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Abstract

Klebsiella pneumoniae is a multi-drug resistant pathogen which is included into a
group referred to as ESKAPE pathogens. This group consists of Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacter. These bacterial species are responsible
for more than 40% of infections in intensive care units therefore causing economic
burden especially in developing countries. Pathogens have developed various
virulence factors and mechanisms to survive harsh environmental conditions. One
such mechanism is the use of caseinolytic (Clp) proteins which are found in bacteria,
plants and fungi. These proteins function as a complex of catalytic (ClpP) and
regulatory subunits (Clp ATPases) and play a role in maintaining cell protein
homeostasis by unfolding and reactivating damaged or misfolded proteins. ClpK is a
Clp ATPase which was recently identified from a clinical K. pneumoniae isolate which
was responsible for an outbreak in Denmark. This newly identified protein was found
to be present on a heat resistant locus and was therefore associated with the survival
of K. pneumoniae at high temperatures. In silico and in vitro analysis were performed
to investigate ClpK to understand the structure and functions of the protein. Firstly,
bioinformatic analysis was used to investigate the distribution of Clp ATPases and the
spread of ClpK across the Klebsiella species. Out of the investigated strains, only 34%
contained the clpk gene. Homology modelling and circular dichroism spectroscopy (in
silico and in vitro) showed that the protein was mainly a-helical. Additionally, homology
modelling showed that ClpK was trimeric and contained a middle domain which was
almost half the size of the ClpB middle domain. Molecular dynamic simulations
performed to confirm the structural stability of modelled ClpK showed that the structure
was stable, highly dynamic and flexible. In silico studies also showed that less than
40% of the ClpK protein sequence was disordered suggesting that ClpK could be
expressed recombinantly and this was an important observation given that this protein
has not been previously expressed, purified and characterised. The clpk gene was
therefore synthesised and cloned into a pColdl vector for recombinant expression.
This was followed by the successful expression of ClpK in the presence of 0.25 mM
IPTG at 15°C as indicated by the band at 105 kDa which corresponds to the molecular
weight of ClpK. ClpK was then purified to homogeneity using affinity and anion

exchange chromatography. ClpK was confirmed to be biologically active using an



ATPase assay. This biological assay showed that ClpK hydrolysed ATP in a
concentration dependent manner. The binding of ATP to ClpK was also confirmed
using extrinsic fluorescence studies and the binding of fluorescent probes (mant-ATP
and ANS) resulted in an increase in fluoresce quantum yield in the presence of ATP.
Secondary structure analysis using circular dichroism showed that the binding of ATP
did not cause a significant change in protein structure. The thermal stability profile of

ClpK showed the melting temperature of ClpK to be approximately 65°C.
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Chapter 1: Introduction
1.1. Klebsiellaspecies

The Klebsiella species are members of the Enterobacteriaceae family which consists
of Gram-negative pathogens such as Salmonella, Escherichia coli, and Shigella
(Paterson, 2006). The Klebsiella spp. are Gram-negative and ubiquitous in nature,
they can be found in a variety of places, including; soil, sewage, plants, animals, on
medical devices and they form a part of the natural human microbiome (Calfee, 2017,
Martin and Bachman, 2018, Podschun and Ullmann, 1998). Infections caused by the
Klebsiella spp. are associated with a significant mortality and morbidity rate and are
responsible for 8% and 3% of endemic hospital infections and epidemic outbreaks,
respectively (Podschun and Ullmann, 1998, Bengoechea and Sa Pessoa, 2018).
Another major health concern with the Klebsiella spp. is the increase in the rates of
carbapenem-resistant Enterobacteriaceae (CRE) among healthcare-associated
Enterobacteriaceae species (Ma et al., 2020). CRE have been listed as one of the top
three critical-priority pathogens by the World Health Organisation (WHO) (Ma et al.,
2020). The Klebsiella genus includes three subspecies (subspecies pneumoniae,
ozaenae, and rhinoscleromatis), K. pneumoniae, K. oxytoca, K. aerogenes, K.
michiganensis, K. granulomatis, K. mobilis, K. terrigena, K. quasipneumoniae and K.
variicola (Wareth and Neubauer, 2021, Barrios-Camacho et al., 2019).

1.1.1. Klebsiella pneumoniae

Klebsiella pneumoniae are common aerobic, opportunistic, rod-shaped, and capsule
enveloped pathogens which were first isolated and described by Carl Friedlander in
1882 (Doorduijn et al., 2016, Ko et al., 2002, Martin and Bachman, 2018, Li et al.,
2014). The K. pneumoniae genome consists of approximately 5000 to 6000 genes,
about 1700 genes form a part of the core genome and are conserved in all members
of the species (Wyres et al., 2020). The remaining genes form a part of the accessory
genome which divides the strains into three subsets, namely; opportunistic,
hypervirulent and multi-drug resistant groups (Martin and Bachman, 2018, Li et al.,
2014, Wyres et al., 2020). Additionally, genes in the accessory genome encode for
functions such as nitrogen fixation, virulence factors and antibiotic-resistant enzymes
and can be transferred through horizontal gene transfer in bacterial species (Martin
and Bachman, 2018).



