two of the most highly conserved bacterial cell division
proteins, FtsZ and FtsA, have been recognised as promising drug targets in
Acinetobacter spp. and other bacteria (65). FtsZ is an essential protein in bacteria, while
FtsA is essential in most bacteria but not all species, for example B. subtilis (214-216).
Studies in E. coli have shown that FtsA is essential (67) and a mutant library of 4. baylyi

also suggests that FtsA is essential in this organism (217).
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3.1.1 Interaction between FtsZ and FtsA

The interaction between FtsZ and FtsA has been known for over a decade (114). Studies
involving yeast two-hybrid assays (115, 116) and systematic deletion mutagenesis
analysis (116, 117) in several organisms has shown that FtsZ interacts with FtsA via
conserved amino acid residues within the very extreme C-terminus of FtsZ (last 70
amino acids in the E. coli protein) (218). The mechanism of interaction between this
FtsZ peptide and FtsA was discovered by Szwedziak et a/ (110) using proteins from 7.
maritima. They showed that the FtsZ C-terminal peptide of 7. maritima (amino acid
337 —351) interacts with FtsA by binding to helices H6 and H8 in the FtsA 2B domain
while facing away from the nucleotide-binding domain of FtsA (Figure 3.1). Several
salt bridges involved in the interaction of the C-terminal peptide of FtsZ with helix H8
of the 2B domain of FtsA were also identified; FtsA (Arg301) to FtsZ (Asp338), FtsA

(Glu304) to FtsZ (Arg344) and FtsA (Lys293) to FtsZ (Leu351) (Figure 3.1).
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FtsZ peptide

H8-helix

Figure 3.1: Crystal structure of FtsA from 7. maritima bound to FtsZ C-
terminal peptide. Protein Data Bank entry 4A2A (110). The FtsA 2B domain is
highlighted in yellow with helix H6 and H8 at the front (arrow showing the position of
H6 and HS) and FtsZ C-terminal peptide is highlighted in purple. The other parts of
FtsA are in gray. Salt bridges are highlighted in green on H8 of the 2B domain of FtsA
and the FtsZ C-terminal peptide (last 8-16 residues). Amino acid residues identified to
form salt bridges were: FtsA (Arg301) to FtsZ (Asp338), FtsA (Glu304) to FtsZ
(Arg344) and FtsA (Lys293) to FtsZ (Leu351). The ADP is located on the other side of
the structure and is shown in stick form. The image was generated using Discover
Studio 4.5 (219).

In E. coli and other y-proteobacteria, the amino-acid sequence of the C-terminal peptide
of FtsZ that interacts with FtsA is DIPAFLRKQ (79). This sequence is well conserved
in most other y-proteobacteria as shown in Figure 3.2. In E. coli, the aspartate and
proline at position 1 and 3 of this peptide, respectively, are found to be the most
important residues for interaction with FtsA and ZipA (Figure 3.2) (220). Alteration at
these two positions in E. coli FtsZ results in a disruption of the FtsZ/ZipA interaction
(218), and a change of the proline alone led to reduced binding of FtsA to FtsZ (114).

Further evidence which suggests that interaction of FtsZ with other proteins requires
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these two amino acids was shown in the co-crystallization of FtsZ C-terminal peptide
with FtsA in 7. maritima (110). Currently, it is yet to be understood whether
Acinetobacter FtsZ contains the conserved C-terminal peptide and if the FtsZ in this

organism interact with FtsA.

Early Acinetobacter FtsZ and FtsA interaction study was conducted by a member of the
Harry laboratory, Dr Amy Bottomley, using the bacterial two-hybrid system. However,
she found that the proteins were non-functional when tagged with the reporter protein
for the assay. Therefore, it was decided that the interaction study be conducted using
both computational and also in vitro approaches. The aim of this chapter is to identify
the peptide sequence of Acinetobacter FtsZ by conducting amino acid sequence
alignment analysis using Clustal Omega (221, 222). This will be followed by predicting
the interaction between FtsZ and FtsA in Acinetobacter using an in silico method
known as “dock proteins” (184, 185, 223), which is a module in the molecular
modelling software Discovery Studio 4.5 (DS 4.5). Understanding this could potentially
be used to develop new narrow-spectrum antimicrobials to specifically treat
Acinetobacter infections, which is a big problem in hospital settings because of its

ability to resist all of the currently available antimicrobials.
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3.2 Results: In silico investigation of the interaction
between FtsZ and FtsA in Acinetobacter

3.2.1 Analysis of full-length FtsZ amino acid sequence alignment to identify the
conserved C-terminal peptide in Acinetobacter FitsZ

Identification of the peptide sequence in Acinetobacter FtsZ was initially conducted
through the analysis of amino acid sequence alignment using Clustal Omega (221, 222)
of full-length FtsZ from a variety of organisms. The alignment revealed two possible
locations for the FtsZ conserved C-terminal peptide in Acinetobacter (Figure 3.2). One
possibility is at the very end of the C-terminus with the sequence SIQDYLKNQQRK
and the other located upstream with the sequence DVPAINKRQNAE. From this point
onwards, peptide with the sequence DVPAINKRQNAE and SIQDYLKNQQRK will
be referred to as peptide 1 and peptide 2, respectively. The possibility of these two being
the conserved C-terminus peptide is intriguing. Peptide 1 contains the conserved amino
acid residues which are important for the interaction of FtsZ with its protein partners,
FtsA and ZipA, but this makes the linker length very short for a bacterial species in the
y-proteobacteria class, which usually have linkers from 52 to 81 amino acids in length
(125). Contrarily, amino acid changes are expected with peptide 2 but, the linker is of
the expected length for a bacterial species in the y-proteobacteria class. This is discussed

further below.
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Acinetobacter baumeanmii
Escherichia coli
Salmenella typhi
Shigella flexneri
Tersinia pestiz
Vibrio cholerae
Pseudomanas aeruginosa
Neisseria meningitidis
Rickertsia nyphi
X Bacillus anthracis

Bacillus subtilis

Peptlde 1 Clastridia botulinum
Leptospira inferrogans
Helicobacter pvlori
Staphylococcus aurens
Listeria monocyfogenes
Myvcobacterium fuberculosis
Steptococcus pneumoniae
Campylobacter jejuni
Thermotoga maritima

0 0 m
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Acinetobacter baumannii
Escherichia coli
Salmenella tvphi
Shigella flexneri

Yersinia pestis

Vibrio cholerae
Pseudomonas aeruginosa
Neisseria meningitidis
Rickettsia tvphi

Bacillus anflracis

1 Bacillus subtilis
Peptlde 2 Clostridia botulinum

Leptaspira interrogans
Helicobacter pyvlori
Staphylococcus aurens
Listeria monocytogenes
Mycobacterium tuberculasis
Streptococcus pneumoniae
Campylobacter jejuni
Thermotoga maritima
Figure 3.2: Full-length FtsZ amino acid sequence alignment using Clustal Omega.
Full-length FtsZ amino acid sequence alignment from a range of bacteria with only the
C-terminal sequence shown in the figure. The most important residues in E. coli have
been determined to be at position 1 (aspartate, D) and 3 (proline, P); boxed in red.
Additionally co-crystal structure of 7. maritima FtsZ peptide with FtsA identified the
arginine at position 7 to also be a player between the interactions of the two proteins;
boxed in red. Peptide 1 of A. baumannii contain the conserved aspartate and proline,
while the arginine is changed to a lysine. Peptide 2 shows the aspartate and proline
changed to serine (S) and glutamine (Q), respectively. The arginine has also been

changed to a lysine in peptide 2.

Amino acid sequence alignment with peptide 1 was observed to align the essentially-
conserved aspartate and proline (Figure 3.2). Added to that, based on the co-crystal
structure of 7. maritima FtsZ peptide and FtsA, the arginine is also important for the

interaction of the FtsZ peptide to FtsA in this organism through the formation of a salt-
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bridge and the amino acid sequence alignment shows that this arginine is conserved in
many bacterial species. In Acinetobacter, this arginine is changed to a lysine, which is
an amino acid that is similar in nature to arginine. Having peptide 1 as the conserved
peptide would suggest that FtsZ and FtsA do interact in Acinetobacter and possibly
utilize a very similar, if not, the same mechanism of interaction that has been reported

in literature.

Amino acid sequence alignment with peptide 2, on the other hand, suggests the
aspartate and proline be changed to a serine and glutamine, respectively, while the
arginine is changed to a lysine (Figure 3.2). Having peptide 2 as the conserved peptide
raises the possibility of a different mode of interaction between FtsZ and its binding
partners, ZipA and FtsA, in this organism (79). This finding could reflect a difference
in affinity and/or the interacting surfaces between FtsZ and its binding partners, FtsA
and ZipA, in A. baumannii compared to other bacteria. However, there is also a
possibility that, unlike in other bacteria, the C-terminal end of FtsZ is not required for
an FtsZ and FtsA interaction in Acinetobacter. It is also possible that FtsZ and FtsA do
not interact at all in Acinetobacter. Although this latter possibility is rather unlikely, it

is certainly worth examining.

Further sequence analysis was conducted to understand the effect of the peptide location
on the linker length of the Acinetobacter FtsZ (Figure 3.3). Having peptide 1 and 2 in
their respective places sets the linker of the Acinetobacter FtsZ at 24 and 52 amino acids
in length, respectively (Figure 3.3). Although peptide 1 contains the conserved amino
acid residues which are important for the interaction of FtsZ with its protein partners,
FtsA and ZipA, the linker length is very short for a bacterial species in the y-
proteobacteria class, which usually have linkers from 52 to 81 amino acids in length

(125). Contrarily, amino acid changes are expected with peptide 2 but, the linker is of
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the expected length for a bacterial species in the y-proteobacteria class. In order to
predict which of the two peptides is the probable Acinetobacter FtsZ peptide it was

decided that an in silico method be used.
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Peptide 1

Peptide

Peptide 2

MASFEFIEDELNDGNGOARFTYRFEVWEEEEENAYVOHMYOSDIGEVEFYCANTD K QALDC
MMAPFEIQLGEQETRGLGAGANPEVGONVAAEESRENIRQGHLEGTDMVPVTAGMGGETGT
GAAPVAEYAKEMGILTVGYVWTTPFNFEGRRROKSAERGIEALEAHVDSLIIPNQRLLEVYG
DISMEDAYEKADDVLLNAVRSIFDLVY N RGHIMLDFAD LK TAMSTRGYAMMGAGLGRGE

DRARQAAEQAIRSPLLDNVMIIMAKGVYUNTGGDDITLRETENTOVY MOIVDLDEGEIFYGTY
FDPDARDELRVTVIATGLTRNAADAEP RKRNTYSHTSTOSA0SY DELDVPAINKRONAEN
DVNMAPSSTPRESPMSIQINLENOORE

MASFEFIEDELNDGNGOARFTYVREYGGEEEENAVOHMYOSDIGEYEFYCANTDRQALDC
MMNAPFKIQLGEQETRGLGAGANPEVGOVAAEESREIIRQHLEGTDMYRVTAGMGGETGET
GAAPVWAEVAKEMGILTVGWWTTPFNFEGRRROKSAERGIEALEAHVDELIIPNQRLLSVYG
DISMEDAYEKADDVLLNAVRSIFDLVWNRGHINLDFADLKTAMSTRGY AMMGAGLGRGE

DRARCQAAEQAIRSPLLDMNYNIMNAKGYUNTGGDDITLRETENTONVYMNGIVDLDEGEIFYG TV
FOPDARDELRVTVIATGLTRNAADAEPRKRNTYSHTSTOSAQSYDEDDVPAINKRONAEN
DVMMAPSSTPRESPMSIODYIKNOORE

Figure 3.3: Peptide location affects linker length. Having peptide 1 as the binding region sets the linker region at 24 amino acids in length.
Meanwhile, with peptide 2 as the binding region sets the linker region at 52 amino acids in length.
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3.2.2 Accuracy validation of the 3D modelling program through the re-construction
of the published Staphylococcus aureus FitsZ structure

The interaction of Acinetobacter FtsZ and FtsA was initially investigated in silico using
the software DS 4.5. This software is state-of-the-art and has been used extensively in
different scientific fields; including immunology (224), cancer (225), drug discovery
(226) and interaction studies (227). One of the modules in the software called “dock
proteins” (184, 185, 223) was used as it allows for the in silico investigation of protein-
protein interactions using available X-ray crystal structures of interacting proteins, in

this study, FtsZ and FtsA.

Currently, there is only one available X-ray crystal structure that illustrates the
interaction of the FtsZ peptide with FtsA and this is from 7. maritima (110). Since there
are no available Acinetobacter FtsA structures, a homology model needed to be made.
However, prior to that, as a personal learning process and to test the accuracy of the
software, the ability of DS 4.5 to create homology models was validated by making S.
aureus FtsZ homology models and comparing that to the S. aureus FtsZ X-ray crystal
structure with a resolution of 1.73 A (PDB: 3VOA (93)). This structure was chosen as
a model due to its high-resolution. The full-length FtsZ amino acid sequence of the S.
aureus Mu50 strain was downloaded from NCBI and then used as the sequence of
interest, termed the query sequence. A BLAST searched was conducted withing the DS
4.5 software and ten FtsZ crystal structures from a variety of organisms were identified.
The amino acid sequence of these crystal structure, termed the template sequence, was
aligned with the query sequence using the sequence alignment modules in DS 4.5. The
alignment of the query sequence to the template sequence was to ensure that the
secondary structure predicted for the query sequence is as close as possible to that of

the template sequence secondary structure. From this, homology models were created.
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There are theoretically infinite numbers of homology models able to be created, the
limiting factor being the processing power available. In this case, ten homology models

were created.

The first initial screen to determine the quality of the five homology models was to
investigate the Probability Density Function (PDF) total energy and the
Discrete Optimized Protein Energy (DOPE) score (228). The PDF total energy equates
to the probable total amount of energy required for the protein to adopt the predicted
structure. While the DOPE Score signifies the statistical score created by the software
through the calculation of atomic spatial restraints set up by DS 4.5. The general rule is
that the lower the PDF Total Energy is, the better the quality of the created homology
model. When the PDF Total Energy scores between the created models are similar, the
DOPE score is used to gauge the quality of the model. Similarly, the lower the DOPE
score, the better the quality of the created homology model. The PDF Total Energy and
DOPE score of the ten homology models were comparable, with values ranging from
17,420 to 18,292 and -37,782 to -37,734, respectively. There is no simple interpretation
of the absolute value of the energy because parts of a model (for example residues
adjacent to an insertion or deletion) are almost certain to have higher restraint violations
(229). The energies are useful in making comparisons between different homology
models of the same protein. Both the PDF Total Energy and DOPE score are calculated
using mathematical equations based on the likelihood for a random variable to occur at
a given point; in other words, the relative stability a given amino acid adopts a certain
conformation with respect to other conformations of the same amino acid in the same
protein. These values are a measure of a comparison of homology models of a single

protein, and different values will be generated with different proteins.
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The ten homology models were then further validated for their quality through a
homology model quality assessment function in DS 4.5. The analysis generates values
termed Verify Score, Verify Expected High Score and Verify Expected Low Score. The
values generated focus on the likelihood of each residue in the protein being found in
its specific local environment. A Verify Score higher than or close to the Verify
Expected High Score indicates that the quality of the model is good. The Verify Scores
of the ten S. aureus FtsZ models are higher than the Verify Expected High Scores,

signifying all ten homology models are of high quality (Table 3.1).

The last validation to check the accuracy of the software was to superimpose S. aureus
FtsZ homology model with the published S. aureus FtsZ X-ray crystal structure (PDB:
3VOA). Since all of the created homology models are of high quality, one model
(Model 1) was chosen to be used in the superimposition. The superimposition gave a
Ca atom RMSD value of 2.97 A (Figure 3.4). This indicates that the homology model
is similar to the X-ray structure and that the software can produce homology models

fairly accurately.
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Table 3.1: S. aureus FtsZ homology model analysis.

Model | PDF Total Energy | DOPE Score | Verify Score” | Verify Expected High Score” | Verify Expected Low Score”
1 17,420.90 -37,782.10 173.38 153.03 68.86
2 17,485.60 -37,821.10 176.18 153.03 68.86
3 17,493.10 -37,818.00 180.88 153.03 68.86
4 17,717.30 -37,740.80 173.82 153.03 68.86
5 17,748.60 -37,720.50 169.91 153.03 68.86
6 17,896.40 -37,536.20 168.21 153.03 68.86
7 18,007.10 -37,408.30 168.32 153.03 68.86
8 18,014.20 -37,497.80 181.93 153.03 68.86
9 18,051.80 -37,826.90 176.86 153.03 68.86

10 18,292.60 -37,734.10 176.11 153.03 68.86

" The “Verify Expected High Score” and “Verify Expected Low Score” is a gauging meter for the quality of homology models created. The “Verify
Score” can be in between the “Verify Expected High Score” and “Verify Expected Low Score”; indicating medium quality models. The “Verify
Score” above the “Verify Expected High Score” indicate high quality models.
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Figure 3.4: Superimposition of S. aureus FtsZ homology model to that of
the S. aureus FtsZ X-ray crystal structure using Discovery Studio 4.5.
The S. aureus FtsZ X-ray crystal structure was used as the reference protein (PDB:
3VOA). Superimposing the homology model to the crystal structure gave a Ca atom
root mean square deviation (RMSD) value of 2.97 A, indicating similarity. The
homology model is coloured red and the X-ray crystal structure coloured blue.
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3.2.3 In silico reconstruction of Acinetobacter spp. FtsA tertiary structure

Creating the homology models of the Acinetobacter FtsA adhered to the workflow
outlined in Figure 3.5 (refer to Chapter 2 Section 2.2.3). The FtsA amino acid sequence
from A. baylyi ADP1 and 4. baumannii ATCC19606 was BLAST searched to yield one
hit and used as a template. This is because there is only one published FtsA crystal
structure from 7. maritima and therefore, the Acineotbacter FtsA homology models
created will have certain bias towards the 7. maritima FtsA structure. From this, five

homology models were created for both A. baylyi and A. baumannii FtsA.

BLAST Protein
search Query homology

Verify
query seguence model

homology
model

sequence aligned to created
to find template based on
templates templates

Figure 3.5: Homology modeling workflow in Discovery Studio 4.5. A typical
workflow for creating homology models of the desired protein starts with obtaining the
amino acid sequence of the protein of interest (termed query sequence) and then
BLAST searching the query sequence against protein structure databases. This will
identify proteins X-ray crystal structures (template) that have similar amino acid
sequence to the query sequence. The query sequence is then aligned to the amino acid
sequence of the identified-protein crystal structures (template) and homology models
are created based on that alignment. The last step of building a homology model usually
involves the verification of the created models. In the case of this study, the query
sequence was the A. baumannii/baylyi FtsA sequence.
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PDF Total Energy of the FtsA model from both A. baylyi and A. baumannii were alike
with values around 2,000 and 2,500, respectively. Similarly, the DOPE score of the 4.
baylyi and A. baumannii FtsA models were comparable with values around -39,000 and
-40,000, respectively. The RMSD value of the models was calculated to be around 3 A,
which is equivalent to that of medium quality X-ray crystal structures. Usually, X-ray
crystal structures with a RMSD, also known as its resolution, at 3 A is most likely to
have the correct folding of its tertiary structure (230, 231). However, with this value,
there is a high possibility that some amino acids, such as lysine, glutamate and valine
are in the wrong orientation (230, 231). However, one model from both 4. baylyi and
A. baumannii had calculated RMSD values of 0.84 A and 0.83 A, respectively (Table
3.2). These values indicate that the placement of the atoms in the model is very close

to the reference protein 7. maritima FtsA.

Further validation of the quality of the models was conducted through generation of the
Verify Score; Verify Expected High Score and Verify Expected Low Score. The Verify
Score of all five FtsA models for both 4. baylyi and A. baumannii are in between the
Verify Expected High Score and Verify Expected Low Score range (Table 3.2). This
signifies that the created models are of medium quality where some of the amino acids
are possibly not oriented correctly. The quality of the model can be further visualized
by using a 3D-Profile Verification function within DS 4.5. This function divides the
protein into three colours; blue, white and red. The blue colour signifies high-quality
prediction, while red signifies low-quality prediction and white signifies a medium-
quality prediction. Using this function, the FtsA model showed majority of the protein
coloured in red (Figure 3.6). Regardless of many parts of the whole protein having a
low predicted quality, the region of interest, the 2B domain, of which is currently known

to be the responsible site for FtsZ binding, is of reasonable quality for use in further
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studies (circled in green in Figure 3.6). Therefore, the 2B domain section of the model
will be used in the in silico interaction study with the FtsZ peptide. Based on the lowest
PDF Total Energy, lowest DOPE Score, and good Verify Score, the FtsA 2B domain
from model 5 was selected for use in the in silico interaction study of both 4. baylyi and

A. baumannii.
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Table 3.2: Acinetobacter spp. FtsA homology model analysis.

Organism Model Name P]::ze"f(g);al ];Z)Ol:f \;22127 Expe?iizzlf)i-ligh Expzfcil;gyLow
Score Score
A. baumannii 1 2,746.40 -40,936.20 148.97 189.79 85.40
2 2,798.56 -40,755.30 140.18 189.79 85.40
3 2,641.85 -40,838.10 140.74 189.79 85.40
4 2,315.03 -41,402.80 144.30 189.79 85.40
5 2,314.00 -41,365.50 146.75 189.79 85.40
A. baylyi 1 2,295.00 -39,322.50 136.06 183.35 82.50
2 1,901.86 -39,585.60 129.00 183.35 82.50
3 2,016.22 -40,201.40 141.93 183.35 82.50
4 2,307.89 -39,641.10 134.87 183.35 82.50
5 1,893.21 -39,879.90 137.30 183.35 82.50

Coloured boxes are determined to be the best homology model based on the lowest PDF Total Energy, lowest DOPE Score and a high Verify

Score.

95



A. baumannii

Figure 3.6: 3D-Profile Verification of the Acinetobacter spp. homology FtsA model using Discovery Studio 4.5. Five FtsA
homology models of both 4. baylyi and A. baumannii were created and the 3D structure of the model was verified alongside statistical test (Verify
Score, Verify Expected High Score and Verify Expected Low Score). The predicted confidence of the created FtsA homology model from both
organisms is low; this is depicted by red colouring on the majority of the protein. Nevertheless, the 2B domain of the model is still able to be used

in the in silico interaction study as this region has a good predicted confidence. This is evident by the blue colouring of the 2B domain (area circled
in green).
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3.2.4 In silico model of Acinetobacter spp. FtsZ and FtsA interaction

In E. coli and most y-proteobacteria, the sequence of the FtsZ C-terminal region
responsible for binding is DIPAFLRKQ. This region is conserved in many bacterial
species (Figure 3.2). The aspartate and proline play important roles in the interactions
of FtsZ with its partner proteins; FtsA and ZipA. There is a possibility that
Acinetobacter may use the same sequence (peptide 1) or use a different sequence
(peptide 2). The sequence of peptide 2 in Acinetobacter is different and the aspartate
and proline been replaced with serine and glutamine, respectively. Moreover, the nature
of amino acids in these two positions in peptide 2 of the Acinetobacter FtsZ protein
have been changed from acidic to neutral and from cyclic to linear amino acid. Having
peptide 2 as the actual FtsZ peptide in Acinetobacter suggest that the interaction of
Acinetobacter FtsZ and FtsA are different to other bacterial species. In order to identify
which of two peptides is probable for the FtsZ and FtsA interaction in Acinetobacter,
both peptides were investigated in a in silico interaction study using the software DS

4.5.

To study protein-protein and protein-ligand interactions, a function called ‘Docking’ in
DS 4.5 was used. The interaction between two proteins at the molecular level was
examined. In this case a function called the refined docked proteins (RDOCK) was
chosen for studying protein-protein interaction. The docking experiments were
performed at two-stage energy minimizations. The first involves the evaluation of
electrostatic (electrical repulsion) energies, and subsequently the desolvation (amount
of energy taken for a molecule to be displaced by water molecules) energies. The 2B
domain of FtsA was assigned as the receptor protein and FtsZ peptide as the ligand
protein. The extreme C-terminal FtsZ peptide was used here because this is the only

part of FtsZ present in the FtsZ-FtsA complex structure determined previously for the
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T. maritima proteins (110). This FtsZ peptide is the only part of FtsZ currently known
to bind to both FtsA and ZipA. Using the 7. maritima X-ray crystal structure of the
FtsZ-FtsA complex as the basis of this analysis, the FtsZ peptide was docked onto the
FtsA region known to interact with the FtsZ peptide in the crystal structure. Once the
docking was completed, further refinement was conducted by applying physical
restraints to the model and producing a scoring function value called E-RDOCK. This
was derived from the desolvation and electrostatic energy of the RDOCK method. The
E-RDOCK value determines if a given interaction-pose is likely to be the probable
docking conformation in vivo. Usually, the smaller the ‘E-RDOCK’ value, the higher
the probability the in vivo interaction will look like the predicted model (E-RDOCK <
0). Note that, just like the PDF Total Energy and DOPE score, the E-RDOCK value is
also a measure of comparison of homology models of a single protein. E-RDOCK

values are listed in Table 3.3.
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Table 3.3: Simulated interactions of 7. maritima FtsZ to A. baumannii/baylyi

FtsA.
Interaction poses E-RDOCK

Tm FtsZ - Tm FtsA -9.80

Peptide 1 - Tm FtsA -3.18

Peptide 2 - Tm FtsA 7.09

Tm FtsZ - Bm FtsA -0.05

Tm FtsZ - By FtsA 0.19

Tm FtsZ (D to S) - Bm FtsA -6.90

Tm FtsZ (D to S) - By FtsA -3.63

Tm FtsZ (R to K) - Bm FtsA -3.88

Tm FtsZ (R to K) - By FtsA -5.58

Tm FtsZ (D to S, R to K, P to Q) - Bm FtsA -9.74
Tm FtsZ (D to S, R to K, P to Q) - By FtsA -8.07

Tm = T. maritima; Bm = A. baumannii; By = A. baylyi; D = aspartate; S = serine; R =
arginine; K = lysine; P = proline; Q = glutamine. The E-RDOCK value determines if a
given simulated interaction poses is likely to be the docking conformation in vivo. The
lower the E-RDOCK value the higher the probability the in vivo interaction will look
like the predicted model.

As an initial test for the accuracy of the software in predicting interactions and at the
same time provide a control value which signifies a predicted interaction for the in silico
experiments, the co-crystal of 7. maritima FtsZ peptide and FtsA was used in a docking
experiment. The 7. maritima FtsZ peptide was docked onto 7. maritima FtsA and it
produced an E-RDOCK value of -9.80, meaning the two proteins are highly-likely to
interact and this also illustrates the accuracy of the software to predict a protein-protein
interaction. This value (-9.80) also becomes a control value that was used to compare

other E-RDOCK value produced in the experiment.
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The interaction of the 7. maritima FtsZ peptide to Acinetobacter spp. FtsA was tested
by docking the 7. maritima FtsZ peptide to Acinetobacter spp. FtsA. However, no
interaction was predicted, evident by the produced E-RDOCK value close to zero
(Table 3.3). Interestingly, an interaction was predicted when the Acinetobacter FtsZ
peptide 1 was tested against 7. maritima FtsA with the RDOCK protocol (-3.18).
However, no interaction was predicted when the Acinetobacter FtsZ peptide 2 was

tested against 7. maritima FtsA with the RDOCK protocol (7.09).

Since the amino acid sequence of peptide 1 is the same as the 7. maritima peptide and
since, the 7. maritima peptide was not predicted to bind the Acinetobacter FtsA, it
suggests that Acinetobacter spp. might use peptide 2 for the FtsZ/FtsA interaction. To
further understand the effect of the amino acid differences, the 7. maritima FtsZ peptide
was mutated with the Acinetobacter peptide 2 sequence and used in the RDOCK

protocol with Acinetobacter spp. FtsA.

In the 7. maritima crystal structure, three amino acid residues of the FtsZ peptide were
identified for the formation of the salt bridges between FtsZ and FtsA. Two of these are
part of the conserved region in the FtsZ peptide; aspartate (D338) and arginine (R344).
In Acinetobacter these have been changed to serine and lysine, respectively. To
understand the effect of these changes on the interaction of FtsZ and FtsA, a simulation
was conducted whereby both the aspartate and arginine in the 7. maritima FtsZ peptide
was changed to a serine and lysine, respectively. The simulated interaction of A.
baumannii FtsA with mutated 7. maritima FtsZ (D338 to S338) predicted that the two
are likely to interact because the E-RDOCK value (-6.90) is much lower compared to
the interaction of A. baumannii FtsA with un-mutated 7. maritima FtsZ (-0.05).
Similarly, simulation with 4. baylyi FtsA and mutated 7. maritima FtsZ (D338 to S338)
predicts an interaction between the two. This is supported by the calculated E-RDOCK
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value -3.63, in comparison to the E-RDOCK value of 0.19 for the simulation of un-
mutated 7. maritima FtsZ with A. baylyi FtsA. Again, a similar result was observed
with the docking of mutated 7. maritima FtsZ (R344 to K344) onto A. baumannii/baylyi
FtsA, since the E-RDOCK value of mutated 7. maritima FtsZ (R344 to K344)
interacting with 4. baumannii/baylyi FtsA is much lower compared to the E-RDOCK
value of un-mutated 7. maritima FtsZ interacting with 4. baumannii/baylyi FtsA. The
result from the simulation implies that the serine and lysine are important for the
interaction between FtsZ and FtsA in Acinetobacter. Assuming that the FtsZ and FtsA
interaction of Acinetobacter spp. also uses the FtsZ C-terminal peptide and FtsA 2B
domain, based on the E-RDOCK values obtained between the docking of the mutated
and unmutated 7. maritima FtsZ peptide, it is probable that the binding affinity of FtsZ
and FtsA in Acinetobacter is less than the binding affinity observed between the 7.
maritima FtsZ peptide and FtsA (Ku = 45 — 58 uM) (110). If the interaction of
Acinetobacter FtsZ and FtsA were to utilise a different site, the E-RDOCK value of
around 0 and/or positive values would be expected during the docking of mutated 7.
maritima FtsZ peptide onto Acinetobacter FtsA, indicating no interaction is predicted

between the FtsZ peptide and FtsA.

Another conserved amino acid within the FtsZ C-terminus region is the proline (P340)
and in E. coli, the alteration of it resulted in reduced binding of FtsZ to FtsA (114). In
the 7. maritima X-ray crystal structure, this proline was not observed to form a salt
bridge in the interaction with FtsA. However, this residue is conserved in all FtsZ
proteins and the E. coli study suggested the importance of it in the interaction with FtsA.
A simulation was conducted to understand the effect of changing this proline (P340) to
glutamine (Q340). Substituting the proline to glutamine in the 7. maritima FtsZ peptide

and docking it to the 7. maritima FtsA, did not reveal any predicted-interaction, evident
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by the software producing only positive E-RDOCK value for the simulated interaction.
When the mutated 7. maritima FtsZ (P340 to Q340) was docked onto the Acinetobacter
FtsA, the interaction conformation from the 7. maritima crystal structure was replicated,
but the produced E-RDOCK value suggests that the interaction is unlikely (E-RDOCK
> 0). Mutating the 7. maritima FtsZ peptide to that of the Acinetobacter sequence (D338
to S338, R334 to K334 and P340 to Q340) and docking it onto the Acinetobacter FtsA
predicted binding. E-RDOCK values of -8.07 and -9.74 was obtained when the triple-
mutated 7. maritima FtsZ peptide was docked onto 4. baylyi FtsA and 4. baumannii
FtsA, respectively. This indicates the possibility that the glutamine acts like the proline

to stabilise the interaction of FtsZ to FtsA.

To summarise, the in silico interaction study suggests that FtsZ and FtsA are likely to
interact in Acinetobacter, which was predicted through the docking of the
Acinetobacter FtsZ peptide onto Acinetobacter FtsA. The obtained data also suggests a
possibility that Acinetobacter FtsZ uses peptide 2 and that the three FtsZ residues of
Acinetobacter that are different in other bacterial species are required for binding with

FtsA in this organism
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3.3 Discussion

The interaction between FtsZ and FtsA in E. coli has been known for quite some time.
Utilizing methods such as yeast two-hybrid assays (115, 116) and systematic deletion
mutagenesis analysis (116, 117) has shown that in several organisms, FtsZ interacts
with FtsA via conserved amino acid residues on the very extreme of the C-terminal
region of FtsZ. Initial amino acid sequence alignment of full-length FtsZ from various
bacterial species identified two possible locations of this conserved peptide in
Acinetobacter. One being upstream the extreme C-terminus (peptide 1) and the other at
the very end of the C-terminus (peptide 2). Peptide 1 was seen to contain the conserved
amino acid residues important for FtsZ and FtsA interactions; aspartate and proline.
However, in peptide 2 these aspartate and proline, are replaced by serine and glutamine,
respectively, in the C-terminal region of FtsZ from A. baumannii/baylyi. This study
therefore aimed at understanding the interaction between Acinetobacter FtsZ and FtsA;
being the first stage in identifying this interaction as a possible drug target for the

development of a new class of antibacterials to treat infections caused by this organism.

The identification of the two possible peptide sequences was stimulating. Considering
the effect of the peptide location to the linker length, although peptide 1 contains all the
necessary amino acids important for the interaction of FtsZ and FtsA, mainly the
aspartate and proline, this sets the Acinetobacter FtsZ linker to be 24 amino acids in
length, which is far shorter than any other bacteria in the y-proteobacteria class (125).
On the other hand, the important amino acids for the FtsZ and FtsA interaction is
changed in peptide 2, but having peptide 2 as the interaction region sets the
Acinetobacter FtsZ linker at 52 amino acids in length. A bioinformatics study by
Vaughan et al. found that the linker length from FtsZ across archaea, bacteria and

eukaryota can span between 2-330 amino acid in length (125). However, specific to the
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y-proteobacteria, their linker length were identified to be 52-81 amino acids in length
(125). A protein in vitro and in vivo study in E. coli by Gardner et al. found that the
FtsZ linker in E. coli have a lower and upper limit of linker length, whereby 43 and 95
amino acids length is the limit, respectively (232). Meanwhile, Vaughan et a/. identified
Firmicutes can have linker length spanning from 26-133 amino acids. A study in B.
subtilis suggested that a 50% shorter linker of ~25 amino acids in length is still
functional for cell division (233), confirming the study conducted by Vaughan et al. for
Firmicutes being able to tolerate a shorter linker length than the y-proteobacteria. While
perhaps it is possible for Acinetobacter FtsZ to contain a linker with only 24 amino
acids in length, it will certainly be the odd one out as 4. baumannii is part of the y-
proteobacteria class. To further understand the possibility of these two peptides being

more significant than the other, an in silico interaction study was conducted.

The Acinetobacter FtsZ and FtsA interaction was first studied in silico, using the
software DS 4.5. There is currently only one available FtsA X-ray crystal structure
known and this is from 7. maritima. Thus, a homology model of the Acinetobacter FtsA
was created for this in silico study. As a personal learning process and an initial check
of the software’s accuracy to create homology models, homology models of the S.
aureus FtsZ was created and then compared with the GDP-bound S. aureus FtsZ X-ray
crystal structure with a resolution of 1.73 A (PDB: 3VOA) using DS 4.5. Ten homology
models of the S. aureus FtsZ protein were created and the accuracy of the models were
validated by superimposing the models with the S. aureus FtsZ X-ray crystal structure,
giving a Ca atom RMSD value of 2.97 A. The low value of the RMSD indicates that
the orientations of the atoms in the created models are very close to that of the original
X-ray structure. This also indicate that the software is able to fairly accurately create

homology models.
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The quality of homology models is also dependent on the level of amino acid sequence
identity between the protein of known structure and the protein to be modelled (234).
Usually the higher the sequence identity, the better it is. This was the case with the FtsZ
homology modelling and the reason the software was able to replicate the X-ray crystal
structure. On the other hand, the creation of the Acinetobacter FtsA homology models
did not provide that luxury. The creation of the Acinetobacter FtsA models was based
on the 7. maritima FtsA as the template protein and the FtsA amino acid sequence
identity from the two organisms is only 26%. This level of amino acid sequence identity
is usually not sufficient to be reliable (235) and because of that, future studies will
include other FtsA structures for the alignment and homology models creation.
Nevertheless, another validation function within DS 4.5, known as 3D-Profile
Verification, whereby the 3D structure of the protein is colour coded into blue, white
and red, suggests that the created FtsA homology models can be used for downstream
analysis. This is supported by the blue and white colouring in the 2B domain of the
Acinetobacter FtsA model corresponding to the 7. maritima FtsA region identified to
bind to the FtsZ peptide (Figure 3.6). The blue and white colouring suggests that the
atoms in this area are properly oriented in comparison with the 7. maritima FtsA X-ray

crystal structure.

With the completion of the Acinetobacter FtsA homology models, docking experiments
were conducted in DS 4.5 to identify the possible peptide of the very extreme C-
terminus region of Acinetobacter FtsZ. In the co-crystallography data using the 7.
maritima FtsZ peptide and FtsA, three FtsZ residues were identified that form salt
bridges during the interaction of the FtsZ peptide with FtsA (110). Two of these
residues in the 7. maritima FtsZ, aspartate and arginine, are part of the conserved region.

The initial test was conducted to try and dock the wild-type 7. maritima FtsZ peptide
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onto the 7. maritima FtsA, which predicted binding. Interestingly, docking peptide 1
onto the 7. maritima FtsA also predicted binding. However, when the wild-type 7.
maritima FtsZ peptide and peptide 1 was docked onto the Acinetobacter FtsA, the result
predicted no binding. In contrast, when the 7. maritima FtsZ peptide was mutated to
contain all three of the Acinetobacter sequence (peptide 2), binding was predicted
between the mutated 7. maritima FtsZ peptide and Acinetobacter FtsA. The obtained
data suggests a possibility that Acinetobacter FtsZ uses peptide 2 and that the three FtsZ
residues of Acinetobacter that are different in other bacterial species are required for

binding with FtsA in this organism.

In T\ maritima, the FtsA amino acid residues that formed the salt bridges are Lys293,
Arg301 and Glu304. FtsA amino acid sequence alignment between 7. maritima and
Acinetobacter showed that Arg301 and Glu304 are conserved, while Lys293 in
Acinetobacter is changed to glutamate. Having two of the three amino acids responsible
for the formation of the salt bridges conserved on the Acinetobacter FtsA should allow
some degree of interaction with the wild-type 7. maritima FtsZ peptide and peptide 1,
based on the systematic deletion mutagenesis studies of FtsZ (116, 117). Since no
interaction was predicted from the docking experiment of wild-type 7. maritima FtsZ
peptide and peptide 1 with Acinetobacter FtsA, it points to a possibility of different
amino acid residues playing a role in the formation of salt bridges during the interaction
of FtsZ and FtsA in Acinetobacter; assuming the mechanism of interaction is the same.
However, it is also possible that an entirely different mode of interaction exists for the

Acinetobacter FtsZ and FtsA.

In the future it would be interesting to systematically mutate the Acinetobacter 2B
domain and again conduct the docking experiment as this might possibly give an insight
as to which amino acids are important in Acinetobacter FtsA for the interaction with
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FtsZ. It would also be helpful to have more FtsA X-ray crystal structures to be used as
a template to create homology models from as it would decrease the structural bias of

the created homology models towards a certain species, as in the case of this study.

Thus far, this study has predicted that peptide 2 might be responsible for the FtsZ and
FtsA interaction in Acinetobacter. Furthermore, the data predicts that the serine and
lysine in the extreme C- terminal region of FtsZ are important for the FtsZ/FtsA
interaction in Acinetobacter and that the glutamine acts as a stabilizer for this
interaction in Acinetobacter. To further clarify the in silico data obtained and
understand the interactions of the Acinetobacter FtsZ and FtsA, we aim to investigate
the interactions of these proteins using X-ray crystallography. To achieve this
endeavour, pure full-length FtsZ and FtsA protein are needed and the process of

obtaining these necessary proteins is detailed in Chapter 4.
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Chapter 4 — Protein purification of full-
length Acinetobacter FtsZ. and FtsA for

in vitro interaction study
4.1 Introduction

As previously mentioned in Chapter 3 Section 3.1.2, the interaction between FtsZ and
FtsA in E. coli has been known for over a decade (114). The mechanism of interaction
was elucidated by Szwedziak et al. (110) through the co-crystallization of 7. maritima
FtsA with a T. maritima FtsZ peptide that is known to bind to FtsA; termed the C-
terminal peptide. The co-crystal structure indicated that the two proteins interact
through a series of salt-bridges. In E. coli and other y-proteobacteria, the amino-acid
sequence of the C-terminal peptide of FtsZ that interacts with FtsA is DIPAFLRKQ
(79). Through a mutational study in E. coli, it was found that the aspartate and proline
at position 1 and 3 of this peptide, respectively, are found to be the most important
residues for the interaction of FtsZ with FtsA and ZipA (220). Amino acid sequence
alignment of the C-terminal peptide from various organisms shows two possible
locations of this peptide in Acinetobacter (refer to Peptide 1 and Peptide 2 in Figure 3.2
in Chapter 3). Peptide 1 contains the conserved sequence which exists in other bacterial
FtsZ. On the other hand, in peptide 2, the aspartate and proline have been changed to

serine and glutamine, respectively.

Currently there is only one co-crystal structure FtsZ and FtsA and that is through the
use of proteins from the organism 7. maritima. The FtsZ peptide of T. maritima contains
the conserved aspartate and proline, which might indicate that the FtsZ peptide from
other organisms that contain these conserved residues interact similarly. Analysis of
amino acid sequence alignment of full-length FtsZ identified two possible peptides
which may be the FtsA interacting region in Acinetobacter FtsZ. This begs the question,
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which of these two is the sequence responsible for the FtsZ and FtsA interaction in
Acinetobacter? 1f Acinetobacter uses peptide 1, does that mean the FtsZ and FtsA
interaction in this organism is the same as the currently known mechanism of
interaction? However, if Acinetobacter uses peptide 2 for the FtsZ and FtsA interaction,
do the change in the aspartate and proline to serine and glutamine, respectively,
translates to the same mechanism of interaction as currently understood? Or perhaps a
different mode of FtsZ/FtsA interaction is used by Acinetobacter? In fact, do FtsZ and

FtsA interact directly at all in Acinetobacter?

To answer these questions and gain a further understanding of the interactions of the
divisome in Acinetobacter, with a long-term view to targeting these interactions with
new antibiotics, the aim of the work presented in this chapter was to purify the full-
length version of these two proteins, determine the structures using crystallography, test
for their interaction and attempt to co-crystalize them to identify the chemical nature of

this interaction.
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4.2 Results: Overproduction and purification of the
full-length Acinetobacter FtsZ. and FtsA proteins

4.2.1 Overproduction and solubility analysis of Acinetobacter baumannii and
Acinetobacter baylyi full-length FtsZ

Full-length FtsZ has not been crystallized and this is due to the presence of the
disordered region in the C-terminus of the protein (81). However, since this region is
different in Acinetobacter FtsZ and because no one has ever crystallized FtsZ and FtsA
interacting together, it was decided that purification and an attempt at crystallization of
the full-length FtsZ and FtsA should be made. This would allow examination of all the

details of the Acinetobacter FtsZ and FtsA interaction.

To produce sufficient quantities of FtsZ from both A. baumannii and A. baylyi for
structure determination using X-ray crystallography, it is necessary to overproduce the
protein in an E. coli host for purification. The cloning of the Acinetobacter ftsZ genes
was conducted by a member of the Harry laboratory, Dr Amy Bottomley. The 4.
baumannii/baylyi ftsZ genes were cloned into the plasmid, pETMCSITwo fisZ
constructs from each organism, 4. baylyi and A. baumannii, were made with this
plasmid. This enabled production of an untagged wild-type FtsZ and a C-terminal
hexahistidine-tagged wild-type FtsZ from each species. Several constructs were made
because it is not possible to predict which constructs would: (i) produce high quality,
diffractive crystals; (ii) be active and interact with FtsA in vitro; (iii) co-crystallize with
FtsA. Initially, the N-terminal tagged full-length FtsZ was also cloned but was
unsuccessful. Meanwhile cloning of the untagged and C-terminal tag full-length protein

was successful.

This project started with the transformation of the four newly-constructed plasmids into

five different E. coli protein-overproduction strains via electroporation, as it is well
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documented that some strains handle toxic foreign proteins better than other strains,
while some strains are better at increasing the solubility of the foreign protein (236).
Overproduction of the proteins was examined in all strains at several induction
temperatures (37°C, 30°C, 25°C, 10°C) to overproduce soluble FtsZ species; both
untagged and C-terminus hexahistidine-tagged. This is because proteins can be
insoluble as a result of overproduction in a host (237) and lowering the induction
temperature can increase the solubility of an overproduced protein (238). The screening

result of the overproduction is shown in Table 4.1.
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Table 4.1: Examination of strains and induction temperatures to overproduce soluble A. baumannii and A. baylyi FtsZ.