Opportunistic K. pneumoniae are responsible for infections such as urinary tract
infections, and abdominal infections in immunocompromised patients in the
nosocomial environment (Doorduijn et al., 2016, Ko et al., 2002, Martin and Bachman,
2018, Li et al., 2014). In such environments, K. pneumoniae is transmitted through
person-to-person contact or via contaminated hospital equipment such as
endoscopes, catheters or endo tracheal tubes (Montgomerie, 1979). Between 2011
and 2014, K. pneumoniae and Klebsiella oxytoca were reported as being the third
most common pathogens responsible for causing central-line associated bloodstream
infections, ventilator-associated pneumonia, and surgical site infections (Calfee, 2017,
Martin and Bachman, 2018). This highlights the global challenges of Klebsiella species

concerning nosocomial infections.

Hypervirulent K. pneumoniae include multi-drug resistant (MDR) K. pneumoniae
strains which are highly invasive and cause community-acquired infections such as
meningitis and liver abscess in healthy people (Martin and Bachman, 2018, Li et al.,
2014). K. pneumoniae nosocomial infections spread effectively in a clinical
environment and are chronic for the following reasons: firstly; the pathogen can form
biofilms in vivo to protect itself against the host immune system and antibiotics, and
secondly; many K. pneumoniae strains isolated from the nosocomial environment are
found to contain multidrug-resistant phenotypes (Li et al., 2019, Martin and Bachman,
2018). A recent study conducted in South Africa showed that extended-spectrum [3-
lactamase (ESBL) producing K. pneumoniae caused hospital-acquired, and
healthcare-associated bloodstream infections in young children and infants, with high
mortality rates (Buys et al., 2016). It is worth noting that K. pneumoniae is second to
Escherichia coli in causing bloodstream infections resulting in a case mortality rate of
about 20% to 30%, and a population mortality rate of about 1.3 per 10 000 people
(Martin and Bachman, 2018, Podschun and Ulimann, 1998). Another concerning
threat with regards to K. pneumoniae infection is the identification of K. pneumoniae
clinical isolates with genes conferring resistance to antibiotics (Safavi et al., 2020). For
example, K. pneumoniae strains containing the New Delhi metallo-B-lactamase (NDM)
gene were identified in Asia (mainly China, India and Saudi Arabia), America and
Africa (mainly South Africa) (Safavi et al., 2020). This gene confers resistance to most
B-lactams antibiotics (Safavi et al., 2020). Furthermore, other studies have shown that

some K. pneumoniae have also been identified as being resistant to “last resort”



antibiotics such as colistin and tigecycline (Van Der Weide et al., 2020). The
continuous increase in the number of K. pneumoniae strains (both opportunistic and
hypervirulent) producing ESBLs and other antibiotic resistant genes such as
carbapenemases and lactamases is a threat to global health since it results in
unsuccessful treatment of K. pneumoniae infection using current conventional
antibiotics (Ainoda et al., 2019, Doorduijn et al., 2016).

In addition to being resistant to a wide range of antibiotics, K. pneumoniae expresses
two outer membrane porins which allow the entry of hydrophilic substances such as
antibiotics or nutrients into the cell (Li et al., 2014). In conjunction with the porins, the
pathogen expresses AcrAB, an efflux pump which exports antibiotics and host-derived
antimicrobial agents out of the cells, therefore antibiotics that may have entered

through the porins are effectively removed (Li et al., 2014).

The resistance of K. pneumoniae to different classes of antibiotics has led to the
inclusion of this pathogen into a group of pathogens referred to as ESKAPE pathogens
(Mulani et al., 2019, Pendleton et al., 2013). This group consists of Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacter (Pendleton et al., 2013, Ramsamy et al.,
2018, Santajit and Indrawattana, 2016). These bacterial species are responsible for
more than 40% of infections in intensive care units therefore causing an economic
burden especially in developing countries (Pendleton et al., 2013, Ramsamy et al.,
2018, Santajit and Indrawattana, 2016). Furthermore, they pose a global health threat
as these pathogens are known to evade a range of antibiotic biocidal effects
(Pendleton et al., 2013, Ramsamy et al., 2018, Santajit and Indrawattana, 2016).

1.1.2. Other Klebsiella species

Recently, there is increasing evidence which shows that there are other members of
the Klebsiella species causing a range of infections and these members have also

been identified to be resistant to a number of antibiotics (Table 1).



Table 1: Members of the Klebsiella species which have been identified as infection
causing and antibiotic resistant.

Klebsiella species Infections caused Antibiotic References
resistance
Klebsiella aerogenes Pneumonia MDR? (Wesevich et al.,
Urinary and surgical site 2020, Ma et al.,
infections 2020)
Klebsiella michiganensis Nosocomial infections MDR (Chapman et al.,

Klebsiella oxytoca

K. pneumoniae subsp.

pneumoniae

Klebsiella

quasipneumoniae

K. variicola

especially in at-risk infants

Blood and respiratory
infections in
immunocompromised
patients

Development of antibiotic-
associated haemorrhagic
colitis in adults and
youngsters

Pneumoniae and mastitis in
pigs

Pneumonia, septicaemia and
urinary infections in humans

Prevalent in human disease

Blood and urinary tract
infections

Infect surgical wounds

Contain plasmid
encoding the
KPC2-3 gene
Contain
Chromosomally-
encoded OXY-
type 97 B-
lactamase

B-lactamases

Drug resistance
capabilities
have not been
identified
KPC!-
antimicrobial
resistance gene
KPC! and
NDM:3-1
antimicrobial
resistance

genes

2020, King et al.,
2021, Chen et al.,
2020)