Temperature (°C) E. coli overproduction strains A. baylyi A. baumannii
Untagged FtsZ C-hexahistidine FtsZ Untagged FtsZ C-hexahistidine FtsZ
Overproduced, . Overproduced; .
37 C41 (DE3) insoluble Overproduced; insoluble insoluble No overproduction
BL21-Al ngrproduced; Overproduced; insoluble OV.erproduced; Overproduced; insoluble
insoluble insoluble
B834 (DE3) No overproduction No overproduction vagéfﬁzed; No overproduction
BL21 codonplus (DE3) RIPL No overproduction No overproduction N/A No overproduction
BL21 (DE3) recA- OV;rproduced; No overproduction Slight gverproductlon; Overproduced; insoluble
insoluble insoluble
30 C41 (DE3) No overproduction Overproduced; insoluble No overproduction N/A
BL21-Al OV;rproduced; Not tested Ov.erproduced; Overproduced; insoluble
insoluble insoluble
B834 (DE3) N/A N/A No overproduction N/A
BL21 codonplus (DE3) RIPL N/A N/A N/A N/A
BL21 (DE3) recA- Not tested N/A Not tested Overproduced; insoluble
25 C41 (DE3) No overproduction Overproduced; soluble No overproduction N/A
BL21-Al Overproduced; soluble Not tested Overproduced; soluble Overproduced; insoluble
B834 (DE3) N/A N/A No overproduction N/A
BL21 codonplus (DE3) RIPL N/A N/A N/A N/A
BL21 (DE3) recA- Not tested N/A Not tested Overproduced; 50% soluble
10 C41 (DE3) No overproduction Overproduced; soluble No overproduction N/A
BL21-AI Overproduced; soluble Not tested Overproduced; soluble Overproduced; soluble
B834 (DE3) N/A N/A No overproduction N/A
BL21 codonplus (DE3) RIPL N/A N/A N/A N/A
BL21 (DE3) recA- Not tested N/A Not tested Overproduced; 50% soluble

Strains and induction temperatures that overproduced soluble FtsZ are coloured green. Further tests were not conducted when the initial test at
37°C gave ‘No overproduction’. Also, once optimum conditions were identified for a particular construct, further tests were not conducted (N/A

= Not tested).
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After the optimum conditions to overproduce soluble FtsZ were determined (green
coloured in Table 4.1), each of the strains was grown in 5 L of LB broth to produce
large quantities of protein for purification. During the harvesting, the cells were divided
into four cell pellets for use in multiple purification trials. The protein purification
protocol followed is summarised in Figure 4.1 (refer to Chapter 2 Section 2.2.2 for the
detailed protocol) and this was developed by our collaborator who have been
specifically working with Acinetobacter proteins for in vitro studies. Therefore, after
careful consideration, it was deemed appropriate to follow in their protocol instead of

developing a new protocol from the start.

At this stage, it was decided that the purification of the full-length untagged FtsZ protein
be pursued first instead of the C-terminus hexahistidine tagged because it is more
desirable to use the untagged version of the protein for interaction studies, and also

because the histidine tag in the C-terminus might affect the FtsZ-FtsA protein-protein

interaction.
Separate
Lyse cells E—— Freeze-thaw x4 —— | soluble/insoluble by
centrifugation
Resuspension of Separate Precipitate protein
reci itﬁte dorotein | precipitated protein | «————— | using ammonium
P Ii)n buffcfr and supernatant by sulphate
centrifugation

Anion exchange Gel filtration

Figure 4.1: A. baylyi/baumannii untagged FtsZ purification workflow. A
diagrammatical summary of the protein purification protocol used to purify A. baylyi
and A. baumannii untagged FtsZ.
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Having established the strains and induction temperature to produce soluble A.
baumannii/baylyi FtsZ, one of the cell pellets containing the overproduced FtsZ was
first lysed by the freeze-thaw method, followed by centrifugation to separate the soluble
and insoluble materials. The supernatant was transferred to a new tube, filtered and then

used in ammonium sulphate precipitation trials.

4.2.2 Ammonium sulphate precipitation trial of untagged Acinetobacter full-length
FtsZ

Initially, ammonium sulphate precipitation trials were conducted to determine the best
ammonium sulphate concentration to precipitate the untagged A. baumannii FtsZ, and
at the same time provide an effective first-step purification of FtsZ. The result in Figure
4.2 shows that the best ammonium sulphate concentration to use is 0.2 g/mL, as it gives

optimum yield with minimum contamination of other proteins.

The next step of the purification involves the use of an anion-exchange column and this
requires the buffer to contain little or no sodium chloride, as sodium chloride is used
for eluting the protein off the column. For this, the second cell pellet was lysed,
precipitated with ammonium sulphate and then the solubility of untagged 4. baumannii
FtsZ was tested by dialysis with varying concentrations of sodium chloride (0 to 0.3

M). A. baumannii FtsZ was found to be soluble at all concentrations tested (Figure 4.3).

Similarly, initial ammonium sulphate precipitation and dialysis trials were conducted
on untagged A. baylyi FtsZ. As with the A. baumannii FtsZ protein, the best ammonium
sulphate concentration to use for the 4. baylyi FtsZ is 0.2 g/mL (Figure 4.2), and
untagged 4. baylyi FtsZ is soluble in solutions containing 0 M to 0.3 M sodium chloride

(Figure 4.3).
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A. baumannii

spt spt
after 040 0.35 after 030 025 020 015
lysis spt pht spt pit lysis spt pit spt pit spt pit spt pit

A. baylyi
spt spt
after (.15 0.20 after 023 030 0.35 0.40
bysis  spt plt  spt  plt ~ lysis spt pit spt pit spt pit  spt pht

Figure 4.2: Ammonium sulphate precipitation trials of untagged A.
baumannii and A. baylyi FtsZ. Coomassie-stained 10% SDS-PAGE gel showing
untagged A. baumannii and untagged A. baylyi FtsZ (expected size of 40 kDa is denoted
by the arrow) precipitating in a range of ammonium sulphate concentrations, from 0.15
g/mL up to 0.4 g/mL. The best yield-purification outcome for FtsZ from both
Acinetobacter species is obtained with 0.2 g/mL. spt = supernatant and plt = pellet.
Numbers on the left side of the figure represent the protein standard in kDa (4. baylyi
FtsZ: 41.78 kDa; A. baumannii FtsZ: 42.00 kDa).
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Figure 4.3: Testing of untagged A. baumannii and A. baylyi FtsZ stability
in a range of sodium chloride concentrations. Coomassie-stained 10% SDS-
PAGE gel showing untagged 4. baumannii and A. baylyi FtsZ (expected size of 40 kDa
is denoted by the arrow) in a range of sodium chloride concentrations ranging from 0
M to 0.3 M, to determine the solubility of the protein in those solutions. The result
shows that both the untagged A. baumannii/baylyi FtsZ is soluble in solutions
containing the tested sodium chloride concentrations as seen by the presence of the
protein in the supernatant fraction. spt = supernatant and plt = pellet. Numbers on the

side of the gel image are the protein standard in kDa (4. baylyi FtsZ: 41.78 kDa; A.
baumannii FtsZ: 42.00 kDa).
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4.2.3 Purification trial of full-length Acinetobacter untagged FtsZ

After ammonium sulphate precipitation, the next step was anion-exchange
chromatography followed by gel filtration. One interesting observation was made
during the gel filtration trials and that was the appearance of a double band at the size
of the untagged FtsZ for both 4. baylyi and A. baumannii (denoted by the arrows in
Figure 4.4); suggesting proteolysis of the protein. The precise identity of each band was
determined by cutting the bands out of the gel, trypsin-digesting and then analysing it

by mass spectrometry to calculate their molecular mass.

Bau Bay

Figure 4.4: Testing gel filtration method using A. baylyi and A. baumannii
untagged FtsZ revealed a double band. Gel filtration method was tested using
both 4. baylyi (Bay) and A. baumannii (Bau) untagged FtsZ. An interesting double band
around the size of the untagged FtsZ, as denoted by the arrows, appeared after the
samples were run through the gel filtration column. Numbers on the side of the figure
is the protein standard in kDa (4. baylyi FtsZ: 41.78 kDa; A. baumannii FtsZ: 42.00
kDa).
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The two bands denoted by the arrow in Figure 4.4 from both A. baylyi and A. baumannii
FtsZ preparations were cut out from the gel, separated and an in-gel digestion of the
protein was performed using trypsin. Liquid chromatography-mass spectrometry/mass
spectrometry (LC-MS/MS) showed that the bottom and top band in the gel have
essentially identical molecular masses: 42,039 Da and 41,838 Da for A. bhaumannii and
A. baylyi, respectively. The molecular weight obtained is consistent with the theoretical
molecular weight calculated for untagged FtsZ in A. baumannii (42,065.08 Da) and 4.
baylyi (41,864.08 Da). However, since the two bands are so close together in the gel,
cross-contamination may occur and possibly yielding a false positive mass for the lower
band. The LC-MS/MS result was, therefore, re-analysed by Electro Spray lonisation-
Mass Spectrometry (ESI-MS™) using the whole FtsZ purified sample. Since the ESI-
MS" uses an intact protein and not a trypsin-digested protein like in LC-MS/MS, this
method better indicates if two protein species exist in the sample, as two different sized
proteins would have a different time of flight. The ESI-MS" experiment was conducted
by Dr Nan Li; a member of Professor Nick Dixon’s laboratory at the University of
Wollongong. The ESI-MS™ data showed that there is only a single species of FtsZ in
the sample; 4. baumannii (41,997.55 Da) and A. baylyi (41,782.54 Da). The agreement
in mass between the two MS methods confirms that the FtsZ protein exists as a single

species and is not being proteolysed.

Having optimized the ammonium sulphate concentration, the solubility of FtsZ at
various salt concentrations, and demonstrated the homogeneity of the FtsZ samples, it
was decided that purification of FtsZ from both Acinetobacter species be conducted
one at a time and for this, the A. baylyi FtsZ was chosen to be the first protein fully

purified.
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4.2.4 Analysis and prevention of proteolysis of full-length A. baylyi untagged FtsZ
during purification

The A. baylyi untagged FtsZ was purified by following the protocol outlined in Figure
4.1. During the purification of the 4. baylyi untagged FtsZ, aliquots were taken before
and after each step and analysed by SDS-PAGE. SDS-PAGE analysis of the samples
going through the different purification steps (after ammonium sulphate precipitation,
ion exchange and gel filtration) showed the presence of the same lower molecular
weight contaminating bands, preventing further purification of 4. baylyi full-length
untagged FtsZ (brackets in Figure 4.5). To stop proteolysis of FtsZ during the protein
purification protocol, the cells were grown again and this time, a small sample was
taken after induction and the cells lysed using two different lysis buffers: buffer A (the
lysis buffer that had been used up to this point which contained 25 mM Tris, 2 mM
DTT, 1 mg/mL lysozyme, 50 pg/mL DNase, 1 Roche protease inhibitor tablet) and
buffer B (the same as buffer A, but contains two extra protease inhibitors; 2 mM 1,10-
Phenanthroline, | mM PMSF). Buffer A is a typical lysis buffer that had been used to
purify a number FtsZ from several organisms, for example, S. aureus (82), M.
jannaschii (80), and P. aeruginosa (239). However, buffer B had also been used to
purify FtsZ from the bacteria M. tuberculosis (240). To test the two buffers, one cell
pellet containing the untagged FtsZ of A. baylyi was resuspended in buffer A and
another in buffer B. The cells were lysed and centrifuged to separate the insoluble and
soluble components. The soluble fraction was precipitated using 0.2 g/mL solid
ammonium sulphate and analyzed by SDS-PAGE gel (Figure 4.6). Samples treated
with buffer A showed proteolysis was apparent after the ammonium sulphate precipitate
was re-solubilized, as evidenced by the triplet bands in the 40 kDa region and four
additional bands in the 25-30 kDa region of the gel in Figure 4.6 A (lane 4 and 5;

arrows). However, no proteolysis was observed when buffer B was used as a lysis
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buffer, as seen by the absence of the four bands in this region of the gel (Figure 4.6 B).

Therefore, buffer B was used from this point on in the protocol.

After After After
AS IE GF

Persistent contaminating
bands

Figure 4.5: A. baylyi untagged FtsZ purification. Samples were taken before
and after each step outlined in Figure 3.6 and analysed on a 10% SDS-PAGE gel. AS
= ammonium sulphate precipitation, IE = ion exchange, GF = gel filtration. The gel
analysis suggests that the 4. baylyi untagged FtsZ was proteolysed already at the stage
of ammonium sulphate precipitation and before ion exchange as evident by the samples
having the same profile even after undergoing the different purification method.
Numbers on the side of the figure indicate the protein standards in kDa (4. baylyi FtsZ:
41.78 kDa).
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Figure 4.6: Test to see if proteolysis happens during cell lysis for 4. baylyi
FtsZ. 1= cell lysis, 2= ammonium sulphate precipitation of lysate, 3= supernatant after
ammonium sulphate protein pellet is separated, 4 and 5= re-suspended ammonium
sulphate protein pellet (duplicate). A = samples that were treated with buffer A, B =
samples that were treated with buffer B. Proteolysis is observable in the ammonium
sulphate protein pellet of buffer A (arrows) but is not evident in the ammonium protein
sulphate pellet of buffer B. Numbers on the side of the figure are the protein standards
in kDa (4. baylyi FtsZ: 41.78 kDa).

121



4.2.5 Purification of full-length A. baylyi untagged FtsZ leading to X-ray
crystallography trials

The proteolysis problem was solved by using lysis buffer B instead of A. The 4. baylyi
untagged FtsZ purification was therefore repeated by following the method outlined in
Figure 4.1 and using buffer B as the lysis buffer. This time the protein was not
proteolysed; evidenced by the presence of only one major band of ~40 kDa in lane 4 of
Figure 4.7 and the absence of the lower molecular mass bands seen in lane 4 of Figure
4.6 A. The purification worked very well as there was very little of any other bands
apart from FtsZ using SDS-PAGE (see lane 4 of Figure 4.7). The molecular mass of
the purified FtsZ was determined using ESI-MS" to be 41,729.29 Da (theoretical mass
was 41,864.08 Da). The difference in the molecular mass obtained from the MS and
the theoretical mass is most likely due to the pure protein missing the first methionine
on the N-terminus as it is quite common to lose this residue when it is followed by
alanine, as seen with this protein (241, 242). The purified protein was concentrated to
24.5 mg/mL using a vivaspin column and then subjected to crystallography trials at the
laboratories of Associate Professor Aaron Oakley and Professor Nick Dixon at the

University of Wollongong.
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Figure 4.7: Successful A. baylyi untagged FtsZ purification. Samples were
taken before and after each purification step and analysed on a 10% SDS-PAGE gel.
Lane 1: whole cell lysis; lane 2: after ammonium sulphate precipitation and before ion
exchange; lane 3: after ion exchange and before gel filtration; lane 4: after gel filtration.
No proteolysis can be seen, as only one band of ~40 kDa (arrow) in lane 4 is observable
and the four bands in the range of 25-30 kDa are absent (refer to the bracket in Figure
3.10). The methods utilised in the purification were able to remove many of the
contaminating proteins as most of the bands observable in lane 1, 2 and 3 are not present
in lane 4. Numbers on the side of the gel image are the protein standard molecular
masses in kDa (4. baylyi FtsZ: 41.78 kDa).

4.2.6 Crystallography trials using full-length A. baylyi untagged FtsZ

For crystallography trials, the 24.5 mg/mL solution of FtsZ was diluted to 9.15 mg/mL
by dialysing the protein sample against a buffer (20 mM Tris, 200 mM NaCl pH 7.6)
overnight. This is because the FtsZ protein was stored in a storage buffer containing
20% glycerol, which needed to be removed for crystallography trials. The following
day, two-hundred crystallization conditions were set up manually by mixing 1 pL of
protein with 1 pL of buffer from the crystallography kits (JCSG+ and PEGs II) and then
stored at 12°C to await possible crystallization. Since the crystallization trials were set
up at the Dixon laboratories at the University of Wollongong, a member of that lab, Dr
Nan Li, helped monitor the crystallization process. After two weeks of incubating the

123



protein mixture with JCSG+ and PEGslII kits, Dr Nan Li had observed that 30% of the
conditions had precipitated and no crystals had formed. Following the first crystal trials
that produced no crystals, another trial using another kit (PACT kit) was set up by Dr
Nan Li and after one week of incubation at 20°C, four crystals formed under conditions
with 0.2 M ammonium chloride, 0.1 M HEPES pH 7.0 and 20% PEG 6000 (Figure 4.8).
The crystals, however, were too small to be X-rayed and optimisation around the said
condition was needed to form crystals with acceptable size for X-ray. Dr Nan Li
performed the optimisations, but she was not able to obtain acceptable crystals for X-
ray. As full-length Acinetobacter FtsZ was predicted to have a disordered region and in
other species FtsZ is known to contain a disordered region following the C-terminus
globular domain of the protein; this might have affected the crystallization of the protein.
However, as previously mentioned, since the primary aim was to understand and
characterize the Acinetobacter interaction between full-length FtsZ and FtsA proteins,

the starting point was to use the full-length protein.

Since the disordered region was suspected to have impacted in the crystallization of the
full-length protein, Dr Nan Li removed this region by performing a trypsin digestion of
the full-length protein. Using the digested protein, Dr Nan Li set up another crystal
screen using the PEGs II kit. Microcrystals and needle crystals were observed under
two conditions: 0.2 M ammonium sulfate, 0.1 M sodium acetate, 22% PEG 4000 and
0.2 M ammonium sulfate, 0.1 M MES pH 6.5, 30% PEG 5000MME. These, however,
were not crystals of acceptable size for X-ray analysis. Dr Nan Li observed a drop in
the protein concentration after performing the trypsin digest (less than 5 mg/mL),
suggesting that the reason for the inability of the protein to form suitable crystal is
because the protein concentration was simply too low, as protein concentration is one

of the key variables that affects crystallization (243). Future crystal trials using
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Acinetobacter FtsZ would need to be constructed without the disordered region in the
C-terminal part of the protein to prevent the need of trypsin digest and consequently
diluting the protein concentration. Since the project aimed at characterizing the
interaction of the Acinetobacter FtsZ and FtsA using full-length proteins, FtsZ
crystallization and purification of the A. baumannii FtsZ were put on-hold and the focus
shifted towards purifying the FtsA protein that is needed for examining the interaction

with FtsZ.

Figure 4.8: Microcrystal formation of A. baylyi untagged full-length FtsZ.
The full-length untagged FtsZ of 4. baylyi was subjected to crystal screen using the
PACT kit. Microcrystals were observed under the condition with 0.2 M ammonium
chloride, 0.1 M HEPES pH7.0, and 20 % PEG 6000.

4.2.7 Overproduction analysis of full-length A. baylyi N-terminus and C-terminus
hexa-histidine-tagged FtsA

To understand the interaction between FtsZ and FtsA from Acinetobacter, it is essential
that sufficient quantities of full-length Acinetobacter FtsA are produced for co-
crystallization with FtsZ for structural determination. Reason for using the full-length
FtsA construct, apart from being the aim of the study, was also because the 7. maritima

and S. aureus FtsA crystal structures were made with full-length proteins (244,
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245).Similar to FtsZ, the full-length 4. baumannii/baylyi ftsA gene was cloned into
pETMCSI and pETMCSIII by Dr Amy Bottomley. Three fis4 constructs from each
organism (A4. baylyi and A. baumannii) were made with these plasmids. pETMCSI
allowed the construction of an untagged (wild-type) fisA gene and a C-terminal
hexahistidine-tagged FtsA from each species, while pETMCSIII allowed the
construction of an N-terminal hexahistidine-tagged FtsA from each species. In the
interest of time, initial screening was conducted by Dr Amy Bottomley, and she found
that all of the constructs produced insoluble protein and therefore FtsA had to be
purified from inclusion bodies. From the screen, the best E. coli overproduction strain
was found to be BL21-Al and C41 (DE3). The overproduction screen also found the
most stable FtsA protein; one that does not degrade; was the A. baylyi N-terminal and
C-terminal hexahistidine-tagged FtsA. Dr Amy Bottomley also found that purification
of the protein needs to be in buffers containing 20% glycerol as it assists in the
stabilization of the protein in aqueous solution and therefore, keeping it soluble once

the protein is out of the inclusion bodies (246).

This part of my project started by re-transforming the plasmids (pETMCSI 4. baylyi
FtsA-6xhis and pETMCSII A. baylyi 6xhis-FtsA) into competent E. coli
overproduction strains BL21-Al and C41 (DE3). To confirm the overproduction
capability of the transformants, the newly transformed cells were grown in 5-mL LB
broth, overproduction of the protein was induced and cell lysates analysed using SDS-
PAGE. The result showed overproduction of the target protein (expected size of ~45
kDa denoted by the arrow in Figure 4.9). One interesting observation made was that the
location of the hexa-histidine tag slightly changes the migration of the FtsA band, with
N-terminal tagged FtsA migrating slightly further than the C-terminal tagged FtsA

(denoted by arrows in Figure 4.9). To scale this up, a 1-L culture was grown and, since
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the protein is insoluble, the first part of the purification involved purifying the inclusion
bodies containing the insoluble FtsA. The purification protocol is summarized in Figure
4.10. For the inclusion bodies purification trial, a small sample was taken during each
step (Figure 4.11) and analysed using SDS-PAGE. The result showed the protein has
not been degraded and is in the inclusion bodies (denoted by the arrow in Figure 4.11).
Also, the strain BL21-Al was seen to overproduce more of the target protein compared
to the strain C41 (DE3) (Al and C41 lanes in Figure 4.9). Therefore, from this point on,
both the N- and C-terminal hexa-histidine tagged FtsA protein was overproduced using

the BL21-Al strain.
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Figure 4.9: Overproduction screening of full-length A. baylyi N-terminus
and C-terminus hexa-histidine-tagged FtsA. The two FtsA constructs were
transformed into two protein overproduction strains (BL21-Al and C41(DE3)) and the
cells were grown and induced at 37°C. The overproduction and solubility of the protein
in those strains were analyzed on a 10% SDS-PAGE gel. The protein was overproduced
with an expected size of ~45 kDa (denoted by arrow). U = uninduced cell lysate; I =
induced cell lysate; S = induced soluble cell lysate; IS = induced insoluble cell lysate.
Numbers on the side of the figure is the protein standard in kDa. Location of the hexa-
histidine tag slightly changes the migration of the FtsA band (denoted by arrows).
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Figure 4.10: A. baylyi/baumannii N- and C-hexahistidine tagged FtsA
purification workflow. A diagrammatical summary representation of the protein
purification protocol used to purify 4. baylyi and A. baumannii N- and C-hexahistidine
tagged FtsA.
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Figure 4.11: Inclusion bodies purification trial of N-terminus and C-
terminus his-tagged A4. baylyi full-length FtsA from 1L culture. Inclusion
bodies purification trial of the two A. baylyi FtsA constructs was conducted after the E.
coli overproduction strain Al was freshly-transformed with plasmids harbouring the
two ftsA constructs. The cells were grown and induced at 37°C. The inclusion bodies
purification involves washing the pellet obtained after lysing the cells with the lysis
buffer four times. The overexpressed protein (expected size of ~45 kDa denoted by
arrow) was seen to be in the inclusion bodies fraction and was not lost during the wash
steps. U = uninduced cell lysate; I = induced cell lysate; Wash 1- 4 = cell pellet wash
step after cell lysis; IB = inclusion bodies. Numbers on the side of the gel images are
the protein standard in kDa.

25
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4.2.8 Purification trial of full-length A. baylyi C-terminal hexa-histidine-tagged FtsA
using nickel affinity chromatography

After observing that the E. coli BL21-Al strain overproduces more of the target protein
compared to C41 (DE3) strain, a 1-L upscale of FtsA production with the BL21-Al
strain was carried out and the inclusion bodies purified. No degradation of FtsA was
observed during the inclusion bodies purification (data not shown) and the 1-L upscale
produced 6 mL of inclusion bodies. Since both FtsA protein constructs are of 4. baylyi
origin, the C-terminal hexa-histidine tagged version of the protein was chosen to be
purified first. 1 mL of the inclusion bodies was used in a protein purification trial. The
I-mL inclusion bodies were firstly dissolved in a washing buffer containing 6 M urea.
The supernatant containing the solubilized protein was then applied to a nickel affinity
column and the protein refolded on the column by gradually decreasing the
concentration of urea. This can allow the protein to refold into its native conformation
while remaining soluble. Once the protein was refolded, it was eluted from the HisTrap
column using elution buffer containing 1 M imidazole in one-step. Small volume
samples were taken at each step of the purification and analyzed on a 10% SDS-PAGE
gel. The protein was eluted into one 10-mL fraction to keep it soluble (denoted by the

arrow in Figure 4.12).
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Figure 4.12: Purification trial of A. baylyi C-terminal hexahistidine-
tagged full-length FtsA. The protein was firstly purified in inclusion bodies and
the inclusion bodies were dissolved in a buffer containing 6 M urea. The dissolved
inclusion bodies were applied to a nickel affinity column and the protein was refolded
on the column and eluted. The protein was eluted into one fraction (denoted by arrow).
Flw = the flow-through during application of protein sample onto the column, Rfd =
flow-through collected during the on-column refolding step. Numbers on the side of
the figure are the protein standard in kDa.

Since the protein was eluted into a 10-mL fraction, dilution of the protein was inevitable.
The final step of purification was to use a size exclusion column. This step also allows
assessment of the homogeneity of the protein sample. For sufficient resolution using
the size exclusion column (HiPrep 26/60 Sephacryl S300 HR), the sample being applied
needs to be 2% of the column volume (in this case 6 mL), hence it was necessary to

concentrate the protein sample before applying to the gel-filtration column.

4.2.9 Concentrating full-length A. baylyi C-terminal hexa-histidine-tagged FtsA using
various methods

The primary aim of this project was to understand and characterize the Acinetobacter
FtsZ and FtsA interaction. It was therefore determined to be essential to use the full-
length FtsA protein. FtsA in E. coli and B. subtilis is known to have a MTS (247).

However, at the start of the project it was not assumed that the Acinetobacter FtsA also
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contained a MTS. Furthermore, since the project was aimed at understanding the
interaction of the Acinetobacter FtsZ and FtsA, it was deemed important to take the

challenge and use the full-length proteins in the first instance.

Initially, Dr Amy Bottomley had attempted to concentrate the protein sample using a
vivaspin column with 10,000 Da MWCO. However, she found that it was too time
consuming and she also identified that the protein adheres to the filter membrane of the
column and is un-recoverable. Therefore, using the sample that originated from the 1-
mL inclusion bodies, which had been used up to this point, concentrating via anion
exchange was attempted. This was carried out by a one-step elution into a 2-mL fraction.
The result from the trial suggested that the method is problematic, with FtsA being lost
during the process; either from the protein precipitating on the column or the protein
adhering to the column and not eluting (protein observed when elution during column
clean up with sodium hydroxide was analysed on SDS-PAGE; data not shown). The
protein sample was therefore concentrated using PEG 20,000 (polyethylene glycol). To
concentrate using PEG 20,000, another 1-mL inclusion body was used and at this step,
to test the method, 2 mL of the 10-mL protein sample was transferred into a dialysis
tube with 3,500 Da MWCO and then dialysed against a 20% PEG 20,000 solution for
two hours. Small samples were taken pre- and post- dialysis with PEG 20,000 and
analyzed on a 10% SDS-PAGE gel. This method appeared to result in an increase in
protein concentration post-dialysis with PEG 20,000 (denoted by the arrow in Figure
4.13). The protein concentration of pre- and post-dialysis was also checked using a
nanodrop. This confirmed an increase in concentration of FtsA from 0.67 mg/mL to
0.91 mg/mL but, it is not enough for the protein to be used in protein crystal trials as
the protein usually needs to be in the concentration of 10 mg/mL for setting crystal

trays.
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Figure 4.13: Concentrating full-length 4. baylyi C-terminal
hexahistidine-tagged FtsA via dialyzing against PEG 20,000. Once the
protein was refolded and purified using affinity chromatography column, it was
concentrated by dialyzing against a solution containing 20% PEG 20,000. The protein
was able to be concentrated using this method (denoted by arrow). IS = insoluble
fraction after dialysis; S = soluble fraction after dialysis containing the protein.
Numbers on the side of the figure are the protein standard in kDa.

4.2.10 Confirming full-length A. baylyi C-terminal hexahistidine-tagged FtsA
polymeric state via size exclusion chromatography

Once the protein was concentrated, a size exclusion column was used to check the
homogeneity of the sample. Homogeneity of the sample is essential as aggregation of
the protein in the sample would not create good diffracting crystals and also would not
give the correct conclusion from any interaction studies. To check this, the concentrated
sample of 4. baylyi C-terminal hexa-histidine-tagged FtsA protein was applied to the
size exclusion column and the protein eluted from the column in 314 minutes. For
comparison, a standard curve was constructed by using four proteins of known
molecular mass; lysozyme (14.3 kDa), proteinase K (28.93 kDa), bovine serum
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albumin (BSA) (66.464 kDa) and catalase (250 kDa). Since size exclusion
chromatography works by the principle of separating protein based on size, the standard
proteins eluted with time 1110 (lysozyme), 877 (proteinase K), 560 (BSA), 489
(catalase) minutes. Comparing the elution time of the purified A. baylyi C-terminal
hexa-histidine-tagged FtsA (314 minutes) with the four standard proteins, the FtsA
protein eluted outside the range of the standard proteins. This shows that the FtsA
protein is forming a high-order structure that is bigger than 250 kDa. This is an
indication that the full-length Acinetobacter FtsA protein is aggregated and is likely
caused by the presence of a MTS. This might also explain why Dr Amy Bottomley
found some of the protein sticking to the membrane filter of the vivaspin column she

used for concentrating proteins.

At this time, the purification protocol of A. baylyi C-terminal hexahistidine-tagged FtsA
had been optimized. Unfortunately, the size exclusion chromatography data suggests
that the protein is aggregated and had formed high-ordered structure. Therefore, the
protein is unsuitable to be used for further in vitro studies. At this stage of the project,
I had spent about two years into my PhD candidature attempting to purify full-length
FtsZ and FtsA from 4. baylyi. In the interests of time and gaining positive results, a
change in the focus of the project was required. The focus then became: understanding
the potential of FtsZ as drug target through in silico analysis and conducting fragment-
based drug discovery using FtsZ as the target. The former will be discussed in Chapter

5 and the later in Chapter 6.
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4.3 Discussion

The protein side of the project started with creating several constructs of the
Acinetobacter FtsZ and FtsA to optimize the chances of obtaining overexpression
constructs that would: (i) produce high quality, diffractive crystals; (ii) be active and
interact with FtsA/FtsZ in vitro; (ii1) co-crystallize with FtsA/FtsZ. It was decided that
full-length FtsZ and FtsA be used in the co-crystallization experiment because, apart
from the published interaction of 7. maritima FtsZ peptide with FtsA, there is no
published data showing a direct interaction between the two full-length proteins. Added
to that, it cannot be assumed that FtsZ in Acinetobacter only interacts with the extreme
C-terminal region and that the Acinetobacter FtsA contains a MTS. Since the aim of
the project was to understand the interaction of the Acinetobacter FtsZ and FtsA in

detail, it was deemed appropriate to use the full-length proteins.

In this project, the purification protocol for both the Acinetobacter FtsZ and FtsA
proteins was successfully optimized and both proteins were purified. The purified FtsZ
was used in a crystal trial but no acceptable-sized crystal for X-ray analysis was
obtained. It was postulated that this is due to the presence of the disordered region in
the C-terminus of full-length FtsZ possibly interfering with the packing of the protein
to form crystals. Such phenomena are often observed for proteins that bind DNA or
RNA, as they contain many disordered or flexible loops that interfere with the
formation of a well-ordered crystal lattice (248). Bioinformatic prediction using
PONDR suggested a presence of a disordered region in the C-terminus of the full-length
Acinetobacter FtsZ protein (249). Attempts to remove the predicted disordered region
was by conducting limited proteolysis in a trypsin digest experiment. This is a common
solution for proteins with disordered regions, whereby removing the disordered region

will allow the protein to pack together, forming a well-ordered crystal lattice (250).
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This, however, still did not produce FtsZ crystals of acceptable size for structural
analysis. Since the project aimed at characterizing the interaction of the Acinetobacter
FtsZ and FtsA using full-length proteins, FtsZ crystallization was put on-hold and the
focus was shifted to purifying the FtsA protein that is needed for examining the

interaction with FtsZ.

Acinetobacter FtsA involved purifying the protein from insoluble aggregates known as
inclusion bodies. It is not uncommon for proteins being overproduced in E. coli to
accumulate and form these dense, insoluble aggregates (251). This is perhaps the main
limiting factor of the E. coli expression system (252). After inclusion bodies were
obtained, the most critical step in purifying proteins from these aggregates is the
inclusion body solubilisation and protein refolding step (253). As this type of
purification process is still mostly dependent on trial-and-error strategies (254), there
is no standard protocol for this process. The protein purification protocols used in this
study were developed at the laboratory of Professor Nick Dixon. The solubilisation and
refolding buffer usually contains a chaotropic agent (253); in this case, urea. The
refolding process on the nickel affinity column was conducted by slowly decreasing the
amount of urea present in the sample, allowing the bound protein to refold slowly. Once
the protein was refolded and eluted from the column, it was dialysed into a buffer
containing 20% glycerol. It is reported in the literature that glycerol aids in the
stabilization of proteins and prevention of their aggregation (246). Furthermore,
glycerol also aids in refolding proteins. In this study, glycerol was not included in the
refolding buffer but the protein was transferred into a buffer containing glycerol once
it was refolded and this might have caused the protein to aggregate, evident in the
subsequent size exclusion data. In the future it would be good to include glycerol in the

refolding buffer.
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An alternative solution to obtaining soluble overproduced FtsA would be to use certain
fusion tags. Examples include the IMPACT™ (Intein Mediated Purification with an
Affinity Chitin-binding Tag) system and His-SUMO (Small Ubiquitin-like Modifier)
tag. The IMPACT™ system was used to purify full-length soluble 7. maritima FtsA
which was used in the interaction study with the 7. maritima FtsZ peptide using both
NMR and crystallography (110), while the His-SUMO tag was used to successfully to
purify full-length soluble E. coli FtsA, and used in an interaction study with full-length
E. coli FtsZ (255). The IMPACT™ system was initially tried by an honours student in
the Harry Laboratory to purify full-length Acinetobacter FtsZ but was unsuccessful.
Meanwhile, in this study full-length Acinetobacter FtsZ was successfully purified
without the use of a protein tag. This indicates that when a certain tag is used to
successfully purify FtsA of one species, it does not mean that the same tag can also be
used to successfully purify FtsA from another species. Alternatively, different
detergents in the purification buffer can also be tested to solubilise full-length

Acinetobacter FtsA.

Another approach for understanding the Acinetobacter FtsZ and FtsA is to produce the
Acinetobacter FtsZ peptide and also overproduce and purify only the 2B domain of the
Acinetobacter FtsA. It is also possible to delete the MTS from the Acinetobacter FtsA
and purify the cleaved protein for use in the interaction studies. As indicated in the
result, it is possible that the MTS is the cause of the aggregation of the purified full-
length Acinetobacter FtsA in this study. Deleting the MTS from the full-length FtsA
protein should not cause a disruption for the in vitro interaction studies since the
interaction of FtsZ and FtsA does not involve the MTS. Rather, the MTS is thought to

act as an anchoring point for FtsZ to the cell membrane in vivo (247). In E. coli, the
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MTS has also recently been shown to be involved in reshaping membrane architecture

in vitro (256).

For years, targeting protein-protein interactions has been considered as a very difficult,
if not impossible task (257). This chapter has revealed a small snapshot of the
challenges associated with attempting to target protein-protein interaction. These
include the need to: (i) purify full-length protein that is well-behaved, (ii) understand
the details of the protein-protein interaction of interest and (iii) have the correct protein
construct for structure determination using X-ray crystallography. Overall, both chapter
3 and chapter 4 have been a great learning experience in both the in silico and in vitro
approaches for understanding protein-protein interactions. However, in the interest of
time and for gaining positive result, the project focus was switched from targeting
protein-protein interaction to a single target approach, which will be discussed in the

next chapter.
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Chapter 5 - In silico analysis of FtsZ
crystal structures to better understand

its potential as a drug target
Preface

Prior to reading this chapter, the reader should know that this chapter has now been
accepted for publication by the “Australian Journal of Chemistry”. The formatting used
in this chapter is like the submitted manuscript with slight changes to suite the thesis
style of writing. These changes include the incorporation of a chapter and numbering
system, as well as the methodology section used in this chapter being moved to Chapter

2 — Materials and Methods.

5.1 Introduction

Antibiotics underpin modern medicine; their use has reduced childhood mortality and
increased life expectancy, and they are crucial for invasive surgery and treatments such
as chemotherapy (34). However, the number of infections caused by multidrug-resistant
bacteria is increasing globally, and the spectre of untreatable infections is becoming a
reality. One measure to help alleviate this crisis is to develop new antimicrobials, with
novel mechanisms of action. A process that is yet to be targeted by any of the clinically
approved antibiotics is bacterial cell division, whereby one cell grows and replicates its
genetic content, eventually splitting into two identical daughter cells. It has been shown
that compounds which target this process, such as PC190723, are efficacious in

clearing infections in animals (93, 143, 147, 156, 157).

Studies attempting to identify inhibitors of the bacterial cell division process have
mainly focused on targeting the prokaryotic tubulin homologue (80), FtsZ, as it is an

essential cell division protein (258) and is highly conserved among bacteria (125).
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During cell division FtsZ is the first protein to be recruited to midcell to form a structure
known as the Z-ring via self-polymerisation, which is promoted by the hydrolysis of
GTP to GDP. The formation of the Z-ring is essential for the recruitment of downstream
division proteins involved in splitting the dividing cell into two new cells. Inhibiting
the polymerisation of FtsZ into the Z-ring has proved fruitful in the development of
bacterial cell division inhibitors. However, whilst FtsZ has 40 — 50% amino acid
sequence identity between different bacterial species (154), species-specific activity of
FtsZ inhibitors, including PC190723, has been observed (93, 143, 147, 156, 157). This
raises the possibility of inherent differences in the structure of FtsZ from one bacterial
species to another, which may have implications in the development of a commercially

viable broad-spectrum FtsZ inhibitor.

Currently, there appear to be three protein pockets within FtsZ that can bind molecules,
collectively termed the druggable regions. They are the nucleotide-binding domain
(NBD) (131), the synergistic T7-loop (132) and the interdomain cleft (133) (Figure 5.1).
The nucleotide-binding domain has been successfully targeted by a C8-substituted GTP
analogue that could selectively inhibit the GTPase activity of FtsZ, while having no
effect on tubulin (131). The second druggable protein cleft, the T7-loop, has also been
shown to bind small molecules, as predicted by the in silico modelling and STD-NMR
studies for the binding of non-toxic cinnamaldehyde to FtsZ (132). The final druggable
region, the interdomain cleft between the central core helix (H7-helix) and the C-
terminal domain (Figure 5.1), has also been successfully inhibited by the compound,
PC190723 (80). A computational study conducted by Ballu et al. found that Val 207,
Leu 209 and Asn 263, which are located in the interdomain cleft are very important for

the binding of inhibitors in this region of the protein (259).
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Figure 5.1: Druggable regions of FtsZ. Protein Data Bank entry 2VAP (81).
Cartoon representation of M. jannaschii GDP-bound FtsZ resolved at 1.7 A. FtsZ
consists of N- and C-terminal domains (coloured red) that are divided by a central helix
called the H7 helix (coloured blue). The NBD of the protein is located in the N-terminal
domain and the protein is bound to GDP (green sticks).

In this chapter, the molecular modelling software Discovery Studio 4.5 (DS 4.5) (229)
was used to examine published FtsZ X-ray crystal structures from both Gram-positive
and Gram-negative bacterial species to firstly, closely examine the structural
differences and similarities between multiple FtsZ proteins and secondly, to identify
species specific and conserved pockets within FtsZ across different species that can
potentially be targeted by narrow- and broad-spectrum antibiotics, respectively. Thirdly,

the effect of PC190723 on the structure and dynamics of FtsZ will also be examined.
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5.2 Results and Discussion: in silico analysis of FtsZ
structures from different bacterial species

5.2.1 Comparison of GDP-bound FtsZ structures from different bacterial species
5.2.1.1 Superimposition of published FtsZ X-ray crystal structures

Crystal structures of GDP-bound FtsZ of Staphylococcus aureus, Staphylococcus
epidermidis, Mycobacteria tuberculosis, Bacillus subtilis, Pseudomonas aeruginosa
and Aquifex aeolicus were obtained from the Brookhaven Protein Data Bank (PDB),
imported into DS 4.5 and their amino acid sequences aligned. GDP-bound FtsZ were
used because many FtsZ crystal structures are bound to GDP and this would be the
closest representation of in vivo FtsZ. Following the amino acid sequence alignment,
the tertiary structures of these FtsZ proteins and human tubulin were compared and
analysed. Comparison of the tertiary structure of the various FtsZ proteins showed
differences between species. Ca atom superimposition of the FtsZ structures onto the
crystal structure of S. epidermidis FtsZ (PDB: 4MSI (187)), which was used as a
reference due to its high resolution (R = 1.43 A), showed the staphylococcal FtsZ to be
structurally similar to each other, while the non-staphylococcal slightly differ to that of
the staphylococcal FtsZ (Figure 5.2A). The major difference between them lies in the
B-sheet organisation at the C-terminus (region circled in red in Figure 5.2A). The C-
terminal B-sheets of FtsZ from the staphylococcal genus are well-aligned, while the 3-
sheets in non-staphylococcal FtsZ have a degree of curvature and disorganisation. The
Ca RMSD, which is defined as the measure of the average distance between the alpha-
carbon atoms of the superimposed FtsZ species, is ~3 A, indicating a degree of
variability between the tertiary structures of the multiple FtsZ species (Table 5.1). A
low RMSD value of 0.3 A was obtained from the superimposition of the staphylococcal

FtsZs, while an RMSD value of ~1.3 A was obtained when the non-staphylococcal
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FtsZs were superimposed (RMSD? and RMSDP in Table 5.1). This indicates very low
degree of variability between the staphylococcal FtsZ, while more variability exists
between the non-staphylococcal FtsZ proteins, which are, however, still quite similar

to each other.
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Figure 5.2: Superimposition of FtsZ from various organisms and of FtsZ
structures with human a- and B-tubulin. (A) FtsZ structures can be classified
into two categories: staphylococcal (purple is GDP-bound and gold is the S. aureus
GDP-bound FtsZ structure co-crystalized with PC190723) and non-staphylococcal
class (green). Superimposing the two different FtsZ groups (staphylococcal and non-
staphylococcal) showed non-overlapping region at the C-terminus and later half of the
H7-helix (region circled in red). (B) Superimposing eight bacterial FtsZ proteins (non-
staphylococcal and staphylococcal class coloured in green and purple, respectively)
with human a- and B-tubulin (coloured in pink) shows that there are structural
differences between the two. The main difference between the FtsZ and tubulin can be
seen in the presence of the interdomain cleft in FtsZ and also the T7-loop, which are
absent in tubulin (denoted by arrows).
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Table 5.1: RMSD values obtained from the superimposition of FtsZ and tubulin

structures.
Organism PDBID | R (A) | Wilson | RMSD? | RMSD? Number of
B- A) A) Residues used
factor in
(A? superimposition
M. tuberculosis 1RQ7 2.60 33.70 3.02 N/A 300
M. tuberculosis | 4AKWE | 291 | 108.20 3.19 0.97 305
P. aeruginosa | 2VAW | 2.90 51.80 2.80 1.24 305
A. aeolicus 2R6R 1.70 16.60 3.82 1.71 310
B. subtilis 2RHL 2.45 54.20 3.20 1.34 305
S. aureus 3VO8 2.26 28.70 0.31 - 305
S. aureus 3VOA 1.73 20.00 0.27 - 305
S. aureus 3VOB* | 2.70 25.50 0.39 - 304
S. epidermidis 4MBI 1.43 | 20.80 N/A - 300
H. sapiens SITZ 220 | 34.50 10.13 8.61 311
o-tubulin (Alpha-
1B
chain)
H.sapiens SITZ 220 | 34.50 9.28 8.48 311
S-tubulin (Beta-
2B
chain)

aThe S. epidermidis FtsZ structure (PDB ID: 4MS8I) was used as a reference protein.
®The M. tuberculosis FtsZ structure (PDB ID: 1RQ7) was used as a reference protein.
* The S. aureus GDP-bound FtsZ co-crystalized with the inhibitor PC190723.

N/A is not applicable

FtsZ and human a- and B-tubulin are structural homologues (80). However, the

superimposition revealed structural differences between FtsZ and tubulin with an

RMSD value of 8 to 10 A between the different FtsZs and tubulin (Table 5.1). The main

difference consisted of FtsZ having an interdomain cleft and T7-loop, which are absent

in human tubulin (Figure 5.2B). One can speculate that, as a result, the FtsZ inhibitor

PC190723, which binds to the interdomain cleft and T7 loop is unable to bind tubulin.

144




Identified druggable binding pockets of FtsZ X-ray strutures were analysed. There are
three identified pockets in FtsZ: the nucleotide-binding pocket, the interdomain cleft
and the T7-loop. The pockets were identified in DS 4.5 as “binding-spheres”, and the
radius of the sphere was measured. Statistical analysis using the two-variance test found
that the radii of the nucleotide-binding pockets between the two FtsZ classes are not
significantly different (p > 0.05), with the staphylococcal FtsZ having a mean sphere
radius value of 11 A, and the non-staphylococcal structures having a mean value of 9
A (Figure 5.3A). This was expected, as the site is occupied by GTP or GDP and is
crucial for the function of the protein. Similarly, the radii of the binding-sphere of the
T7-loops are not significantly different (p > 0.05), with the staphylococcal FtsZ having
a mean value of 5.3 A, while the non-staphylococcal FtsZ have a mean value of 4.9 A
(Figure 5.3B). It is worth noting that the number of amino acids that form the T7-loop
is the same for all analysed FtsZ structures (six residues). These six residues are usually
found in position 201 to 206 or 204 to 209 and have a consensus sequence of P(S) G X
I(V) N V(L). Due to this conserved nature of both the NBD and T7-loop, the possibility
arises of creating broad-spectrum antibiotics by targeting these FtsZ pockets. Molecules
such as a C8-substituted GTP analogue, have been shown to selectively inhibit FtsZ
without affecting tubulin (131), indicating the potential to safely use the NBD for
broad-spectrum antibiotics. For now, apart from cinnamaldehyde (132), no other

molecule is known to target the T7-loop.

The interdomain cleft is important and yet was not straightforward to measure by using
the sphere method as it consists of multiple smaller pockets within the cleft.
Alternatively, the opening size of the interdomain cleft was measured across all FtsZ
structures as this provides some insight into the accessibility of the cleft for inhibition.