(Darby et al.,
2014, Alexander
et al., 2020,
Beaugerie et al.,
2003)

(Bidewell et al.,
2018, Kwon et
al., 2016)

(Mathers et al.,
2019, Long et al.,
2017a)

(Barrios-
Camacho et al.,
2019, Rodriguez-
Medina et al.,
2019, Long et al.,
2017a)

IMulti-drug resistant

2 Klebsiella pneumoniae carbapenemase
3 New Delhi metallo-B-lactamase



Wesevich et al. (2020) showed that 70% of patients with blood stream infections
caused by Klebsiella aerogenes had poor clinical outcome. The patient either died
before being discharged from the hospital, had recurrent infection, or experienced
complications due to the infections (Wesevich et al., 2020). Data from studies such
as those of Wesevich et al. (2020) show that it is important to identify novel drug
targets in pathogens. These targets can be proteins which are essential for the survival
and pathogenicity of the pathogen and successfully inhibiting the activity of these

proteins may lead to killing the pathogen.

1.2. Virulence factors

In order for infections to successfully occur, pathogens need to overcome immune
defences which are inclusive of mechanical, chemical and cellular barriers
(Bengoechea and Sa Pessoa, 2018, Paczosa and Mecsas, 2016). The pathogen
overcomes these barriers in the body by using a variety of strategies such as cell
surface modulation, mimicking host molecules and virulence factors (Finlay and
Mcfadden, 2006). Virulence factors can either be membrane-associated, secretory or
cytosolic (Sharma et al.,, 2017). Membrane-associated virulence factors help the
bacterium adhere to and evade host cells whereas secretory factors aid the pathogen
in the evasion of the immune system (Sharma et al., 2017). Cytosolic factors help the
pathogen undergo metabolic, physiological and morphological changes (Sharma et
al., 2017).

Currently, there are four extensively studied virulence factors of K. pneumoniae
namely; capsule polysaccharide (CPS), lipopolysaccharide (LPS), pili, and
siderophores (Figure 1). Of these; CPS, LPS and pili are membrane-associated
virulence factors and siderophores are cytosolic factors (Sharma et al., 2017). Other
virulence factors which have been identified but not sufficiently characterised include;
outer membrane proteins (Omp), porins and efflux pumps (Paczosa and Mecsas,
2016).
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Figure 1: Virulence factors identified in K. pneumoniae. To overcome mechanical,
chemical, and cellular barriers in the host, the pathogen expresses virulence factors.

The first stages of infection involve pathogen adhesion, invasion and colonisation of
host cells (Ribet and Cossart, 2015). Pathogen adhesion involves interaction between
pathogen surface proteins and host cells (Ribet and Cossart, 2015). These surface
proteins play vital roles in cell adhesion, evasion and/or modulation of the host immune
system (Ribet and Cossart, 2015). The interaction between the pathogen’s surface
proteins and host cells is important for disease establishment and it is therefore
important to continuously study this interaction (Ribet and Cossart, 2015). To assist
with bacterial adhesion, K. pneumoniae contains four types of structural proteins
known as pili (also known as the fimbriae) on their surface, namely; type 1, type 3, Kpc
and KPF-28 adhesin (Schroll et al., 2010). Type 1 pili mediate the adhesion of the
bacterial cell to structures which contain mannose on the host cell surface, these pili
are expressed by 80% of all K. pneumoniae strains and have been reported to be
important for the establishment of urinary tract infections (Li et al., 2019, Wareth and
Neubauer, 2021). Like type 1, type 3 pili is expressed by the majority (85%) of K.
pneumoniae strains and in vitro studies have shown that type 3 pili facilitate binding of
K. pneumoniae to epithelial cells, kidney and lung tissue to aid in the establishment of
infections (Li et al., 2019). Di Martino et al. (1996) showed that KPF-28 adhesion pili
play a role in mammalian intestine colonization of K. pneumoniae cells using the

human Caco-2 cell model.



Following the successful colonisation of host cells, pathogens have employed various
mechanisms to evade the host defence system (Bengoechea and Sa Pessoa, 2018).
To respond to infection and eradicate the invading pathogen, the host immune system
dispatches phagocytic cells to engulf and destroy the pathogen and/or activate
complement pathways to mediate bacterial cell lysis (Shao et al., 2019, Ribet and
Cossart, 2015). One of the strategies that K. pneumoniae uses to evade phagocytotic
cells such as macrophages, dendritic cells and neutrophils is coating or enveloping
the cell with an extracellular polysaccharide matrix referred to as CPS (Podschun and
Ullmann, 1998). This acidic polysaccharide shields the pathogen in a number of ways
(Podschun and Ullmann, 1998, Wu et al., 2008). For example, it prevents opsonisation
and phagocytosis, it hinders the bactericidal action of antimicrobial peptides such as
defensins and lactoferrin secreted by host immune cells, and lastly it blocks
complement-mediated lysis (Wu et al., 2008). Studies on animal models have shown
that acapsular K. pneumoniae strains are dramatically less virulent than hypercapsule
encapsulated strains (Wu et al., 2008). This was supported by low bacterial loads in
the lungs, and an inability of the bacteria to spread systemically in animals challenged
with acapsular K. pneumoniae (Wu et al., 2008). Also, lower mortality was seen in
animals challenged with the acapsular strain than those with the hypercapsule
encapsulated strains (Wu et al., 2008). This suggests that virulence may be more
dependent on the thickness of the capsule than it is on the chemical composition of
the capsule (Wu et al., 2008). Bacteria which survive phagocytosis and intracellular
killing then travel around the body within the phagocytic cells and cause infection in
organs such as the liver or the lungs (Li et al., 2014). The pathogen may also secrete
free CPS which traps antimicrobial peptides secreted by host immune cells to
decrease the amount of peptides that reach the bacterial surface (Li et al., 2014).