Staphylococcal FtsZ was found to have the widest opening of the interdomain cleft at
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20.53 A (PDB: 3VO8) and 20.84 A (PDB: 3VOA). The size of the opening of the
interdomain cleft of S. epidermidis FtsZ was measured to be 21.33 A (Figure 5.3C).
The opening of the interdomain clefts of FtsZ from B. subtilis, M. tuberculosis, A.
aeolicus and P. aeruginosa were 9 to 10 A (Figure 5.3C). The difference observed in
the opening size of the interdomain cleft could possibly explain the strong affinity
PC190723 has towards S. aureus FtsZ and not other FtsZ species. It has also been
shown that PC190723 can inhibit FtsZ of B. subtilis (157) and although the opening
size of the interdomain cleft of B. subtilis FtsZ is different to that of S. aureus FtsZ,
PC190723 was able to insert itself into the interdomain cleft of B. subtilis FtsZ and
inhibit its function. It appears that B. subtilis FtsZ will need to open its interdomain
cleft and allow PC190723 to insert itself. Further explanation of how the protein may
allow the compound to enter the interdomain cleft is described further in the molecular

dynamics simulation section (Section 5.2.3).
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Figure 5.3: Comparison of druggable pocket sizes between FtsZ from different organisms. The size of the NBD (A) and T7-loop
(B) were similar in all structures (p > 0.05). (C) The interdomain cleft was largest in FtsZ of the staphylococcal species. (D) The H7-helix of the
staphylococcal species was the most curved, with the H7 of S. aureus being more curved than that of S. epidermidis. AM8I: S. epidermidis; AKWE
and 1RQ7: M. tuberculosis; 3VO8 and 3VOA: S. aureus; 2RHL: B. subtilis; 2R6R: A. aeolicus; 2VAW: P. aeruginosa. The lighter coloured bar
of S. epidermidis was used as the reference in the comparisons.
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The superimposition of the FtsZ crystal structures (refer to Section 5.2.1.1), showed
variation of the lower-half of the core H7-helix, towards the T7-loop, between
staphylococcal and non-staphylococcal FtsZs (Figure 5.2A). To investigate this further,
the angle of curvature of the H7-helix was measured (refer to Chapter 2 Section 2.2.3.5).
The degree of curvature in the H7-helix can influence the size and shape of the
interdomain cleft. The FtsZ structures of the staphylococcal class had a more curved
central H7-helix in comparison to the non-staphylococcal FtsZ. This was particularly
true for S. aureus FtsZ, where the angle of curvature was 139°, while FtsZ from other
bacterial species had a curvature of 156 to 160°. The H7-helix in S. epidermidis has a
lower degree of curvature than the H7-helix in S. aureus but is still more curved than
in other FtsZ of different species (Figure 5.3D). The two-variance statistical analysis
test showed that there is a significant difference in the angle of curvature between the
H7-helix of the staphylococcal and non-staphylococcal FtsZ proteins (p < 0.05).
Conducting a Pearson-Correlation test of the H7 curvature and the size of the
interdomain cleft opening showed a strong inverse relationship (p < 0.05; correlation
coefficient = -0.82), indicating that accessibility to the interdomain cleft is different for
FtsZ from the two classes. Together, this data has shown that there are structural
differences between FtsZ from diverse bacterial species, which may influence the
binding affinity of compounds to this region. It is therefore imperative to obtain FtsZ
crystallographic data for clinically-important organisms for the purpose of using the

protein as a drug target.
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5.2.1.3 Comparison of accessible binding sites between GDP-bound FtsZs from
various bacterial species

Three locations within FtsZ are known to be druggable. However, for only one family
of FtsZ inhibitor, the benzamide derivatives such as PC190723 and TXA707, is there
unequivocal evidence of its binding site, via X-ray crystal structure determination (93,
152). The structural diversity of FtsZ inhibitors points to the possibility of currently
undetermined binding pockets within FtsZ. Novel accessible binding sites for the
various GDP-bound FtsZ structures were identified using DS 4.5 as spheres. GDP was
left in the crystal structures for this analysis to block the NBD from being identified as

a binding site by the software for clarity of presentation.

This analysis identified the interdomain cleft and T7-loop as binding sites in all the
GDP-bound FtsZ structures (arrow 1 in Figure 5.4). However, the spheres vary in size.
This is supported by the previous results which showed different sizes and widths of
the interdomain cleft. Apart from the spheres within the interdomain cleft and T7-loop,

other binding spheres were found to vary in their locations for different FtsZ species.

In the S. aureus and S. epidermidis FtsZ structures, other binding spheres were detected
around the a-helices near the NBD and the H7-central helix (arrow 2 in Figure 5.4). In
the FtsZ structures of B. subtilis and P. aeruginosa, a sphere was seen to cover the area
of a-helices towards the front of the nucleotide pocket (arrow 3 in Figure 5.4). In the P.
aeruginosa FtsZ structure, another sphere (denoted by arrow 6) was observed below
the sphere denoted with arrow 3, and this was observed only in the P. aeruginosa FtsZ
structure. Another binding site in the M. tuberculosis FtsZ was identified towards the
right of the nucleotide pocket (arrow 4 in Figure 5.4). Binding sites identified
surrounding the NBD suggests that it is possible to target this region, without the need

to target the NBD itself and hence no need to compete with GTP or GDP. Molecules
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which bind these regions can be predicted to also inhibit the GTPase function of FtsZ
as this region was shown to act as part of the catalytic switch in M. tuberculosis FtsZ

(188).

A sphere towards the left of the central H7-helix was also observed in the FtsZ
structures from both B. subtilis and A. aeolicus. In A. aeolicus, other binding sites were
suggested around the H7-helix and towards the back of the protein while the binding
sites in the other FtsZ structures only covered regions on the front surface. This
demonstrates that although there are conserved pockets within the different FtsZs, there
could also be organism-specific pockets that might allow the creation of narrow-
spectrum antibiotics for specific bacterial species. An intriguing idea for exploration is
to search for druggable pockets that might exist in polymerized FtsZ, as it has never

been explored previously.

One other potential binding site for a broad-spectrum antibiotic was observed at the top
of FtsZ; T6-loop (arrow 5 in Figure 5.4). The sphere in this region was observed in all
the FtsZ structures except B. subtilis and P. aeruginosa. Molecules which bind this
pocket (arrow 5 in Figure 5.4) could possibly prevent FtsZ from polymerising entirely
in a head-to-tail fashion. This could be achieved by blocking interaction between the
T7-loop of one subunit with the catalytic site of another subunit (260). Amino acid
sequence alignment of FtsZ from multiple bacterial species identified that this region
has a different consensus sequence between Gram-positive and Gram-negative bacteria
which can be exploited for therapeutic purposes (Figure 5.5). Overall, the consensus
sequence that can be found in Gram-positive bacteria (more specifically, the
Firmicutes) and Gram-negative bacteria (more specifically, the y-proteobacteria) is V
D K K(S/N) T P(S) and L G R G I S, respectively. Regardless, the multiple FtsZ
sequence alignment also identified an FtsZ sequence from a Gram-negative bacterium
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(Leptospira interrogans) that has the same consensus sequence as the Gram-positive

Firmicutes. At present, no known FtsZ inhibitor has been shown to target this pocket.
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Figure 5.4: Comparison of the accessible binding sites of various GDP-bounded FtsZ structures. The available binding sites
(red spheres) as identified by Discovery Studio 4.5. The locations of the spheres cover similar areas of the protein, but their sizes differ between
the different FtsZ structures, especially in the area of the interdomain cleft (arrow 1). GDP was kept in the nucleotide-binding domain; hence no
sphere is shown in its binding pocket.
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Helicobacter pylori RAEEGLKELEQSSDSILVIPNDKILLTMKKNASTTECYREVDDVLVRAVSGISTIITKPG 222
Rickertsia ryphi TADKGLIELQOQFVDTLIVIPNONLFRIANEQTTFADAFEMADDVLHAGVEGVTDLMIMPG 208
Acinetobacter baumannii SAERGIEALEAHRVDSLITITIPNQRLLSVYG-DISMEKDAYKKADDVLLNAVRESIFDLVVNRG 210
Neisseria meningitidis VAQAGLEQLKEHVDSLIIIPNDKLMTALGEDVTMREAFRAADNVLRDAVAGISEVVTCPS 207
Haemophilus influenzae  FAELGIKDLSQYVDSMITIPNQQIQKVLPKNAKLIDAFARANDVLENSVMGISDMITSPG 229
Pseudomonas aeruginosa IADEGIRALAESVDSLITIPNEKLLTILGKDASLLAAFAKADDVLAGAVRGISDIIKRPG 205
Vibrio cholerae FAEQGIEELSKHVDSLITIPNEKLL LEAFASANNVLENAVOGIAELITRPG 205
Escherichiacoli FAEQGITELSKHVDSLITIPNDKLL LDAFGAANDVLEGAVOGIAELITRPG 204

Shigella flexneri FAEQGITELSKHVDSLITIPNDKLL LDAFGAANDVLEGAVOGIAELITRPG 204
Salmonella enterica  FAEQGITELSEKHVDSLITIPNDELL LDAFGAANDVLEGAVOGIAELITRPG 204
Yersimapestis FAEQGIAELSKHVDSLITIPNDELL LDAFGAANDVLEGAVOGIAELITRPG 204
Campylobacter jejuni LAESGLLELKKESDSILVIQNEKLLSIIDKKAGIKDAFRLVDDILARAVEKGMVSILLDNG 208
Thermotoga maritima KATEGLKKLRKHVDTLIKISNNKLMEELPRDVKIKDAFLKADETLHQGVKGISELITKRG 215
Leptospira interrogans FﬂRKGIEQLRSHVDTLILINNDSIFRVVDKNTF"IDLRFQVIDDILLNHVRGISDI INNPG 206
Mycobacterium tuberculosis QAENGIAALRESCDTLIVIPNDRLLOMGDAAVSLMDAFRSADEVLLNGVQGITDLITTPG 202
Streptococcus pneumoniae  FAVEGINQLEEHVDTLLIISNNNLLEIVDEETPLLEALSEADNVLRQGVOGITDLITNPG 206
Clostridium botulinum HAEMGINTLEERVDTLVTIPNERLLSIVDEKTSLMDSFELADDVLROQGVQGISDLITIPG 205
Staphylococcus aureus QARAGVEAMKAAVDTLIVIPFNDRLLDIVDKST EAFKEADNVLROGVQGISDLIAVSG 205
Listeria monocytogenes QALTGTEAMKEAVDTLIVIPNDELLQI LEAFREADNVLROGVQGISDLIAVEG 205
Bacillus anthracis QRASGIAAFKENVDTLIVIPNDRLLET LEAFREADNVLROGVQGISDLIATPG 205
Bacillus subtilis QAAGGISAMKEAVDTLIVIPNDRILET LEAFREADNVLROGVQGISDLIATPG 205

Figure 5.5: Amino acid sequence alignment of the T6-loop from multiple bacterial species using Clustal Omega. The T6-
loop region (red box) consensus sequence was seen to be conserved within the Gram-negative y-proteobacteria (pink) and Gram-positive
Firmicutes (cyan). The Gram-negative Leptospira interrogans has the same consensus sequence as the Firmicutes. DS 4.5 identified the T6-loop
to be a possible binding site in all analysed FtsZ structures, suggesting the potential of this site as a target for broad-spectrum antibiotics.
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5.2.2 Comparing GTP and GDP-bound FtsZ of various bacterial species

5.2.2.1 Comparison of GTP- and GDP-bound FtsZ structures

Polymerised FtsZ is known to undergo a curved and straight conformation in response
to presence of GTP and GDP in the NBD (261), respectively, but the translation of this
change to the structure of FtsZ is yet to be understood. For this, the GDP-bound FtsZ
structures were compared with the corresponding GTP-bound structures. To date, there
are only four GDP-bound FtsZ structures available of which the corresponding GTP-
bound structures are also available. These GTP-bound structures are from M.
tuberculosis (PDB: 2Q1Y and 1RLU (188)), S. aureus (PDB: 3WGN (262)), B. subtilis
(PDB: 2RHO (190)) and A. aeolicus (PDB: 2R75 (131)). The opening of the
interdomain cleft and the H7 helix angle of curvature were compared. The analysis did
not show any changes in the angle of curvature of the H7-helix and most of the widths
of the opening of the interdomain cleft showed no detectable changes between the GDP-
and GTP-bound structures or for the S. aureus FtsZ structure bound with PC190723
(Table 5.3). This suggests that it might not be possible to detect structural changes on
FtsZ by solely analysing the crystal structures since macomolecular structure may be
completely correct in crystallographic terms, yet may not correspond to the biologically
relevant state of the molecule (263). Therefore, to further investigate this matter, the
analysis was conducted using the “binding sphere” method and followed by molecular

dynamics simulation.
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Table 5.2: FtsZ structural differences between the GDP- and GTP-bound states.

Organism PDB PDB
ID GDP ID GTP
Size of Size of
H7 curvature IDC H7 curvature IDC
(©) opening (©) opening
(A) (A)
S. epidermidis | 4M8I 153.30 12.40 - - -
M.
tuberculosis 4KWE 160.30 7.30 2Q1Y 160.00 9.60
1RQ7 162.60 11.10 IRLU 159.20 10.90
S. aureus 3VO8 139.10 15.50 3WGN 140.30 15.90
3VOA 139.60 16.80 - - -
3VOB* 140.40 15.20 - - -
B. subtilis 2RHL 163.20 10.30 2RHO 164.50 7.50
A. aeolicus 2R6R 161.50 7.70 2R75 162.10 7.90
P. aeruginosa | 2VAW 156.80 6.40 - - -

IDC = interdomain cleft. (-) = the structure is not available. * The S. aureus GDP-
bound FtsZ co-crystalized with the inhibitor PC190723.

Analysis of the GTP- and GDP- bound S. aureus FtsZ suggests that the N-terminus of
the protein shifted when occupied by the two different nucleotides and the interdomain
cleft did not undergo changes when bound to either nucleotide (Figure 5.6). However,
two spheres were observed to be present only in the GTP-bound structure (arrows 1 and
2 in Figure 5.6). The disappearance of these spheres further supports the movement of

the N-terminus of the protein when exchanging between GTP and GDP.

This movement might be negligible in S. aureus FtsZ regarding access to the
interdomain cleft, but it might be possible to inhibit protein function by inducing this
movement and locking the protein into this conformation. Analysis of the structure of
S. aureus FtsZ co-crystallised with PC190723, revealed a sphere which became larger
only in the inhibitor-bound structure (arrow 3 in Figure 5.6). It should be noted that
sphere 3 is positioned at the centre of the nucleotide-binding pocket, which is necessary

for interlocking of the T7-loop from the upper monomer to the bottom monomer subunit
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to stabilise the polymer structure. Enlargement of the sphere (arrow 3) implies that the
optimum interactions of the T7-loop to the nucleotide-binding pocket might be
significantly increased when S. aureus FtsZ is bound to PC190723. The resulting
stronger interactions may strengthen the structural integrity of the FtsZ filaments.
Supporting this idea is the GTP-dependent FtsZ polymerization assay conducted by
Elsen et al. (156). They showed that PC190723 causes FtsZ to lose its ability to
assemble cooperatively and forces the protein to assemble in a non-cooperative manner.
In the presence of the inhibitor in the interdomain cleft, the N-terminus of the protein
was incapable of completing the shifting motion required during the exchange of

nucleotides due to the enlargement of the pocket identified by sphere 3.

Sphere 4 is only observed for the inhibitor-bound structure and two other crystal
structures of GDP- and GTP-bound FtsZ: those of M. tuberculosis FtsZ. Taking the two
spheres (arrows 3 and 4 in Figure 5.6) into account; it is probable that the FtsZ inhibitor
PC190723 locks the S. aureus FtsZ into a protein state whereby FtsZ is forced to adopt
the structural conformation between a GTP- and GDP-bound structural conformation.

This state is termed the transition state or intermediary state.
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GDP-bound

Figure 5.6: Analysis of the accessible binding sphere of S. aureus FtsZ
when bound to different nucleotides and the FtsZ inhibitor PC190723.
The interdomain cleft of the S. aureus FtsZ was not affected by the presence of the
different nucleotides. The swapping of GTP to GDP causes structural changes at the N-
terminus of the protein, seen by the disappearance of two spheres (arrows 1 and 2) when
the protein is GDP-bound. Sphere 3 becomes larger in the FtsZ structure bound to the
inhibitor PC190723. A unique sphere was observed only in the PC190723-bound
structure (arrow 4).

5.2.2.2 Accessible binding site comparison of GTP- and GDP-bound non-
staphylococcal FtsZ structures

Analysis of the accessible binding spheres from non-staphylococcal FtsZ which are
bound to GDP and GTP showed differences. The sphere in the interdomain cleft of B.
subtilis GTP- and GDP-bound FtsZ was seen to shift in position, while in the M.
tuberculosis FtsZ the sphere was seen to change in size (arrow 1 in Figure 5.7). This
suggests movement of the opening to the interdomain cleft which changes the
accessibility of the pocket between the GDP- and GTP-bound states of the protein.
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Furthermore, a sphere was observed to disappear between the GTP- and GDP-bound
FtsZ structures from both M. tuberculosis and B. subtilis (arrow 2 in Figure 5.7).
Correlating this with the shifting and size changing of the sphere in the interdomain
cleft suggests that the movement of the N-terminal domain caused by the changing of
nucleotides may result in the opening and closing of the interdomain cleft. The same
analysis was conducted with the 4. aeolicus FtsZ structures which are the only other
non-staphylococcal FtsZ structures to have both GTP and GDP-bound to it. The

analysis did not show any differences in the distribution and size of the binding spheres.

Another interesting sphere was observed at the bottom of the M. tuberculosis FtsZ
structures; 2Q1Y and 1RQ7 (arrow 3 in Figure 5.7). This sphere was detected in GTP-
or GDP-bound M. tuberculosis FtsZ structures but not crystal structures from other
bacterial species. This, may indicate that the crystal structure with a sphere in this
location might be a transitional form of the protein when switching between GTP to
GDP. Another crystal structure in which this sphere is observable is PC190723-bound
S. aureus FtsZ, suggesting that PC190723 locks S. aureus FtsZ in a transition state of
the protein. This is further analysed in the molecular dynamics simulation section below

(Section 5.2.3).

The observed changes in the binding spheres from the analysed FtsZ structures, suggest
a model describing the structural changes of non-staphylococcal FtsZ upon binding to
the different nucleotides (Figure 5.7). In the model, GTP-bound FtsZ has the widest
opening of the interdomain cleft, allowing easy access to the interdomain cleft and T7-
loop. As GTP is hydrolysed to GDP, the N-terminus of the protein shifts and results in
the closing of the interdomain cleft. As long as GDP remains in the NBD, the
interdomain cleft would stay closed. As a result, only the upper portion of the
interdomain cleft is accessible while the T7-loop is not. However, the interdomain cleft
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will revert to the open-form as soon as GTP is present in the NBD (Figure 5.7). Based
on this model, the FtsZ crystal structures of 4. aeolicus bound to GTP and GDP might
both adopt the GDP-bound conformation. This is because FtsZ which has adopted the
GDP-bound conformation changes to the GTP-bound conformation once GTP is

present in the NBD.

The analysis of accessible binding spheres of both the staphylococcal and non-
staphylococcal FtsZ crystal structures have shown that GTP and GDP cause structural
changes to FtsZ which in turn affects the binding pockets located on the protein.
Revealing this information for target-based drug discovery using FtsZ makes a valuable
contribution to understanding the differently available binding pockets that may
facilitate design and development of new FtsZ inhibitors using new chemical space
groups than what has already been described in literature. The next section utilises
molecular dynamics simulation to investigate the dynamics of staphylococcal and non-
staphylococcal FtsZ bound to GTP and GDP and how they may differ. The next section

also studies the mechanism of inhibition of PC190723.
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Wide opening to the GTP hydrolysed to GDP
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Figure 5.7: A model of structural changes in monomeric FtsZ upon
binding to GDP and GTP. Both B. subtilis and M. tuberculosis FtsZ X-ray crystal
structures bound to either GTP or GDP were analysed. A model of the molecular
changes to the monomeric form of the protein upon binding to the different nucleotides
is proposed. Upon binding to GTP, the entry to the interdomain cleft is wide open;
observed as having the biggest binding sphere (arrow 1). As GTP is hydrolysed to GDP,
N-terminal of the protein shifts and starts to close the interdomain cleft; observed as a
narrowing of the binding sphere (arrow 1). The process of shifting in the N-terminal
region sees that sphere 2 disappear upon binding to GDP and as the protein reaching
equilibrium during GDP-bounded state, sphere 3 can be observed. As the protein
reaches equilibrium in its GDP-bound state, the opening to the interdomain cleft is the
smallest. As GTP is re-introduced to the protein, the N-terminal shifts again, allowing
sphere 2 to re-emerge and as the protein is opening the interdomain cleft, sphere 3 can
be seen once again. The state where sphere 3 is observed is called the transition state.
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5.2.3 Molecular dynamics simulation

The changes observed in the binding sites analysis point to a possible conformational
change of the protein upon binding to the different nucleotides. The phenomenon of
closing and opening of the interdomain cleft of FtsZ was first described by
computational analysis and mutational study of M. jannaschii FtsZ (264). Recently, a
similar mechanism was described in the S. aureus FtsZ structure by Wagstaff et al.
(265). Both studies agreed that FtsZ could exist in the two conformations; namely a
closed and an open form. In this section, this knowledge was applied for understanding
how PC190723 inhibits S. aureus FtsZ, as well as understanding how PC190723 is
able to bind B. subtilis FtsZ, despite the differing accessibility to its interdomain cleft

compared to the S. aureus FtsZ.

The open and closed conformation was observed when FtsZ was bound to GTP and
GDP, respectively. Through molecular dynamics simulations in this study, two
mechanisms were observed for the opening and closing, depending on the FtsZ class;
staphylococcal or non-staphylococcal. Molecular dynamics simulation of M.
tuberculosis and B. subtilis FtsZ structures showed that accessibility to the interdomain
cleft and T7-loop might be regulated differently in the non-staphylococcal FtsZ
compared to the staphylococcal FtsZ. In the molecular dynamics simulation of B.
subtilis FtsZ, the interdomain cleft opening was maintained at ~10 A (Figure 5.8). The
opening and closing of the cleft were caused by the twisting of the H7-helix (orange
arrows in Figure 5.8). Movement of the N-terminal domain of the protein allowed the

H7-helix to twist and resulted in the shifting of the C-terminal domain.
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Frontal

Figure 5.8: Conformational change of B. subtilis FtsZ. Blue and grey coloured structures represent snapshots of B. subtilis FtsZ taken at
100 ps and 500 ps, respectively. The opening size of the interdomain cleft was maintained at ~10 A during the simulation. Twisting of the H7-
helix (orange arrows) towards the back of the protein resulted in the opening of the interdomain cleft and movement of the red and green coloured
loops. The H7-helix was seen to be most twisted at 100 ps and then relaxed at 500 ps. GTP is represented as coloured sticks and the T7-loop is
coloured orange.
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The frame collected at 100 ps during the simulation with the GTP-bound B. subtilis
FtsZ started with a very twisted H7-helix, compressing itself towards the back of the
protein (Top view in Figure 5.8). As the simulation reached 500 ps, the H7-helix was
seen to relax, shifting the loop formed by amino acid residue 299-303 in B. subtilis FtsZ
up (in M. tuberculosis these are amino acid residue 296-300) (red loop in Figure 5.8).
Simulation with the GDP-bound B. subtilis FtsZ structure showed the reverse of this
motion. The simulation was also conducted with the GTP- and GDP-bound M.
tuberculosis FtsZ structures and the results obtained reflect those obtained from the
simulation with GDP-bond B. subtilis FtsZ structures. Based on this data, it can be
concluded that B. subtilis FtsZ is very similar to M. tuberculosis FtsZ. Therefore, it is
possible that PC190723 is also able to bind the interdomain cleft of M. tuberculosis

FtsZ. This, however, is something that is yet to be tested.