In addition to being coated with CPS, K. pneumoniae also contains a layer of LPS
(Figure 1) which inhibits complement-mediated killing and the action of antimicrobial
peptides (Li et al., 2019). LPS demonstrates the complexity of the defence system K.
pneumoniae uses against the host immune system. LPS is made up of three
components, namely; hydrophobic lipid A anchored to the outer membrane, the O-
antigen, and a core polysaccharide which connects Lipid A and the O-antigen (Li et
al., 2014). The O-antigen inhibits the access of the host immune cells to activators on

the bacterial cell surface, and therefore plays a role in bacterial resistance (Li et al.,



2014). To date there are nine types of O-antigens identified in K. pneumoniae, and
each antigen plays a significant role in the protection of the pathogen against

complement-mediated killing (Li et al., 2019, Wareth and Neubauer, 2021).

After escaping immune system cells, pathogens need to survive inside the host
(Bengoechea and Sa Pessoa, 2018). Bacteria need iron to grow and have developed
mechanisms to obtain iron in mammalian hosts where iron is generally bound to
various transport proteins (Li et al., 2019). One such mechanism is the production of
various siderophores. Siderophores are molecules that have a higher affinity for iron
than transport proteins do therefore, these molecules help pathogens salvage iron
from transport proteins (Bengoechea and Sa Pessoa, 2018, Li et al.,, 2019). K.
pneumoniae secretes a siderophore known as enterobactin to access iron off iron-rich
host cells (Bengoechea and Sa Pessoa, 2018, Paczosa and Mecsas, 2016). The host
in turn secretes lipocalin 2 to inhibit the binding of the siderophores to the host cells
(Bengoechea and Sa Pessoa, 2018). To “outrun” this host defence, Klebsiella strains
additionally secrete other siderophores namely; aerobactin, salmochelin and
yersiniabactin (Bengoechea and Sa Pessoa, 2018). Enterobactin and aerobactin
solubilize and import the iron ions needed during infection (Wareth and Neubauer,
2021). Strains which produce only yersiniabactin are unlikely to cause infections of the
lungs as the activity of this particular siderophore is inhibited when the host produces
transferrin (Paczosa and Mecsas, 2016). Analysis of blood cultures and urine in
hospitalized patients in Munich showed that yersiniabactin was produced by 17.7% of
K. pneumoniae strains (Wareth and Neubauer, 2021). Additionally, K. pneumoniae
produces cytoplasmic urease to suffice itself with nitrogen for growth much like many
other gut pathogens (Li et al., 2014). Although we have a brief understanding of the
virulence factors of K. pneumonia, it is important to further investigate potential targets
which could be virulence or survival factors which could be used to inhibit or reduce

infections caused by this pathogen (Li et al., 2014).

1.3. Caseinolytic proteins

Caseinolytic proteins (Clp) are found in bacteria, fungi, in the mitochondria of
eukaryotes and in the chloroplast of plants. These proteins play a role in cell protein
quality control and are therefore important in living cells (Ahyoung et al., 2015). To

maintain a balance of proteins, all living cells use various mechanisms to eliminate



misfolded or abnormal proteins, maintain amino acid pools, and reactivate proteins
damaged due to stressful conditions (Ahyoung et al., 2015, Capestany et al., 2008,
Frees et al., 2014).

The association of misfolded or partially folded polypeptides is known as protein
aggregation, protein aggregates usually form due to cellular stress such as heat shock
or a change in pH (Zolkiewski et al., 2012, Frees et al., 2007). A build-up of protein
aggregates reduces the ability of protease systems to degrade proteins and can result
in cell death (Zolkiewski et al., 2012). It is therefore important for the cell to remove
unfolded proteins for cellular functions and growth to continue (Frees et al., 2014). To
do this, cells contain Clp proteins which function as a complex of catalytic (ClpP) and
regulatory subunits (further referred to as Clp ATPases) (Ahyoung et al., 2015).

Most bacteria contain a single ClpP subunit, however Mycobacterium tuberculosis has
been found to contain ClpP homologs which are referred to as clppl and clpp2 (Raju
et al., 2012). CIpP is a serine protease composed of two heptameric rings (Raju et al.,
2012). These rings form a barrel-shaped structure referred to as a tetradecamer which
encloses a protease active site (Brotz-Oesterhelt and Sass, 2014, Capestany et al.,
2008). The catalytic triads in the active site consist of three amino acids, namely
serine, histidine and aspartic acid (Brotz-Oesterhelt and Sass, 2014). ClpP can adopt
two conformations, that is; the closed/inactive and open/active conformation (Brotz-
Oesterhelt and Sass, 2014, Capestany et al., 2008). In the closed conformation the
enzyme is inactive because the catalytic triad is misaligned therefore no protein
degradation may take place (Capestany et al., 2008). In order for ClpP to adopt an
active conformation, it needs to be bound to a Clp ATPase (Capestany et al., 2008)
(Figure 2). The binding of a Clp ATPase to ClpP results in the alignment of the catalytic
triad residues, this results in conformational changes which leads to the opening of the
cavity to allow for the substrate to access the active site for protein degradation to
occur (Brotz-Oesterhelt and Sass, 2014). Therefore, Clp ATPases play a very
important role in the function and regulation of ClpP activity and ultimately protein

degradation (Brotz-Oesterhelt and Sass, 2014, Capestany et al., 2008).



Figure 2: The function of Clp proteins. The target protein is tagged for recognition by the
Clp ATPases by degrons. The tagged protein is recognised by a Clp/Hsp 100 subfamily
member, a) a member of the ClpB/Hsp104 subfamily along with the DnaK system, unfolds the
protein and refolds it into its functional conformation, b) the protein is either refolded into
functional conformation by a member of the CIpA subfamily, or the protein is directed to ClpP
for degradation. Adapted from Maurizi and Xia (2004).

Clp ATPases are divided into subfamilies, namely; the CIpA subfamily and the
ClpB/Hsp104 subfamily (Maurizi and Xia, 2004). Axiomatically, enzymes that catalyse
the reaction to break down adenosine triphosphate (ATP) to form adenosine
diphosphate (ADP) and free phosphate ions are referred to as ATPases (Abad, 2011).
Furthermore, these enzymes use the energy released from the breakdown of ATP to
perform other cellular reactions (Abad, 2011). The members of the CIpA subfamily
form hexameric complexes when bound to ATP (Miller et al., 2018). The ATP bound
conformation of Clp ATPases adopts a central channel of the ring structure which then
binds, unfolds and reactivates tagged proteins (Miller et al., 2018) (Figure 2). To unfold
protein aggregates, Clp ATPases use the energy generated from ATP hydrolysis to
generate a tugging force on the protein to be unfolded (Miller et al., 2018). The
members of the CIpA subfamily also form complexes with CIpP where the Clp ATPase
unfolds protein aggregates and directs unfolded proteins to the ClpP proteolytic barrel
for degradation (Maillard et al., 2011, Marsee et al., 2018, Capestany ef al., 2008)
(Figure 2).
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Members of the ClpB/Hsp104 subfamily assist in the resolubilisation and reactivation
of proteins damaged due to stressful conditions (Ahyoung et al., 2015). CIpB proteins
do not contain the tripeptide consensus sequence (IGF) needed for interaction with
ClpP, it is therefore believed that these proteins act as chaperones under stressful
conditions to prevent protein unfolding or assist in protein disaggregation (Frees et al.,
2014, Sauer and Baker, 2011) (Figure 2).

1.3.1. Structure of Clp ATPases

Clp proteins belong to the AAA+ (ATPases associated with diverse cellular activities)
superfamily of proteins (Zolkiewski et al., 2012). Proteins belonging to the AAA+
superfamily are characterised by (a) their ATP dependent mechanisms in unfoldase
activity (Frees et al., 2014, Neuwald et al., 1999, Maillard et al., 2011), (b) a family-
specific N-terminal domain (Wojtyra et al., 2003, Thibault et al., 2006) and (c) the
number of conserved ATPase/AAA+ domains (Sauer and Baker, 2011). The AAA+
superfamily are further divided into families or subgroups based on structural
organisation and structural motifs in their sequence (Schirmer et al., 1996). Clp
ATPases are grouped into the heat shock protein (Hsp) 100 family which have the
unique ability to promote the resolubilisation of protein aggregates (Ahyoung et al.,
2015, Schirmer et al., 1996).

The Clp ATPase protein sequence contains highly conserved ATPase/AAA+ domains
which are approximately 200 to 250 amino acids (aa) in length (Zolkiewski et al., 2012,
Thibault et al., 2006, Snider et al., 2008). This conserved structural feature is used to
group the Clp ATPases into two classes based on the number of ATPase domains
present in their sequence (Schirmer et al., 1996). Clp ATPase class | contains two
ATPase domains whereas class Il contains one ATPase domain (Zolkiewski et al.,
2012, Thibault et al., 2006, Snider et al., 2008). Therefore, members of class | are
considerably larger (68 to 110 kDa) compared to members of class Il (40 to 50 kDa)
(Dods, 2020). Members belonging to class | and class Il are shown in Table 2.
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Table 2: Clp ATPases identified across different species, exhibiting diverse

functions.
Class |
Clp regulatory subunits Species Functions _References
ClpAl Gram-positive Protein quality control ungrmer et 4,
Proteobacteria 1999)
. . (Lee et al., 2003,
Prokaryotes, Disaggregation of Pietrosiuk et al.,
stress-damaged
yeast, and plants roteins 2011, Zheng et
ClpB P al., 2002)
Porphyromonas Int.rac.ellular (Capestany et al.,
AT replication and
gingivalis ; 2008)
survival
Gre;)m-posltlve Protein quality
acteria |, red blood cell (I |
(Firmicutes and control, red blood ce (ngmer'et al.,
ClpC Actinobacteria) lysis, regulate 1999, Nair et al.,
and expression of 2001)
. virulence factors
Cyanobacteria 2h tal
ClpD Chloroplasts of  Molecular chaperone (zheng et al.,
higher plants 2002)
_— Thermotolerance, cell (Ingmer et al.,
ClpE Firmicutes — yivision and virulence 1999)
. (Bojer et al.,
ClpK K. pneumonia Thermotolerance 2013)
Nucleotide
phosphohydrolase
Streptococcus activity, stabilises
ClpL pneumoniae unfolded proteins, (Park et al., 2015)
prevents protein
aggregation
Gram-negative Component of the (Thibault et al.,
ClpVv bacteria type V1 secrection 2006)
system
Class I
Clp regulatory subunits Species Functions References
(Ali and Baek,
ClpM Mus musculus Protein quality control 2020, Zheng et
al., 2002)
Pseudomonas (Ali and Baek,
CIpN . Cell division 2020, Zheng et
aeruginosa al., 2002)
Proteobacteria, Protein quality (Ingmer et al.,
L control, cell division,
ClpX Firmicutes and h | d 1999, Capestany
Thermatogae eat tolerance an et al., 2008)
virulence v
Gram-positive Cell division, heat (Ingmer et al
ClpY Proteobacteria shock response, and 1999)