The motion observed in the simulations using non-staphylococcal FtsZ might explain
the method for incorporation of PC190723 into the interdomain cleft of B. subtilis FtsZ.
As GDP occupies the NBD, the H7-helix relaxes and the loop shifts up (red loop in
Figure 5.8), blocking access to the lower part of the interdomain cleft and T7-loop and
therefore would most likely block PC190723 from entering. With the binding of GTP
to the protein, the H7-helix twists towards the back of the protein and the T7-loop once
again shifts down; allowing access to the lower part of the interdomain cleft and T7-
loop (Figure 5.8), consequently opening up enough space for PC190723 to slot itself in
and bind. Added to that, the work conducted by Miguel et al. provided additional
information as to why PC190723 also binds B. subtilis FtsZ. They found that the
interdomain cleft chemical environment of the B. subtilis structure is very similar to
that of S. aureus FtsZ (135), which further facilitates the binding of PC190723 to B.

subtilis FtsZ. Therefore, we can conclude that the binding of PC190723 to FtsZ species
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requires both sufficient accessibility of the interdomain cleft and also the appropriate

chemical environment for binding.

Molecular dynamics simulation conducted with S. aureus FtsZ structures revealed a
slightly different mechanism to that of the non-Staphylococcal FtsZ. The opening and
closing movement of the S. aureus FtsZ protein can be described as that of a sliding
door, which is also caused by the twisting of the H7-helix (Figure 5.9). The N- and C-
termini were observed to move closer to the central H7-helix when bound to GDP and
move away from the H7-helix when bound to GTP (Figure 5.9). As a result, the opening
size of the interdomain cleft changes (Figure 5.10). A molecular dynamics study
conducted by Miguel et al. (135) proposed that PC190723 binds with higher affinity to
GTP-bound S. aureus FtsZ compared to GDP-bound. The data obtained in this study
provides a possible explanation for this as the GTP-bound S. aureus FtsZ adopted a
wider opening of the interdomain cleft than the GDP-bound structure, facilitating

PC190723 binding within the cleft.
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GDP-bound

Close > Open

Figure 5.9: Conformational change of S. aureus FtsZ when bound to
nucleotides and an inhibitor. Molecular dynamics simulation using the GTP-
(PDB: 3WGN) and GDP-bound (PDB: 3VOA and 3VOS) S. aureus FtsZ structures
revealed a sliding-door movement of the N- and C-terminus of the protein; opening and
closing the area around the central H7-helix (indicated by arrows). The binding of
PC190723 (PDB: 3VOB) in the interdomain cleft inhibits the ability of the GDP-bound
FtsZ structure to form the closed-conformation. The orientation of the protein structures
is all the same, looking from the top of the protein. The structural change caused by the
opening and closing movement of the protein structures could give out an illusion that
the orientation in the different panels are not the same.
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Figure 5.10: Conformational change of S. aureus FtsZ. Blue and gray coloured
structures represent snapshots of S. aureus FtsZ taken at 150 ps and 300 ps, respectively.
Opening size of the interdomain cleft changed from 20 A to 18 A (green numbers). The
H7-helix was twisted at 150 ps, stretching the opening size of the interdomain cleft to
~20 A. As the H7-helix relaxes at 300 ps, the interdomain cleft opening size decreased
to ~18 A. GDP is represented as coloured sticks and the T7-loop is coloured orange.
Calcium is represented as green balls.

Molecular dynamics simulation was also conducted with the PC190723-bound S.
aureus FtsZ structure. During the simulation, it was observed that the presence of
PC190723 in the interdomain cleft of S. aureus FtsZ did not allow the protein to form
the closed conformation, forcing it to continuously adopt the open conformation (Figure
5.9). As a result, the mechanism of inhibition of S. aureus FtsZ by PC190723 is

proposed to entail permanently locking the protein in the open conformation.
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5.3 Conclusion

In this study, superimposition of the tertiary structure of FtsZ proteins from multiple
bacterial species revealed that staphylococcal and non-staphylococcal FtsZ are
structurally different based on the H7 helix curvature, as well as the organisation of -
sheets at the C-terminus. This has implications in drug discovery in that it cannot be
assumed that compounds which are effective against, for example, the staphylococcal
FtsZ, will also hit the non-staphylococcal FtsZ. In addition, this study has also
demonstrated that if a compound binds to one of the non-staphylococcal FtsZ, it does
not mean that it will hit every non-staphylococcal FtsZ as binding sites are likely to
vary. However, that is not to say that it is impossible to create compounds with broad-
spectrum activity, as this study has also shown that some binding sites, such as the NBD,
are conserved betweenthe FtsZ proteins. Most importantly, this study has shown that
there is variability in the accessibility of the interdomain cleft and T7-loop between the
FtsZ proteins. Most of the published FtsZ inhibitors are known to hit one of the three
known druggable regions on FtsZ, the NBD, the interdomain cleft or the T7-loop. This
study has shed some light into other possible binding sites on FtsZ, such as the area
surrounding the NBD and T6-loop. Such information is vital and can be utilized to
produce broad-spectrum antibiotics and identify opportunities for the exploration of
new chemical space which can be used to target the new binding sites proposed in this

study.
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Chapter 6 - Fragment-based drug

discovery using FtsZ as a target
6.1 Introduction

Studies of bacterial cell division inhibitors have mainly focused around FtsZ, as it is
essential and highly conserved amongst bacteria. Furthermore, there are currently three
potential drug binding regions on FtsZ termed “druggable regions” (the NBD (131), the
interdomain cleft (133), and the T7-loop (132); see Figure 5.1 in Chapter 5) which
many of the reported FtsZ inhibitors have been shown to bind to (Refer to Table 1 of
Chapter 1). Refer to Chapter 1 Section 1.6 and Chapter 5 Section 5.1 for more in-depth

information on these regions.

6.1.1 Inhibitors of FtsZ

Until today, many FtsZ inhibitors have been identified using the conventional high-
throughput screening (HTS) of compounds (266) or rational drug design. These method
has been the go-to approach for identifying lead compounds in antibacterial drug
discovery projects o» However, the major problem was that hits identified from HTS
screening are functionally complex and make numerous but low-quality interactions
(268). Due to this, HTS screening provided very few hits (0.1 %) «s.-vand yielded false
positives . There is a high attrition rate in HTS. It is estimated that the number of
possible drug-like molecules is around 10% (272) and HTS typically utilises a library
of 10 million compounds, which seems rather paltry (273). A review by Payne et al.
suggested that antibacterial drug discovery shift efforts towards chemically diverse
libraries as sources of new antibacterials (120) and this is where fragment-based drug

discovery (FBDD) enters.

168



6.1.2 Fragment-based drug discovery

Rather than screening millions of compounds to find hit compounds, FBDD begins with
much smaller collections of chemically diverse inactive smaller molecules termed
fragments, which can subsequently be assembled into active compounds (273). The
method usually has a hit-rate of 30 to 50 times-higher than HTS (270). Furthermore,
since the method utilises small molecules, it is possible to take advantage of the
approach for use in identifying binding pockets on a target protein in which its

druggable binding pocket is yet to be determined.

To ensure the likelihood of developing a lead compound, the fragments should be
compliant to the “rule of three”, which states that a fragment should not exceed a
molecular weight of 300 Da. Other filtering criteria such as H-bond donors < 3 and H-
bond acceptors < 3 and cLogP < 3 should also be considered to ensure high aqueous
solubility during screening (268, 274). Furthermore, this would ensure that the
assembled molecule is complying with the “rule of five”. The “rule of five” is another
filtering criteria developed by Lipinski and it is used to evaluate the drug-like properties
of a molecule. The “rule of five” states that a compound should not exceed a molecular
weight of 500 Da, have H-bond donors < 5, H-bond acceptors < 10, and high aqueous
solubility (cLogP < 5) (275). Since these fragments are small, it is common for them to
have weak binding affinity; usually in the millimolar (mM) or high micromolar (uM)
range. Therefore, high-resolution screening methods such as NMR and X-ray
crystallography can be used to provide the precise location and orientation of each

binding fragment in the protein pocket (276).
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6.1.3 Requirements for a successful FBDD project

A successful FBDD program needs to meet several criteria. These include the
requirement of a biomolecular target protein that is relatively stable and can be
produced in milligram quantities, a well-constructed fragment library (277), one or
more robust biophysical screening methods (278), and access to medicinal chemistry
expertise to develop promising hits. A high-resolution structure of the target protein,
determined by either X-ray crystallography or NMR spectroscopy, is a significant
advantage. Equally important is high-quality structural information on the binding
pose(s) of elaborated fragments as this is required to guide medicinal chemistry
optimization. While this information can be obtained using X-ray crystallography (279,
280), there are numerous examples where visualization of the bound ligand in this way
is not feasible because crystallization of the ligand-target complex is too slow or not

feasible.

Examples of successful FBDD programs can be seen in the development of the drug
Vemurafenib, a B-Raf (V600E) inhibitor developed by Plexxikon (Berkeley, CA, USA)
for late-stage melanoma (281), and Venetoclax (ABT-199), as shown in Figure 6.1,
which inhibits the interaction of Bel-2 with its protein partners (282, 283). The FBDD
approach has mostly been utilized in the discovery of anti-cancer drugs but this
approach has also been utilized in the discovery of several antibacterials (284). Such
examples include the amino-oxazole inhibiting Gram-negative biotin carboxylase (285)
and the inhibitors of protein tyrosine phosphatase PtpA or antigen 85C of M.

tuberculosis (Figure 6.2) (286, 287).
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Vemurafenib

Venetoclax
Figure 6.1: Chemical structure of Vemurafenib and Venetoclax. These two

compounds were successfully created through fragment-based drug discovery as anti-
cancer drugs.
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Figure 6.2: Examples of antibacterials that were developed from
fragment-based drug discovery. Amino-oxazole is known to inhibit Gram-

negative carboxylases. Meanwhile compound 38 and n-octylthioglucoside inhibits
protein tyrosine phosphatase PtpA and antigen 85C of Mycobacterium tuberculosis.

6.1.4 Fragment-based drug screening using NMR
The FBDD process is summarized in Figure 6.3 and usually starts with screening a
cocktail of ~1000 fragments for weak binding to the protein of interest using either

STD-NMR or X-ray crystallography. After the first screening, the fragments carried
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forward are further filtered in a follow-up screen using a method called triple-ligand
detect. This method consists of three sets of independent NMR experiments: Water-
Ligand Observed via Gradient SpectroscopY (Water-LOGSY); Carr, Purcell,
Meibloom and Gill (CPMG) and STD; all of which record fragment spectra by utilising
different properties of the sample. WaterLOGSY detects binding through the transfer
of magnetisation from the water molecules to the ligand bound to the protein (288, 289).
STD uses a pulse to saturate signals from methyl groups in the protein. The disturbance
in magnetisation is then transferred to the bound ligand, with the resulting difference
spectrum only showing a peak of the ligand when this binds to the protein target (288,
290). Finally, CPMG is a relaxation-time-edited NMR experiment that exploits
differences in transverse relaxation time (T2) (288, 291). Proteins (and bound ligands)
have a small T, while free ligands have a large T>. Thus, T> binding can be detected
when the signal of the ligand decreases. After going through the filtering process, the
lead fragments are then able to be chemically linked together through a series of
reactions to produce whole ligands, using methods known as ‘fragment-linking’ and

‘fragment-growth’.
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Figure 6.3: Typical schematic of fragment-based drug discovery. Primary
screening is conducted by mixing the target protein to fragment libraries and then
screening using several methods such as nuclear magnetic resonance (NMR) and
thermal shift. Secondary screening of initial hits obtained in the primary screening is
conducted with three independent NMR experiments known as Water-LOGSY, STD
and CPMG. The binding affinity of the fragment leads obtained in the second screen is
calculated using methods such as isothermal titration calorimetry (ITC) and surface
plasmon resonance (SPR) while structure determination is carried out using X-ray
crystallography. Further derivatisation of the fragments is conducted in three stages: in
silico design, chemical synthesis and biological evaluation. The figure is adapted from
(288).

6.1.5 Producing compounds by fragment-linking and -growing

Fragment-linking is the process whereby two or more fragments which occupy the “hot
spots” in a protein binding pocket are linked together covalently, either directly or
through a molecular linker, to afford a more potent compound (292) (Figure 6.4). An

alternative approach known as ‘fragment-growth’ is also possible (Figure 6.5). This is
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a process whereby the fragment hits are grown through chemical manipulation to fill

the space within a binding pocket (292).

Figure 6.4: The process of fragment linking. (1) Fragment 1 binds to the receptor
at “hot spot 1”. (2) Fragment 2 binds to the same receptor at an adjacent “hot spot 2”.
(3) Fragments are joined by a molecular linker to form a lead molecule with high
binding affinity. Figure was adapted from (292).

Figure 6.5: The process of fragment growth. (1) Fragment 1 binds to the receptor
at “hot spot 1”. (2) The lead molecule is evolved by building away from the starting
fragment (fragment 1) and making good contact with the upper surface and then by
growing into a “hot spot 2”. Figure was adapted from (292).

There are two things that need to be considered before fragments can be used in the
linking and/or growing process. The first is the location and orientation of the fragment
binding to the protein (274). This usually needs a very well established understanding

of the structural information of the target (274). Using NMR, this is identified by

174



mixing the fragment with a labelled protein that already had its signals identified. The
other thing to consider is the synthetic feasibility of the obtained fragments to be linked

or grown using chemistry approaches (274).

This chapter aimed at using a fragment-based drug discovery method to firstly identify
other possible binding pockets within FtsZ which were identified in the previous
chapter, as well as understand how the fragment hits bind the target FtsZ. As a proof of
concept, this was carried out using NMR screening of a fragment library containing
~1000 fragments against B. subtilis FtsZ protein. Once the hit fragments have been
identified, they will be used in subsequent X-ray crystallography structural analysis of
fragment binding in the protein pocket. This would then be used in future elaboration

of the fragment into active compounds which specifically target FtsZ.
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6.2 Results: fragment-based drug discovery using B.
subtilis FtsZ as the target

6.2.1 Bioinformatically identifying the mutation AI182E on B. subtilis FtsZ structure

The initial work for this chapter was to use B. subtilis FtsZ in screening fragment
libraries consisting of 1140 fragments via 3D-NMR structure elucidation. As wild-type
FtsZ is known to self-associate and form polymers, it was observed by our collaborator
in Brazil (Frederico José Gueiros Filho) and at University of Sydney (Joel Mackay) that
this property inhibited the protein signal during data acquisition in 3D-NMR. Our
collaborator in Brazil had designed a B. subtilis FtsZ which lacks the ability to
polymerise while retaining the ability to bind nucleotides by introducing a mutation of
alanine to glutamate at position 182 (A182E). As a result, this mutation causes the B.
subtilis FtsZ to stay monomeric instead of forming polymers. The monomer of FtsZ is
necessary for data collection during the TROSY- HSQC NMR experiments as it will
allow the detection of the signal produced during experiment. To ensure the mutation
of the B. subtilis FtsZ does not affect the binding of fragments in any of the druggable
regions on the protein, the location of the substituted amino acid was checked (Figure
6.6). Its location was found to be at the top of the H7-helix (the yellow coloured region
in Figure 6.6) and was therefore considered not to affect or interfere with binding sites
as the protein is still able to bind nucleotides. The ability of the mutant protein to bind
nucleotide was indeed demonstrated through TROSY-HSQC NMR experiments and is

covered in a later section.
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Nucleotide-binding
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Figure 6.6: Indication of the A182E mutation position in the B. subtilis
FtsZ. X-ray crystal structure is 2RHL (190). The mutation (yellow coloured region)
on the protein is located away from the druggable regions on the protein and will most
likely not affect its binding pockets, which are labelled as nucleotide-binding domain,
interdomain cleft and T7-loop.

6.2.2 Initial fragment-based drug screening

The primary and secondary fragment screen was conducted at the University of Sydney
using NMR as a service provided by Professor Joel Mackay and Dr Lorna Wilkinson-
White (Sydney FBDD Facility within the Sydney Analytical Core Facility, University
of Sydney). As stated above, wild-type B. subtilis FtsZ protein readily forms polymer
and would hinder signal acquisition during the TROSY-HSQC NMR experiment,
which was planned as a part of the screening process. Therefore, to avoid such problem,
initial screening was conducted using a mutant B. subtilis FtsZ protein. The first

fragment-screen was conducted with a purified B. subtilis FtsZ'3'> A182E (purified as
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described in Chapter 2 Section 2.2.2.7) against a library of 1140 fragments, which was
developed by the medicinal chemists at Monash Fragment Platform, Monash
University. The cut-off value determining a “hit” in the first screen and subsequent
screening was set based on previous experiments by the medicinal chemists at Monash
Fragment Platform, Monash University. The cut-off values for STD-NMR, Water-
LOGSY and CPMG-NMR are set to be in the range of saturate transfer difference
percentage (STD (%)) 4 — 8%, negative-signal change to flat- and/or positive-signal
and 20 — 50% signal reduction, respectively. The precise cut-off value for these three
experiments is determined by strength of the ligand to bind the target protein and the
signal intensity the ligands are able to produce. As the strength of the ligand used in
this study were weak and the signal intensities produced by the ligand were low, cut-
off values chosen in this study are that of the lower-end of the spectrum. Also, negative
control for all the initial screening was just the fragment alone and signal produced
from the negative control was compared with signals created by the fragment when

mixed with the protein to identify binding (Figure 6.7).

In the first screening the fragments were divided into three separate 96-welled plates,
with each well containing five fragments. “Hit” fragments were determined when the
STD (%) of 7% and above is obtained, which indicates that the fragment interacts with
the protein. From the three trays, a total of 72 fragments were identified as hits and
these were subsequently refined in a second screening to confirm the validity of each

fragment as a hit.

The further refinement was conducted in the second screen by utilising the B. subtilis
FtsZ A182E protein in a method called triple-ligand detect. The fragment that shows

signal changes in at least two of the three triple-ligand detect experiments are
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considered to be a hit from the refinement second screening. The signal change cut-off

value to be considered a hit for the three experiments are as follows (Figure 6.7);

Water-LOGSY': the negative-signal produced by the fragment alone changes to
a positive-signal when bound to the protein. A flat-signal is also an indication
of binding, but strong binding will be detected as a negative- to positive-signal
change.

CPMG-NMR: a 30% decrease or more of the fragment peak size when bound
to the protein. Since fragments are small moieties which bind weakly, the 30%
cut-off was deemed as the appropriate amount of signal change to signify the
binding of fragments to protein.

STD-NMR: a signal change of more than and/or equal to 4% between the

fragment only and fragment-protein spectra.
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Figure 6.7: Cut-off value for determining “hit” fragments in the triple-
ligand detect experiments. In Water-LOGSY NMR experiments, the binding of
the fragment to protein is signified by the change of the negative signal to either a flat
or positive signal, with a positive signal indicating strong binding. In CPMG-NMR
binding of the fragment to protein is signified as a signal decrease by at least 30% while
in STD-NMR a signal change of more than and/or equal to 5% is needed to be
considered as “binding”. In STD-NMR another spectrum termed internal reference is
usually included to show the expected fragment signal when binding is observed, which
has a similar purpose to that of a positive control.

The second screen using the triple-ligand detect method identified 16 of the 72
fragments to be hit fragments. These 16 fragments were further refined in a transverse
relaxation optimized spectroscopy-heteronuclear single quantum coherence (TROSY -
HSQC) experiment using '°N-labelled B. subtilis FtsZ A182E. The °N-labelled protein
was purified by the PhD student and is described in Chapter 2 Section 2.2.2.7. TROSY-
HSQC experiment requires the use of '’N-labelled B. subtilis FtsZ, which allows for
the detection of ’N-chemical shifts (8) of amino acid residues in the protein binding

pocket. The change in the observed chemical shifts (8) indicates the modified chemical
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environment of the amino acid residues, and hence the conformation or environment of
the pocket. This modification is due to the binding of the fragment. The experiment,
therefore, directly investigates the changing of protein binding pocket due to ligand
binding. Since our Brazilian collaborator has already assigned 80 % of the amino acid
signals in the mutant B. subtilis protein, the signal change between the protein and
protein-fragment spectra which indicates binding, will also inform the precise binding
location of the “hit” fragments as each signal observed represents a single amino acid

in the binding pocket.

For the ease of explaining the NMR experimental data, this paragraph will briefly
explain the amino acids on FtsZ that are involved in both GDP- and PC190723-binding.
GDP-binding in the B. subtilis FtsZ structure is facilitated by amino acids: G20 G21
G22 N25 G104 M105 G107 G108 T109 G110 E139 R143 F183 A186 D187 while
PC190723-binding in the S. aureus structure is facilitated by amino acids: G196 D199
L200 V203 V207 N208 L209 M226 1228 N263 T296 V297 T309 V310 1311. The
PC190723-binding region in the B. subtilis FtsZ is very similar to that of the S. aureus
PC190723-binding region with a slight variation at amino acid 207 and 296. In B.
subtilis FtsZ, V207 and T296 is changed to 1207 and S296, respectively. Although these
are different amino acids, the change of these amino acids does not result in the change
of the chemical environment of the pocket as these are all neutral amino acids.
Therefore, changes in the chemical shifts observed with these amino acids will be

informative for the fragments binding in either the NBD and/or interdomain cleft.
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6.2.3 TROSY-HSQC screen with "°N labelled B. subtilis FtsZ'="° A182E

The 16 fragment hits obtained in the second screening were further validated using
TROSY-HSQC. The screening identified 4 of the 16 fragments causing the strongest
signal change of the protein chemical signals in the TROSY-HSQC NMR. These are
fragments 1, 3, 4 and 14 and the strong signal change indicates these four fragments are
the best binders. Fragment 4 was seen to cause shifts in chemical signals similar to
fragment 1, but with a smaller change in the chemical signals. Similarly, fragment 14
has a similar signal profile to that of fragment 1, but with a slightly weaker change in
comparison to the chemical signals of fragment 1. This indicates that both fragment 4
and 14 might bind to FtsZ with a similar affinity to fragment 1. A list of amino acids
which experienced chemical shifts upon the binding of fragment 1, 3, 4 and 14 are listed
in Table 6.1. Mapping these amino acids signals onto the B. subtilis FtsZ protein
structure suggests that the four fragments are binding the NBD and/or the interdomain

cleft (Figure 6.8).

Table 6.1: Mutant B. subtilis FtsZ amino acid residues which changed upon
fragment binding during the TROSY-HSQC experiment.