capsule transcription

1CIpA and CIpC are orthologs, bacteria usually contain either one of these (Ingmer et al., 1999).

ATPase domains are also known as nucleotide binding domains (NBD) and are

divided into two subdomains, namely; the large a/f domain and the small a domain
(Maurizi and Xia, 2004, Walker et al., 1982) (Figure 3). These ATPase domains are

essential for stability, substrate recognition, ATP hydrolysis and oligomerization in Clp
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ATPases (Walker et al., 1982). Furthermore, the ATPase domains contain Walker A
and B motifs which are common in all ATPase proteins and the domains contain
additional functional motifs known as sensor motifs (Walker et al., 1982, Maurizi and
Xia, 2004) (Figure 3). The Walker A motif binds the ATP phosphate group, whereas
Walker B motif is involved in binding of metal and plays a role in ATP catalysis (Walker
et al., 1982, Wojtyra et al., 2003). Additionally, the Walker A motif forms the floor of
the nucleotide-binding pocket, while the Walker B region forms a loop that overlays
the pockets (Schirmer et al., 1996). As mentioned before, proteins in Clp ATPase class
| contain two NBDs, the domain situated closer to the N-terminus is referred to as
Domain 1 (D1), and the domain situated closer to the C-terminus is referred to as
Domain 2 (D2) and the Clp ATPase class Il contains D1 (Maurizi and Xia, 2004,
Wojtyra et al., 2003, Miller et al., 2018, Schirmer et al., 1996) (Figure 3).

A L =

C-domain _

| ] 1 J '-EI

N-terminal

[E)main 1

Figure 3: Schematic representation of the general structural features of Class | and
Class Il Clp ATPases from prokaryotes. A) Class | Clp ATPases contain two nucleotide
binding domains (NBD) referred to as domain 1 and domain 2. A middle domain has been
identified to be present in certain Clp ATPases and play a role in separating the two NBDs.
The tertiary structure (PBD: 1KSF) shows that the protein is mainly a-helical. B) Class Il Clp
ATPases contain one NBD. The tertiary structure (PBD: 6SFW) shows that the protein is
mainly a-helical. Each domain contains Walker A and Walker B motifs. Certain Clp regulatory
protein contain a tripeptide (represented in pink) required for interaction with ClpP. n
represents the number of amino acids in the sequence. Adapted from Maurizi and Xia (2004),
Baker and Sauer (2012). Tertiary structures; red- N-terminal domain, blue- Domain 1, orange-
Domain 2, green- C-terminal domain.
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As much as the Clp ATPase domains are conserved across species, the following has
been observed, firstly; there is a slight difference in the amino acid sequences of the
NBDs between class | and class Il (Schirmer et al., 1996) and secondly; Domain 2 in
class | Clp ATPases has been found to contain an extended carboxyl terminal domain
which contains conserved serine and threonine residues that partake in nucleotide
hydrolysis (Bajaj and Batra, 2012). The carboxyl terminal domain is crucial for the
oligomerization of ATPase to a hexamer, and therefore also called the oligomeric
domain (Bajaj and Batra, 2012, Kar et al., 2008). These subtle differences in the NBD
between classes results in different ATP binding profiles and ATPase activity (Maurizi
and Xia, 2004, Wojtyra et al., 2003, Miller et al., 2018, Schirmer et al., 1996).

The N-terminal domain of Clp ATPases precedes the first NBD and is approximately
150 aa in length (Mogk et al., 2003) (Figure 3). Studies have suggested that the N-
terminal domain may play a role in substrate binding. Additionally, studies have also
found that in the absence of this domain, protein activity is decreased, suggesting that
the N-terminal domain is important in the structure thus the function of Clp ATPases
(Lo et al., 2001). However other studies have shown that even in the absence of the
N-terminal domain, ClpB undergoes oligomerisation and performs disaggregation
functions therefore, a conclusive decision on the function and importance of the N-
terminal domain is yet to be made (Mogk et al., 2003). Interestingly, the N-terminal
domain has been reported to have the ability to fold independently of the mainly a-
helical ATPase into an all a helical domain dimer (Wojtyra et al., 2003, Schirmer et al.,
1996).