Fragment
1&4 3 14
T45 G46 G62 G68V(;I;g G62 G68 V101
K58 G62 G68 G78 Q192 G193 V194 Q195 V129 G130
L127 G196 1197 M226 G227 Vi32 G193 V194
V129 G130 V132 G193 1228 T265 $296 V307~ Q195 G196 1197 G227
V194 Q195 G196 S198 T309 228 G229 L261 T265
G266 V308

Amino acids located in the nucleotide-binding domain and interdomain cleft is coloured
orange and magenta, respectively.
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Figure 6.8: Mapping the binding location of the four hit fragments on the
B. subtilis FtsZ crystal structure. Fragment 1, 3, 4 and 14 were observed to cause
the strongest change in the amino acid chemical shifts (8) in the second screening.
Mapping the chemical shifts of these four fragments onto the B. subtilis FtsZ crystal

structure suggests that they bind the nucleotide-binding domain (orange) and
interdomain cleft (magenta) of the B. subtilis FtsZ.
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The signal change indicates that the four fragments are binding the NBD and/or the
interdomain cleft. However, as the binding of molecules to proteins are usually very
specific, these fragments were hypothesised to selectively bind to one pocket over the
other. Therefore, to identify which of the two regions of FtsZ the four fragments prefer
to occupy, competition experiments using GDP were conducted. From this point

onwards, the experiments were performed entirely by the PhD student.

6.2.4 HSQC-NMR competition experiment using B. subtilis FtsZ!1° 4182E

To conduct the GDP competition experiment (method is described in Chapter 2 Section
2.2.4), the four fragments were obtained commercially. Unfortunately, fragment 4 was
unavailable, therefore the competition experiments were conducted with only three of

the fragments (fragments 1, 3 and 14).

Determination of fragment binding to FtsZ using TROSY-HSQC was defined as a
change in FtsZ amino acid signals, determined by a difference in chemical shifts (Ad)
created by the protein alone (negative control), protein with GDP (positive control),
protein with fragment and protein with both fragment and GDP (Figure 6.9). The
TROSY-HSQC experiments of protein alone, protein plus the fragment and protein plus
GDP were run separately and used as references chemical shifts-map; much like that of
a GPS, of the amino acids at the binding pockets. The TROSY-HSQC experiment
involving protein with fragment and GDP was acquired in the fourth experiment.
Amino acids observed to experience a change in their chemical shifts during the

competition experiment are listed in Table 6.2.
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Table 6.2: Amino acid of mutant B. subtilis FtsZ which experienced a change in
their signals upon the addition of fragments and GDP.

Fragment 1 Fragment 3 Fragment 14
Cl
N . 0
Py /\/ Ny
I
HO cl
G62 G68 G5 Q36 L127 G62
L127 1162 V163 Q195 | V129 G130 D159 L127 V129 1151

G196 1217 S219 M226 G227 | V163 N176 G193 G196 D159 1164 G193 G196
A231 T265 E300 E305 1311 | S219 M226 G227 G229 S219 G227 1228 E305
A312 T265 N299 E305 A312 A312

Amino acids located in the nucleotide-binding domain and interdomain cleft is coloured
orange and magenta, respectively.

Spectrum observed with fragment 1 and 3 saw that majority of changes to the protein
signals are for amino acids located in the interdomain cleft and these are Q195, G196,
M226, G227, G229, A231, T265,N299, E305, 311 and A312. This indicates that these
two fragments prefer to occupy this druggable pocket of B. subtilis FtsZ'>!> A182E
(Figure 6.10). Meanwhile, spectra obtained with fragment 14 showed that the signal
changes were in amino acids located in both the NBD and interdomain cleft and these
are G21, G22, G23, G104, G106, G193, G196, G227, 1228 and A312 (purple coloured
region in Figure 6.10). This indicates that fragment 14 might be utilised in creating

compounds which target the NBD or interdomain cleft.

One interesting observation, however, is that the addition of GDP during the
competition experiment did not hinder the binding of fragment 14 with the amino acids
which are part of the NBD itself and these are G21, G22, G23, G104 and G106.
Mapping these amino acids shows that they are located towards the front of the NBD
(Figure 6.10). This points to the possibility that fragment 14 is binding in a newly
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discovered region that is located towards the front of the NBD and therefore,
confirming one of the pockets that was suggested to be a possible binding pocket in
Chapter 5 (arrow 3 and 4 in Figure 5.5 of Chapter 5). This is an exciting discovery as

this will be the first study to identify a new possible targetable pocket on FtsZ.
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Figure 6.9: An example spectrum showing fragment binding to B. subtilis
FtsZ!-315 A182E. Spectra coloured in red represents FtsZ amino acids and spectra
coloured in purple is FtsZ bound to GDP. Orange spectra represents FtsZ with fragment
and turquoise spectra represents FtsZ with fragment and GDP. Changes to chemical
shift was determined when the peaks of the same amino acid between the spectrum are
observed to be separated, as seen with the red and orange peaks of amino acid G196.
The chemical shift of F211 is an example of the “no-change” in signal observed when
no fragment is binding with the amino acid.
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Figure 6.10: The preferred binding site of fragment 1, 3 and 14 on the B. subtilis FtsZ'-3'5 A182E. The whole protein is coloured
in cream and amino acids which were observed to experience a signal change during the competition TROSY-HSQC experiment are coloured in
purple. Fragment 1 and 3 prefer to occupy the interdomain cleft while fragment 14 can occupy the interdomain cleft and area towards the front of
the NBD.
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X-ray crystallography is the best way to identify how the fragments binds and orientate
itself when bound to FtsZ and it is the wild-type not mutant protein (as was used in the
NMR screening experiment) that is of interest since the goal of the project is targeting
this form of FtsZ. Prior to undertaking crystallography, it is important to firstly confirm
that the fragments also bind the wild-type protein and this is discussed below. In order
to test this and also conduct the crystallography experiments, a wild-type B. subtilis
protein construct is needed and, based on currently published FtsZ structures, it was
deemed necessary to remove the first eleven amino acids, as well as the C-terminus
disordered region as this would greatly help in the crystallization of the protein. As a

result, this will allow isolation of the wild-type B. subtilis FtsZ!>31

protein, which is
described below. Plasmid creation is described in Chapter 2 Section 2.2.1.3 to Chapter

2 Section 2.2.1.6.

6.2.5 Overproduction and purification of wild-type B. subtilis FtsZ!?1

To overproduce the B. subtilis FtsZ!'>31

protein, plasmid pETMCSI encoding the
protein was transformed into electrocompetent E. coli BL21-Al cells and selected on
LB plates containing ampicillin. Growth and overproduction conditions are described
in Chapter 2 Section 2.2.2.7. Cell lysates prepared from cells harvested both before and
after induction were analysed on a 12% SDS-PAGE (Figure 6.11). An intensely-stained
band having an estimated molecular mass of ~30 kDa (denoted by arrow in Figure 6.11)
was present only in the induced and soluble lane; lane denoted as [ and S in Figure 6.11,

respectively. With the protein being overproduced and soluble, the process was

upscaled to 3 L and the protein purified.
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. Lysozyme
*

Figure 6.11: Overproduction of wild-type B. subtilis FtsZ'2-3!5, Induction to
overproduce the wild-type B. subtilis FtsZ'>'° was conducted at 10°C and it showed
overproduction (arrow); which is depicted as a thick band at the size of ~30 kDa in the
induced lane (I). The protein was also seen to be soluble as it is present in the soluble
lane (S). The thick band towards the bottom of the soluble lane is lysozyme, as it was
used to lyse the cells when separating the soluble and insoluble (IS) fraction of the cell
lysate.

Purification of the protein is described in Chapter 2 Section 2.2.2.7. During the final
purification step using the size exclusion chromatography column, two distinct peaks
were observed in the chromatogram and analysing the samples corresponding to these
two peaks on SDS-PAGE showed that both peaks contained the overproduced wild-
type B. subtilis FtsZ'**1 (pointed by the arrow in Figure 6.12). Samples from each peak
was collected separately and then individually concentrated using a vivaspin column.
Sample under peak 1 and 2 was concentrated to 13.5 mg/mL and 10.7 mg/mL,
respectively. To understand if both samples are the same or different species, 50 pL of
each concentrated sample was injected onto a small size exclusion column (Superdex™

75 Increase 10/300 GL) (data not shown). The result showed that there are two species
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of protein, with one species eluting faster than the other species. This is a common
phenomenon of purifying wild-type FtsZ as it forms oligomers (293). Analysis of the
concentrated protein sample on a 12% SDS-PAGE gel from both peak 1 and peak 2
showed that protein sample from peak 2 contains less contaminants than the sample in
peak 1 (Figure 6.13). Therefore, samples prepared from peak 2 were tested in a GTPase
assay to assess its functionality and hence its folding and subsequently used in
experiments to identify binding of the hit fragments with the wild-type protein using
NMR. This will be followed by a co-crystallization of the fragments with the wild-type

protein to understand how the fragments bind to the protein.
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Figure 6.12: Chromatogram and SDS-PAGE of size exclusion
chromatography during the purification of wild-type B. subtilis FtsZ'*
315, Two peaks were observed during the size exclusion step of purifying the wild-type
B. subtilis FtsZ'?315, Peak 1 is boxed in red and peak 2 in green. Fractions
corresponding to these two peaks were analysed on SDS-PAGE gel and fractions
corresponding to peak 1 and 2 are boxed in red and green, respectively. The
overproduced protein (pointed by the arrow) is present in both peaks.

191



Peak 1 Peak 2

IO 17100 11000 1710 000 V2 110 1100 171000 1710000

12

50
40

30
20

15
10

Figure 6.13: Concentrated protein sample of wild-type B. subtilis FtsZ'*
315 from peak 1 and peak 2. Samples from both peak 1 and peak 2 were
concentrated separately and a small aliquot of it was diluted and analysed on a 12%
SDS-PAGE gel to check its profile. Sample from peak 2 contained less contaminants
than the sample from peak 1. The overexpressed protein is denoted by the arrow.

6.2.6 Functional assay using a GTPase kit with the wild-type B. subtilis FtsZ!?31

Preceding carrying out the GTPase assay, the protein sample was tested for inorganic
phosphate contamination by adding malachite green to the sample (Figure 6.14). The
assay relies on the binding of the dye to the free phosphate generated when GTP is
hydrolysed to GDP. The binding of the dye to the free phosphate causes a colour change
from orange to green. Since the colour change is caused by the dye binding to free
phosphate, this can also be used to qualitatively check for phosphate contamination in
the protein sample. Addition of the dye to the purified FtsZ protein sample did not turn
the sample green but stayed a yellow/orange colour, indicating that the purified FtsZ
sample is free from phosphate contamination. Meanwhile, spiking the FtsZ sample with

20 uM inorganic phosphate turned the solution green, which indicates the presence of
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free inorganic phosphate. Therefore, the phosphate detected during the assay will be

due to the release of free phosphate through the hydrolysis of GTP to GDP by FtsZ.

FtsZ FtsZ + Pi Pi Bufter

Figure 6.14: Testing the protein sample for phosphate contamination
using malachite green. Addition of the malachite green dye to the protein sample
(FtsZ) produced a yellow colour, indicating an absence of free inorganic phosphate,
abbreviated as Pi. Meanwhile, the protein sample spiked with 20 uM Pi (FtsZ + Pi)
produced a green colour when mixed with the malachite green dye, indicating the
presence of free Pi. The positive control was the solution with 20 uM Pi (Pi), while the
negative control was protein buffer alone (Buffer).

The GTPase assay was conducted by, firstly, creating a standard curve and conducting
a comparison of free phosphate released by three different protein concentrations (2.7
uM, 5.4 uM and 10.8 uM). These concentrations were chosen based on the published
study by Wang and Lutkenhaus (294), that showed 2.7 uM was the lowest B. subtilis
FtsZ concentration for detecting GTPase activity. The absorbance values at 650 nm
from the three protein concentrations (2.7, 5.4 and 10.8 uM) were within the linear
portion of the constructed standard curve and correspond to the production of 21, 33

and 50 uM of free inorganic phosphate, respectively.
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The specific activity of wild-type B. subtilis FtsZ'?>>'> protein at concentrations of 2.7
puM (0.1 mg/mL), 5.4 uM (0.17 mg/mL) and 10.8 uM (0.34 mg/mL) were calculated to
be 4.6, 1.6 and 0.6 pmol min™' mg™! (Figure 6.15), respectively and is within the range
stated in literature for B. subtilis FtsZ (for 0.1 — 0.18 mg/mL of B. subtilis FtsZ, specific
activity is 1.3 — 9.3 umol min! mg™!) (294). Since the buffer used in this experiment
contained no potassium chloride and only minimal amount of GTP was used (0.25 mM),
the observed decrease in specific activity while increasing the protein concentration can
be attributed to the bundling of FtsZ filaments under low potassium chloride
concentration, as well as, low amount of GTP. This was shown to be because the
subunit turnover rate of GTP-FtsZ polymer is dependent on potassium and not its
hydrolysis rate (295). This can be addressed by providing excess GTP (2 mM) to the
system and also increasing the potassium chloride concentration (296). This avenue,
however, was not pursued further as the objective of conducting the GTPase assay was

212-315

to confirm the purified wild-type B. subtilis Fts is properly folded and functional

as well as suitable for use in downstream experiments.
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Figure 6.15: Calculated GTPase specific activity of wild-type B. subtilis
FtsZ!2-315 at different protein concentrations. The specific activity of wild-
type B. subtilis FtsZ'*'> was calculated to be 4.6, 1.6 and 0.6 pmol min' mg™!in three
different protein concentrations of 2.7, 5.4 and 10.8 puM, respectively. Error bars
represents standard deviation: + 0.6 for 2.7 uM, £ 0.1 for 5.4 uM and + 0.05 for 10.8
puM.n=3 and N = 3.

6.2.7 Triple-ligand detect experiment using wild-type B. subtilis FtsZ>="° to confirm
the binding of the fragment 1, 3 and 14 to the wild-type protein

Thus far, it is known that fragment 1, 3 and 14 bind the mutant B. subtilis protein but
whether these three fragments also bind the wild-type protein needed to be tested. Since
X-ray crystallography study was planned on using the wild-type B. subtilis FtsZ protein
due to it being more biologically relevant to use than the mutant protein, it is important
to know whether the three fragments also bind the wild-type protein. To answer this,
the binding of the three fragments to the wild-type protein was tested using the NMR
triple-ligand detect method. Since the wild-type FtsZ readily forms polymer which will
hinder signal acquisition, as previously observed by both our Brazilian and USyd
collaborator, the binding identification with the wild-type protein cannot be through the

protein. This was achieved by using the triple-ligand detect method as it allows for the
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detection of binding through the signals produced by the fragment and not through the
protein. The experiment was conducted by Dr Lorna White at the University of Sydney,

and this section will summarize the results obtained.

As discussed in Section 6.2.2, triple-ligand detect experiments focus on observing the
change in the signal produced by the fragment with and without protein, to signify the
binding of the fragment with the protein. Also, refer to Section 6.2.2 for cut-off values
to determine binding. For all the three fragments, Dr Lorna White was able to observe
signal changes in all three triple-ligand detect experiments (CPMG-NMR, Water-
LOGSY and STD-NMR). However, the signal change produced with the wild-type
protein was reduced relative to the signal change produced with the mutant protein
(Table 6.3). This might be attributed to the ability of the wild-type protein to polymerise
in solution and thus interfering with the signals obtained. Another possibility could be
that these three fragments bind the wild-type protein with less affinity compared to the
mutant protein. Nevertheless, the data obtained are suggestive of binding and therefore
it can be assured that fragment 1, 3 and 14 also bind the wild-type B. subtilis FtsZ'>31>,

With this question answered, it is now important to understand how the fragment is

binding to the protein. For this, crystallography was used and is discussed further below.
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Table 6.3: Comparison of triple-ligand detect experimental data between mutant
and wild-type B. subtilis FtsZ protein.

Fragment 1 Fragment 3 Fragment 14

ROU SN |

Ccl
HO

Mutant Wild-type Mutant Wild-type | Mutant | Wild-type

CPMG- 68% 50% 60% 60% 61% 55%
NMR* reduction reduction reduction reduction reduction | reduction

Water- | Turned to a 78% Turned to a 56% Turned to 50%
LOGSY*# | positive- reduction positive- reduction a flat- reduction

signal signal signal
STD- 5% 1.1% 4.9% 3% 2.6% 1.6%
NMR®@

* Binding confirmation with CPMG-NMR is when signal reduction is > 30%.

# Binding confirmation with Water-LOGSY is when the initial negative signal is
reduced to turn the signal into a flat- and/or positive-signal.

@ Binding confirmation with STD-NMR is when signal is > 4%.

6.2.8 Crystallization of wild-type B. subtilis FtsZ!*31°

To date, there are six B. subtilis FtsZ structures available in the Protein Data Bank. The
resolution of these structures ranged from 1.7 A to 2.5 A (143, 190, 191). As these
structures have been solved previously and that the conditions for obtaining high-
resolution structure is known, it was decided that crystallization of the wild-type protein
purified in this study be conducted using conditions which previously produced the 1.7
A B. subtilis FtsZ structure (0.2 M potassium citrate, 15-20% PEG 3350) (143). This
was initially tried but no crystals were successfully formed. There are many parameters
which affect crystallization (297). Nevertheless, there are several reasons which can

explain the inability to replicate the published crystal formation. Firstly, the protein in
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this study was purified differently from the purification method reported in the
published literature. Secondly, the final storage buffer used for the protein in this study
(20 mM Tris-HCI pH 7.74, 100 mM NacCl) is different to the one used in the published
literature (10 mM Tris-HCI pH 8.0). Thirdly, ambient temperatures of where the crystal
tray was stored also affect crystal formation and since the published literature did not
specify the temperature in which the crystals formed, it is possible that the tray in this
study was stored at a different temperature. Therefore, since there are practically many
variable parameters to trial, in the interest of time, it was deemed necessary that a full
screen be conducted using the crystal screening kits available at UTS which include:
JBS Classic 1-10, JBS JCSG++ 1-4, JBS Membrane 1-4, JBS Pentaerythritol 1-2, JBS
PACT++ 1-4 and JBS PEG Salt 1-4 (Jena Bioscience). This set of kits will screen 768
different crystallisation conditions. Crystal trays were set by the PhD student and is

described in Chapter 2 Section 2.2.5.

Conducting the crystal screen using the available kits proved to be fruitful. Around half
of the screening conditions produced crystals but only conditions which produced
single crystals with sharp edges are summarized in Table 6.4 as these are the type of

crystals which are of interest and more likely to diffract well.
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Table 6.4: Conditions which were identified to produce B. subtilis FtsZ'*3'5 crystal
with sharp edges.
Conditions Crystal photos

45% wiv
Pentaerythritol
propoxylate (5/4
PO/OH), 100 mM
HEPES pH 7.5

Protein concentration
at 10 mg/mL

20% w/v PEG 3350,
200 mM di-
Ammonium Tartrate

Protein concentration
at 10 mg/mL

20% w/v PEG 3350,
200 mM di-
Ammonium Tartrate

Protein concentration
at 5 mg/mL
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800 mM succinic acid
pH 7.0

Protein concentration
at 10 mg/mL

15% w/v PEG 3350,
100 mM succinic acid
pH 7.0

Protein concentration
at 5 mg/mL

20% w/v PEG 3350,
200mM Lithium
Acetate

Protein concentration
at 2 mg/mL
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1% w/v PEG 2000
MME, 100 mM
HEPES sodium salt
pH7.0,1.0M
succinic acid pH 7.0

Protein concentration
at 10 mg/mL

* Crystal condition which was pursued further using a gradient tray as it produced a
clear initial diffraction and was approximated to be resolvable to R = ~4 A.

A number of small crystals sized ~10 — 30 um were produced from the screening and
were analysed with X-ray at room temperature at University of New South Wales
(UNSW) with Dr Kate Michie to determine their diffraction pattern and the resolution
able to be produced by these crystals. After obtaining the diffraction pattern and
calculating the resolution that is able to be produced by the crystals using the software
Mosflm (298), it was determined that crystals produced under condition 15% w/v PEG
3350, 100 mM succinic acid pH 7.0 (Table 6.4) were suitable for further optimisation
as they produced a strong diffraction and predicted to able to be resolved to
approximately R =4 A (Figure 6.16). As this resolution is still low, further optimization
of the crystal is needed to obtain crystals that will resolve to at least R = 2 A. Such a
high-resolution structure is needed to observe very detailed changes on the protein
when binding to the fragments, as well as, because the subsequent handling of the
crystal will decrease the resolution of the crystal, hence it would be best to start with a

crystal that can produce high resolution structure.

Optimization was carried out by the PhD student by setting up a gradient tray which

contained the same components as the original conditions from the screen (succinic
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acid and PEG 3350) and making a range of concentrations of the components on a 96-
welled MRC plate. In this case, since the original condition was 15% w/v PEG 3350,
100 mM succinic acid pH 7.0, the gradient tray was set so that it contained 7.5% - 30%

w/v PEG 3350 and 50 — 200 mM succinic acid pH 7.0.
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Figure 6.16: Diffraction pattern produced by wild-type B. subtilis FtsZ!2-315 crystal. The crystal was formed under 15% w/v PEG
3350, 100 mM succinic acid pH 7.0 and it was able to produce strong diffraction pattern (clear black spots pointed by white arrows) and resolvable
toR=~4 A,

203



The original condition was optimized several times using the gradient tray and the
crystals were observed to increase in size with each optimization (Figure 6.17). The
condition which produced consistently big crystals (~100 — 150 um), that is, a condition
in which big crystals were observed in more than 90% of the well on the 96-well MRC

plate, was identified to be 55 — 75 mM succinic acid pH 7.0, 15 — 16% PEG 3350.

Figure 6.17: Optimization of crystallization condition of wild-type B.
subtilis FtsZ'?-315 protein resulted in the increase of crystal size. Crystals
were originally formed under 15% w/v PEG 3350, 100 mM succinic acid pH 7.0 (first
panel). Optimization of the said condition resulted in an increase of the crystal size,
with the biggest size crystals (~100 — 150 um) forming under 55 — 75 mM succinic acid
pH 7.0, 15 — 16% PEG 3350 (last panel). Scale bar is 100 pm.

The larger crystals obtained from the optimization were analysed with the X-ray beam
at UNSW at room temperature. They showed a very strong diffraction pattern which
was predicted by the software Mosflm to be resolvable to approximately 3.5 A (left
panel in Figure 6.18). Indexing this data identified the crystal of having a predicted
space group of P 1 and the cell dimensions of the crystal form are summarised in Table
6.5. This data indicates that this is a different crystal form than the reported ones, which
mean that it might not be resolvable to the same high-resolution as structures published

in the literature.
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Table 6.5: Cell dimension of the crystal form pursued in this study.

Length (A)* Angle (°)*
a 54.1 a 107.1
b 88.0 B 91.7
¢ 146.8 Y 89.9

* This crystal cell dimension is different from that of the crystal cell dimension
reported in the currently published structure.

Since X-rays are very damaging to the protein crystals (299), important structural data
gathering from the crystals are usually conducted in an environment under a slow
stream of liquid nitrogen and the crystals pre-coated with cryoprotectant prior to data
collection. In this study 20% glycerol was tested as the cryo-protectant as it was the
cryoprotectant used in the study which produced the 1.7 A B. subtilis FtsZ structure
(143). The result, however, showed that glycerol is not the correct cryoprotectant to use
as it greatly reduces the diffraction pattern of the crystal (right panel in Figure 6.18).
Therefore, further study will need to include a screening process to identify the correct

cryoprotectant to use.

Thus far, this result chapter has identified three lead fragments which bind to wild-type
B. subtilis FtsZ'*3'>, Competition NMR experiment suggests that two of the fragments
prefer to bind the interdomain cleft while another in the interdomain cleft as well as in
a newly discovered region that is towards the front of the NBD. Crystallography was
undertaken with the aim to understand the binding of these fragments to the protein.
Initial crystallography attempts produced good-sized crystals of wild-type B. subtilis
FtsZ!23'5 that created strong diffraction pattern and predicted to be resolvable to R=

~3.5 A. Unfortunately, higher resolution structure is needed to accurately solve the
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fragment-protein complex. Nevertheless, this result chapter is the beginning of an

exciting journey in the discovery process of new and novel antibacterials.
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Cryoprotected
with 20%
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Figure 6.18: The effect of using 20% glycerol as a cryoprotectant to the crystal diffraction pattern. Initial analysis was
conducted at room temperature and produced a strong diffraction pattern. The software Mosflm calculated this diffraction pattern to be resolvable
to approximately R = 3.5 A (left panel). Diffraction pattern was greatly reduced once the crystal was coated with 20% glycerol as a cryoprotectant
and the crystal analysed under a low stream of liquid nitrogen (right panel).
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6.3 Discussion

The FBDD started in this project is the first of its kind to use this approach with FtsZ as
the target. In this FBDD study, B. subtilis FtsZ was used as the target to identify firstly,
other possible binding pockets on FtsZ and secondly, identify fragment leads which are
able to be used for creating new antimicrobials with a novel mechanism of action. As
fragments are small molecules with a size range of ~150 — 250 Da (300), it was thought
that perhaps it was possible to identify other potential binding pockets within FtsZ that are
yet to be reported in the literature and also confirm the suggested binding sites proposed in
Chapter 5. Using NMR, four hit fragments were identified as lead fragments and by
conducting a competition NMR experiment on three of the four fragments, it was shown
that two of the fragments (fragment 1 and 3) prefer to occupy the interdomain cleft while
the other (fragment 14) can occupy both the NBD and interdomain cleft. Taking into
account the nature of the competition experiment with GDP, as well as analysis of the
TROSY-HSQC data obtained with fragment 14, it is possible that fragment 14 is actually
binding in a new pocket that is adjacent to the NBD. Thus confirming one of the pockets
suggested in Chapter 5. The next step will be to solve the fragment-protein complex using
X-ray crystallography, followed by the process of fragment growing or linking which will

make fragment 14 to be more selective, either towards the interdomain cleft or the NBD.

In terms of future prospect with fragment 14, it is possible to grow this fragment to co-
occupy both the NBD and the newly discovered pocket. As a result, this will potentially
inhibit the ability of FtsZ to polymerize since it is located near the NBD. At the same time,
any mutation obtained by the protein to combat any compound binding this region, will

need to be accommodated with a mutation at the T7-loop because the catalytic site of FtsZ
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is made complete through the insertion of the T7-loop of one monomer unit into the NBD
of another subunit. Therefore, since mutations on two regions of the protein is needed for
resistance, it will likely to decrease the rate of resistance appearing in comparison to the

resistance rate of mutation in just one region of the protein, as seen with PC190723.

Another possibility for targeting FtsZ is potentially through its dimer interface and a pocket
which may only be created through the coming together of two monomer units. These are
exciting avenues that are yet to be explored in the field and have the potential for baring
fruits. One may start looking into this through in silico analysis, like that presented in
chapter 5 and start analysing possible binding pockets on FtsZ dimer instead of monomers,
like in chapter 5. Another possibility is to clone and purify FtsZ dimers, which can be
carried out by making a plasmid construct that has two of the FtsZ sequence linked by a
linker region. The protein is then overexpressed and purified as a dimer. The protein is the
subsequently crystallized and utilised in fragment screening using crystals instead of NMR

as presented in this study.

The hit rate observed in this study (0.4%) was that of a typical fragment screen, which can
range from 0.2% to 62% (301). Hit rates can be increased by screening larger number of
fragments compared to the ones conducted in this study. Pharmaceutical companies such
as Novartis and Pfizer typically conduct their screening using 2500 — 3000 fragments (302,
303), while company such as AstraZeneca can screen up to 40,000 fragments (304).
Nevertheless, increasing the number of fragments being screened will not necessarily
increase the hit rate, but will definitely identify more fragments belonging to other

chemical space, which will allow the creation of new novel molecules that target FtsZ.
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One of the major caveats in using FtsZ for screening fragments and also identification of
fragment binding using 1D- and 2D-NMR was its intrinsic ability to polymerise. Therefore,
a mutant version of B. subtilis FtsZ was used to address this problem. As shown in this
chapter, the A182E mutation within the B. subtilis FtsZ stops the protein from polymerising
and it is probable that a mutation on other FtsZ species that is equivalent to the A182E
mutation on the B. subtilis FtsZ would be beneficial when attempting NMR studies with
this protein. Furthermore, based on the triple-ligand detect experiments, fragment hits
obtained through screening with the mutant version of the protein was seen to be
translateable to the wild-type version of the protein, allowing for convenience in both
screening and data gathering using both the wild-type and mutant version of the protein.
Although the wild-type protein was able to be used in the triple-ligand detect experiment,
it will not be viable to use this protein in the TROSY-HSQC NMR experiment, as its
polymerisation will hinder signal acquisition and hence showing further the importance of

actually using both the mutant and wild-type FtsZ in conducting FBDD with this protein.

Following identification of fragments hits, fragment optimization using fragment linking
and growing require structural information of how the hit fragments bind the target protein,
in this case FtsZ. This is important because high-quality structural information on the
binding orientation of the fragment in the protein is required for guiding medicinal chemists
during fragment linking/growing and elaboration to transform fragments into active
compounds. Furthermore, as the whole concept of FBDD is to create a compound which
specifically fits in the targetable pocket of the interested protein, the importance of
structural information when conducting fragment optimization is even more apparent. In

this study crystallography was attempted with the wild-type B. subtilis FtsZ'>'> and the
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crystals obtained was predicted by the software Mosflm to be able to produce a structure
with a resolution of approximately R = 3.5 A. This resolution, however, is lower than any
of the published B. subtilis FtsZ structures (R = 1.7 — 2.45 A) and therefore will not be
adequate for undertaking structural determination of the fragment with the protein as this
needs the crystal to be resolvable to R = ~2 A. Since increasing the size of the crystals
obtained in this study has shown to improve the diffraction and resolution obtained,
attempts to make the crystal size much bigger was carried out by increasing the drop size
on the gradient tray from 400 nL to 4 pL. This avenue, however, did not produce any
crystals that are bigger than 100 — 150 pm, indicating the maximum size this crystal
formation is able to achieve. Calculating the space group and also cell dimension of the
crystal pursued in this study indicate that this is a different crystal form than the reported
ones. Therefore, since this crystal formation will not produce larger crystals and possibly
lessens the likelihood of obtaining higher resolution structure of the protein/fragment
complex, the next step for the crystallography approach would be to screen for other crystal
forms which may possibly exist in the screening trays already conducted in this study. It is
possible that in-doing-so, crystal forms similar to the reported ones be identified for use in

future soaking experiments.

One of the vital aspects of structural determination in X-ray crystallography is the data
gathering, whereby the crystals are shot directly with an intense beam of X-ray to produce
the diffraction pattern used in structural determination. For this, the crystal needs to be able
to withstand the heat produced by the X-ray and withstand the radiation damage caused by
the X-ray during data acquisition (299). To prevent this damage and therefore able to

collect large amount of data for structural determination, the crystal is usually cryo-
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protected prior to analyzing it with X-ray beam under a low-stream of nitrogen gas (299).
In this study, glycerol was tested as a cryo-protectant as it is the one used in the study which
produced the 1.7 A B. subtilis FtsZ structure (143). This, however, was found to decrease
the diffraction and approximated resolution produced by the crystal in this study. Thus, in
the future, cryoprotectant screening will need to be conducted to identify the appropriate
cryoprotectant which will not hinder the diffraction produced by the crystals. Rather than
trying only a handful of cryoprotectant at a time, today, this can be easily conducted by
purchasing a cryoprotectant screening kit containing at least 40 different cryoprotectant

from companies such as Jena Bioscience and Hampton Research.

To summarise, this chapter has shown the possibility of using FBDD to identify other
binding pockets within FtsZ and then subsequently to create compounds which target FtsZ.
The research presented in this chapter has also shown the necessity of using a mutant FtsZ
which lacks the ability to polymerize for understanding the interaction of fragment with
the protein using NMR. Furthermore, the FtsZ mutation mentioned in this study may be a
requirement for conducting FBDD with FtsZ originating from other bacterial species.
Moreover, this mutation is advantageous as this study has shown that the fragment hits
obtained from screening with the mutant B. subtilis FtsZ also translates to the wild-type B.
subtilis FtsZ protein. The next step in the project will without a doubt be gathering
structural data of the fragment-protein complex, followed by a structure-activity
relationship study to start gaining understanding as to what part of the fragment is
important for binding. It is once all those data are gathered that a medicinal chemist can go
ahead in building the fragments through fragment linking and growing in order to perfectly

fit the compound into the druggable protein pocket and at the same time create unique
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intelectual property (IP). Overall, this chapter is only the beginning of many more new
exciting discoveries and one that is urgently needed globally since many of currently

approved antibiotics are failing to treat infections, due to antibiotic resistance.
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Chapter 7 - General discussion

The discovery of penicillin propelled human history into the ‘Golden Age of Medicine’
and allowed many of today’s medical procedures to be routinely conducted; such as
Caesarian sections, hip replacements and chemotherapy (305). However, the rise of
antibiotic resistant bacteria causing infections is reverting human history into the ‘pre-
antibiotic’ era, where common infections will once again be lethal, making many currently
routine medical procedures very high-risk actions (2). The problem of antibiotic resistance
is a complex issue and addressing it will need a concerted effort from all sectors, including
agriculture, medicine, science/research, government, social science, businesses and the

community (306).

While all these aspects of antibiotic resistance are being tackled globally, it is also essential
that antibiotics with new and novel mechanism of actions are developed. One such process
that is yet to be targeted by any of the FDA-approved antibiotics is bacterial cell division
and many studies into the inhibition of this process have mainly focused on the conserved
and essential protein FtsZ. This thesis attempted to tackle the problem by targeting FtsZ in
two ways: inhibiting its essential interaction with its protein partner, FtsA, and by targeting

the FtsZ protein itself.

Initial attempts to target the interaction between FtsZ and FtsA used these proteins from
the organism A. baumannii. Acinetobacter was chosen because: (i) A. baumannii has been
classified by the World Health Organization (WHO) to be a “priority 1’ organism to which
new antibiotics are urgently needed (213) and (ii) the region of FtsZ that is known to

interact with FtsA in Escherichia coli and a range of other bacterial species is different in
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Acinetobacter spp., and understanding the implications of this difference could be used to
develop new narrow-spectrum antibacterials to specifically treat Acinetobacter infections.
These infections are a particularly urgent threat because of the organism’s ability to resist

all of the currently available antibacterials (307).

An initial examination to understand this interaction using the amino acid sequence of the
full-length proteins was carried out in silico. The software used predicted that the
Acinetobacter FtsZ and FtsA interactions are similar to that of the currently known FtsZ
and FtsA interactions that were shown through the co-crystallization of 7. maritima FtsZ
peptide and FtsA. However, the in silico study suggested that the Acinetobacter spp. FtsZ
utilises different amino acids to interact with FtsA. In E. coli and other bacterial species,
the aspartate (D373) and proline (P375) of the FtsZ extreme C-terminal peptide are
important for the FtsZ/FtsA interaction. The in silico data obtained in this study for 4.
baumannii suggests that serine (S380) and lysine (K386) are important for the interaction
and that the glutamine (Q382) acts as a stabilizer for the Acinetobacter FtsZ/FtsA
interaction. Further characterisation of the Acinetobacter FtsZ-FtsA interaction and
validation of the in silico data was sought through purification of the Acinetobacter spp.
full-length FtsZ and FtsA proteins and attempting to co-crystallize and solve the structure

of the complex.

Full-length protein was decided to be used for the in vitro study because it is unclear
whether FtsZ interacts with FtsA only via the extreme C-terminal peptide or if another
region on FtsZ can also interact with FtsA. Furthermore, since no one has ever crystallized
FtsZ and FtsA interacting together, it was decided that purification and an attempt at

crystallization of the full-length FtsZ and FtsA should be made. This would allow
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examination of all the details of the Acinetobacter FtsZ and FtsA interaction. This, however,
proved to be highly challenging in a number of steps. Full-length Acinetobacter FtsZ was
successfully purified and mass spectrometry showed it that the purified sample was
homogeneous. However, attempts to obtain crystals suitable for structure determination
using purified full-length FtsZ were unsuccessful due to the presence of a disordered region
on the protein. While full-length FtsA was also purified from insoluble inclusion bodies,
gel filtration showed it to be aggregated, and therefore not suitable for downstream

interaction studies and co-crystallization.

In hindsight, although this approach to examine the FtsZ/FtsA interaction had the potential
to be highly rewarding, it was probably very ambitious and future studies will address these
problems in multiple ways. For example, one could remove the MTS from the
Acinetobacter FtsA and conduct a co-crystallization solely with the extreme C-terminal
peptide of the Acinetobacter FtsZ, as conducted with the 7. maritima proteins or perhaps
as an initial step, only overproduce and purify the region of FtsA that is shown to interact
with FtsZ, the 2B domain. Another approach would be to use certain fusion tags such as,
IMPACT™ and His-SUMO, which have now been shown to results in successful
purification of full-length soluble 7. maritima FtsA and E. coli FtsA, respectively (110,
255). Although these tags were successfully used in purifying FtsA from both E. coli and
T. maritima, this does not mean that it can be used to successfully purify Acinetobacter
FtsA. As an example, The IMPACT™ system was initially tried by one of the honours
student in the Harry laboratory for the purification of Acinetobacter FtsZ protein but, was
not successful. Meanwhile, successful purification of Acinetobacter FtsZ was achieved

without the use of any tag in this study. This example highlights the non-predictable nature
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to succesfully purify soluble proteins. An alternative approach can be to test different
detergents in the purification buffer in order to solubilise full-length Acinetobacter FtsA.
Overall, strategies to target any protein-protein interaction site is very challenging.
However, since bacterial cell division is essential and is yet to be targeted by any FDA-
approved antibacterials, it is of interest to scientists in the field, as the fight to provide new

antibacterials with a novel mechanism of action for the whole world continues.

Targeting cell division protein-protein interactions should be of interest for researchers in
the field as the cell division process is: (i) essential and is orchestrated by more than two
dozen proteins that interact together to form the cell division machinery (the divisome)
(67); (i1) the roles of most of the proteins appear to be structural (stabilizing the divisome),
rather than enzymatic; hence targeting interacting sites to target cell division is likely to be
highly effective (68) and (ii1) almost all of the division proteins interact with several
partners (68). Therefore, a single inhibiting molecule may simultaneously disrupt many
essential interactions and lower the chance of resistance. As it currently stands, the
advancement of technologies have allowed us to start probing and understanding the
interaction mechanisms between these cell division proteins and further information can
be found in reference (308). Both chapters 3 and 4 have revealed small snapshots of the
challenges associated with targeting protein-protein interactions, which include the need
to: (i) purify full-length protein that is well-behaved, (ii) understand the details of the
protein-protein interaction of interest and (iii) have the correct protein construct for
structure determination using X-ray crystallography. However, in the interests of time and

to obtaining positive results, at this stage, the project focus was switched from targeting
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the FtsA-FtsZ interaction to a single target approach which solely focus on FtsZ as the

target.

The single target approach itself is not without its limitations. It is understood that the
single target approach is undesirable due to the high likelihood of selecting for single-step
resistance that is caused by changes in the target molecule, resulting in large increases in
the minimum inhibitory concentration (MICs) (309-313). However, there are exceptions.
Single target approach will be successful if: (i) resistant mutants have lower fitness, (ii) the
drug has low toxicity and (iii) the drug kills very quickly, which allows for both higher
dosing and preventing survival of resistant mutants (313). Examples of these two cases can
be seen in the antibiotic Fosfomycin (314) and Fidaxomicin (315). Currently, no FtsZ
inhibitors have shown all these characteristics. Compound TXA709, which is a derivative
of PC190723, has been shown to meet criteria (ii) but, to address criteria (i) and (iii) the
compound was tested in a synergistic assay with other antibiotics. The result showed that
TXA709 has synergy with other antibiotics, resulting in a lowered resistance rate.
Therefore, TXA709 will potentially be used in a combination therapy with other antibiotics
to treat Methicillin-Resistant Staphylococcus aureus (MRSA) infections in the clinic and

is now on its way to Phase I clinical trials (119, 316).

To date, there are many potential FtsZ inhibitors that have been reported in the literature.
Table 1 in Chapter 1 showcases the most active compounds from a large number of
derivatives in each referenced publication, including evidence that suggests FtsZ is the
target. These compounds appear to bind FtsZ of certain species and not others in one of the
following three known druggable protein pockets; the nucleotide-binding domain (131),

the synergistic T7-loop (132) and the interdomain cleft (133). This raises several questions,
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such as, how conserved are the druggable pockets of FtsZ? For example, why doesn’t one
compound affect E. coli FtsZ if it inhibits S. aureus FtsZ? Chapter 5 addresses these
questions by conducting an in silico analysis of the structure of FtsZ from multiple bacterial
species, as well as its three druggable pockets. The results obtained showed that FtsZ from
different bacterial species could be divided into two structural categories: staphylococcal
and non-staphylococcal classes. The two classes differ in their H7-helix curvature as well
as the organisation of their B-sheets in the C-terminus and, as a consequence, allows
staphylococcal FtsZ to have an interdomain cleft that is more open than the non-
staphylococcal FtsZ. As a result, molecules will be able to more easily access the
interdomain cleft and T7-loop of the staphylococcal FtsZ than the non-staphylococcal FtsZ.
Perhaps this may explain why some compounds, for example, PC190723, bind the
interdomain cleft of one FtsZ species, such as S. aureus and B. subtilis and not others. It is
possible to utilise these differences in FtsZ for creating narrow-spectrum FtsZ inhibitors.
Nevertheless, it is also possible to develop broad-spectrum FtsZ inhibitors since there are
several common areas between different FtsZ structures that were detected by the software
used in this study. For example, the T6-loop and the area in front of the nucleotide-binding
domain. These regions on FtsZ is yet to be reported in the literature and small molecules
which bind these regions will potentially inhibit FtsZ from polymerising and therefore
inhibit its function. Analysis of the nucleotide-binding domain did not show any
differences between FtsZ species and perhaps this is not surprising since this forms part of

the active site in FtsZ.

While the analysis identified two subclasses of FtsZ between the analysed structures, there

is still the possibility of other FtsZ structural groups existing and are yet to be discovered.
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This has implications in terms of using FtsZ as the target in target-based drug discovery.
That is, one cannot assume that FtsZ structures which are yet to be solved will fall into
either staphylococcal or non-staphylococcal. Instead we will need to obtain the actual X-
ray crystal structures of other FtsZ species. As it currently stands, of the organisms listed
by WHO in their priority pathogens list, there are only two organisms for which the FtsZ
structure is available; P. aeruginosa and S. aureus, which indicates a lack of structural
information for targeting FtsZ in other organisms such as 4. baumannii and Enterococcus

faecium.

Today, it is possible to undertake target-based drug discovery using a homology model for
the target when no actual crystal structure of the target is available. This approach, however,
is only feasible to a certain extent because the method itself requires a sufficient amount of
crystallographic data of similar proteins to be available for use in constructing the
homology model itself. Another parameter which affects the method is amino acid
sequence identity between the protein of known structure and the protein to be modelled
(234). The method might be suitable for use in the initial target-based drug design approach
with FtsZ. However, downstream experimentation with X-ray crystallography will without
a doubt need to be conducted to show that the structure of the FtsZ of interest is correct, as
well as showing the binding of the created compound to FtsZ. For further information about

homology modelling in drug discovery, the reader is directed to reference (317).

As a part of this thesis, fragment-based drug discovery was attempted with B. subtilis FtsZ
to firstly identify other possible binding pockets on FtsZ that were suggested in Chapter 5
and at the same time identify lead fragments which are able to be used for creating new

antibacterials with a novel mechanism of action. Thus far, the research identified three lead
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fragments with two of these fragments (fragment 1 and 3) favouring the interdomain cleft
while the other (fragment 14) binding both the nucleotide-binding domain and interdomain
cleft. However, taking the nature of the TROSY-HSQC NMR competition experiment and
also analysis of the obtained data, it was indicated that fragment 14 is not actually binding
in the nucleotide-binding domain per se, but is actually binding in a newly identified pocket
that is adjacent to the nucleotide-binding domain and is located towards the front of the
pocket. This said pocket was one of the pockets suggested in Chapter 5 to be a potential
binding pocket which can be utilised for creating broad-spectrum FtsZ inhibitors. This
pocket is yet to be reported in the literature and the implication of this finding could
potentially address antibiotic resistance, especially with compounds that work against a
single target and in this case FtsZ. Any compound which binds this newly identified pocket
will potentially inhibit the ability of FtsZ to polymerize since it is located near the
nucleotide-binding domain. At the same time, any mutation obtained by the protein to
combat any compound binding this region, will need to be accommodated with a mutation
at the T7-loop because the catalytic site of FtsZ is made complete through the insertion of
the T7-loop of one monomer unit into the nucleotide-binding domain of another subunit.
Therefore, since mutations on two regions of the protein is needed for resistance, it will
likely decrease the rate of resistance appearing in comparison to the resistance rate of

mutation in just one region of the protein, as seen with PC190723.

Attempts to solve how the fragments bind these regions on the protein and hence
understand the possible mechanism of interaction between the fragments with the protein
was attempted using crystallography. Crystal screening and optimizations conducted in

Chapter 6 managed to obtain FtsZ crystals that were approximated to be resolvable up to
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R = 3.5 A. This, however, is not a high enough resolution for undertaking structural
determination of the fragment with the protein. In the future, further optimization of the
crystals will need to be conducted to obtain better resolution crystals which can be resolved
to approximately R = 2 A or less. Another reason for needing high resolution crystals is
that the subsequent handling of the crystals such as soaking with fragments and
cryoprotecting the crystals will certainly decrease the crystal resolution. Other experiments
to conduct in the future will involve identifying the appropriate cryoprotectant since in
Chapter 6 it was shown that use of the cryoprotectant reported in the literature, used to
solve the 1.7 A B. subtilis FtsZ structure, was not the appropriate cryoprotectant in this

study because it reduced the resolution of the crystal in this study dramatically.

To conclude, antibiotic resistance is a complex issue that needs addressing immediately
and amongst other efforts, it will require the development of novel classes of antibiotics to
which resistance is slow to attain. This thesis is only a small part in the continuous battle
against antibiotic resistance. As part of addressing this global issue, the work presented in
this thesis has been performed in order to gain new insights for creating novel antibacterials
which target the essential bacterial cell division protein, FtsZ. This is a step forward for

humankind in the fight against antibiotic resistance.
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