1.3.2. Clp ATPase in Klebsiella pneumoniae

There are five chromosomally encoded Clp proteins usually expressed by Gram-
negative bacteria namely; ClpA, ClpB, ClpX, ClpP and ClpK (Bojer et al., 2013). ClpK
(K for Klebsiella) is a recent member of the Clp ATPase family which was isolated from
K. pneumoniae strain C132-98 from an outbreak in Denmark (Bojer et al., 2010, Bojer
etal., 2013, Jagrgensen et al., 2016). Genome analysis of this isolate identified the clpK
gene to be situated on a conjugative plasmid which confers multiple antibiotic
resistances (resistance towards tetracycline, trimethoprim, neomycin, third-generation
cephalosporins and sulfamethoxazole) in K. pneumonia (Bojer et al., 2010, Bojer et

al., 2013). Based on the observation that the clpk gene was situated in the heat
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resistant locus and belonged to the Hsp family based on sequence analysis, Bojer et
al. (2010) suggested that the protein (ClpK) encoded by this gene could be responsible
for the thermoresistance capability of K. pneumoniae which caused the outbreak. This
suggestion by Bojer et al. (2010) can further be supported by the fact that Hsp proteins
play a role in assisting cells recover from stressful environmental conditions such as
high temperature (Jolly and Morimoto, 2000). These researchers further reasoned that
ClpK may allow K. pneumoniae strains to survive in the hospital environment or in
other environments where its thermostable properties would serve as an advantage
since the clpk gene was found in 30% of a collection of clinical isolates (Bojer et al.,
2010, Bojer et al., 2013). To confirm the thermotolerance properties conferred by clpk,
Bojer et al. (2010) incubated K. pneumoniae with and without clpk at 53°C over a
period of 50 minutes and investigated the percentage survival of the bacteria. The K.
pneumoniae cells containing clpk survived the heat shock treatment in comparison to
those that did not express clpk (Bojer et al., 2010). This finding was important given
that past research had demonstrated thermostability of K. pneumoniae although
thermostability properties had not been attributed to a particular gene or protein at that
time (Verrips et al., 1979).

A closer inspection of the primary amino acid sequence of ClpK shows that the protein
shares identity with bacteria from all proteobacterial subdivisions, except division ¢,
suggesting that ClpK evolved due to horizontal transfer (Bojer et al., 2010). The
primary amino acid sequence also shows that ClpK is a class | Clp ATPase as it
contains two NBDs however it also contains structural features which are unique to
this protein. Firstly, it contains a 100 amino acid N-terminal extension which is unique
to the protein (Figure 4). As mentioned previously the primary function of the N-
terminal domain is to stabilise Clp ATPases (Lo et al., 2001). However, the function of
the 100 amino acid N-terminal extension is yet to be investigated. Secondly, ClpK
contains an intermediate length linker region which separates the two NBDs (Bojer et
al., 2013) (Figure 4). Like the N-terminal extension, the role of this linker region is yet
to determined. Thirdly, like ClpB, ClpK lacks the ClpP tripeptide sequence which is
essential for ClpP interaction (Amor et al., 2019) (Figure 4). The absence of this motif
may suggest that (a) ClpK does not interact with ClpP to degrade proteins that cannot
be unfolded or (b) ClpK contains an alternative site for ClpP interaction and this site is
yet to be identified (Amor et al., 2019). It could be speculated that the N-terminal
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extension may play a role in ClpK and CIpP interaction. Another interesting
observation on the ClpK sequence, is the presence of the zinc binding motif which is
only present in Gram-positive bacteria (Wojtyra et al., 2003) and it is worth mentioning
that no ClpK homologues were identified in Gram-positive bacteria (Bojer et al., 2010)
(Figure 4). This aligns with the suggestion that the proteobacterial ClpC evolved into
ClpK due to the absence of the ClpP binding motif, and the presence of a zinc binding
pattern in both proteins (Bojer et al., 2010, Miller et al., 2018). The zinc binding domain
in the N-terminal domain of Clp ATPase stabilises the N-terminal domain which is

important for substrate recognition and binding (Maurizi and Xia, 2004).
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Figure 4: Primary domain structures of four Clp ATPases. ClpB and ClpX are found in
both Gram-positive and Gram-negative bacteria. ClpA and ClpK is found in Gram-negative
bacteria (Bojer et al., 2010, Miller et al., 2018).

1.4. Clp ATPases as drug targets

Clp ATPases contribute towards the survival of pathogenic bacterial species and are
therefore ideal drug targets to treat a number of diseases (Bhandari et al., 2018). Till
date, compounds with either anti-virulent or antibacterial activities have been identified
to target Clp ATPases in Mycobacterium tuberculosis, Plasmodium falciparum and
Staphylococcus aureus (Bhandari et al., 2018, Gao et al., 2015, Kazmaier and Junk,
2021, Fetzer et al., 2017). The identified compounds target Clp ATPases differently,
for example; one compound inhibits the interaction between a Clp ATPase and ClpP
while another compound targets the N-terminal domain of a Clp ATPase (Kazmaier
and Junk, 2021, Gao et al., 2015).

Compounds developed to be potential targets for Clp ATPases include; 334,
cyclomarin A, lassomycin, ecumicin, rufomycin, hydantoin analogs and armeiaspirols
(Table 3).
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Table 3: Compounds developed as potential targets for Clp ATPases.

Mechanism of

Compound Structure?! , References
action
= Deoligomerization of  (Fetzer et al.,
S. aureus ClIpX, 2017,
disrupts the ClpXP Bhandari et
complex and blocks  al., 2018)
334 ClpX ATPase
activity.
S. aureus produces
lower levels of toxin
in its presence.
Binds to the N- (Bhandari et
terminal domain of  al., 2018,
ClpC1 of M. Gaoetal,
tuberculosis. 2015)
Stimulates the
ATPase hydrolysis
. activity of M.
Ecumicin tuberculosis ClpC1
and at the same time
decouples ClpC1
| el and ClIpP therefore
inhibiting proteolytic
activity and resulting
cell death.
Binds to the N- (Gavrish et
terminal domain of  al., 2014,
- & /%0 ClpC1 of M. Bhandari et
o] .
\QL [+ tuberculosis and al., 2018,
Cyclomarin A [ H prevents the Wolf et al.,
> oF W movement of the 2019)
N 01)\/'\/“ N-terminal domain.
5 " Causes excessive
».?7—( proteolysis.
Binds to an acidic (Gavrish et
N-terminal pocket al., 2014,
on CIpC1. Bojer et al.,
Stimulates ATPase 2010)
activity of ClpC1
from M.

Lassomycin

tuberculosis,
however it also
inhibits ATP-
dependent
degradation of
proteins.
Uncouples ClpC1
from ClpP1 and
ClpP2, resulting in
the death of the cell
as unnecessary
protein build up.
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Table 3 continued...

Rufomycin

Armeiaspirols

Hydantoin
analog

Interacts with the N-terminal
domain of CIpC1 of M.
tuberculosis.

Decreases the proteolytic
activity of the CIpC1 and
ClpP complex therefore
resulting in the build-up of
proteins in the cell.

Inhibits CIpXP and ClpYQ in
Bacillus subtilis by binding to
the ATPase domains and
therefore inhibits the function
of the complexes.

Inhibits ATP hydrolysis and
proteolysis.

Inhibits the CIpXP complex.
Binds to a binding pocket on
ClpP and impairs complex
substrate turnover.

(Wolf et
al., 2019)

(Labana
etal.,
2021)

(Fetzer et
al., 2019)

LAdapted from Labana et al. (2021), MeRner et al. (2021), Fetzer et al. (2017), Bhandari et al. (2018),

Fetzer et al. (2019).

Many of the compounds being investigated are highly specific for Mycobacteria Clp

ATPases. For example lassomycin was active against multi-drug resistant and extensively

drug resistant M. tuberculosis however, the compound was inactive against S. aureus,

Bacillus anthracis and K. pneumoniae (Gavrish et al., 2014). This is an interesting

observation as one would expect Clp ATPases across different species to be inhibited as

Clp ATPases are known to contain conserved regions (Schirmer et al., 1996). To target Clp

ATPases across species, a compound which targets specific motifs on Clp ATPases rather

than trying to target a specific Clp ATPase could potentially be developed.
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1.5. Objectives

K. pneumoniae is a multi-drug resistant pathogen which is responsible for a number
of nosocomial infections, particularly those which effect immunocompromised
patients. Infections caused by this pathogen have high morbidity and mortality rates
and it is therefore important to find potential targets to inhibit the growth of this
pathogen. One such target is a novel Clp ATPase which was identified as being
present in K. pneumoniae. This Clp ATPase (ClpK) was found to confer
thermoresistance to a clinical isolate. The first step to developing compounds to target
the protein includes protein investigation to understand protein function.

To understand protein function, the protein would have to be expressed and purified
before it is subjected to biophysical characterisation. Biophysical characterisation of
proteins is important as it allows for the development of drugs and targets that could
be used to inhibit the protein and potentially inhibit the pathogen in which it is identified
(Neet and Lee, 2002, Vedadi et al., 2010). Furthermore, biophysical characterisation
also allows us to understand the structure, stability, and function of the protein in
question (Vedadi et al., 2010).

Seeing the importance of ClpK in the survival of K. pneumoniae, this study aimed to

investigate the novel ClpK ATPase. The objectives of the study were as follows:

Investigating the presence of Clp ATPases and the spread of ClpK amongst the
Klebsiella species

Modelling the theoretical structure of ClpK

Molecular dynamic simulations to confirm the modelled structure and assess the
dynamic nature of the protein

Overexpression and purification of recombinant ClpK

Biochemical and physical characterisation of ClpK
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Chapter 2: Materials and Methods

2.1. Species and Databases

The National Center for Biotechnology Information (NCBI) genome database was
used to obtain protein genomes of 100 Klebsiella strains (7 species, complete draft).
The 100 strains included in analysis were: eight K. aerogenes strains, one K.
michiganensis strain, seven K. oxytoca strains, 57 K. pneumoniae strains, 15 K.
pneumonia subsp. pneumoniae strains, three K. quasipneumoniae strains, and nine
K. variicola strains. The list of the Klebsiella species, strains, web-links, and references

are presented in the appendix (Table Al).
2.2. Genome data mining and annotation of Clp ATPases

The protein genomes obtained from the NCBI genome database were used to mine
Clp ATPases. Each genome file was individually searched for the presence of Clp
ATPases, the sequence for each Clp ATPase was separated from the main file and
used for further analysis.

2.3. Phylogenetic analysis of Clp ATPases

The method described by Ngcobo et al. (2020) was used for the phylogenetic analysis
of the separated Clp ATPases. Briefly, the protein sequences were aligned using
MAFFT v6.864 embedded on the Trex Web Server (Letunic and Bork, 2019, Boc et
al., 2012). The alignments were automatically deduced and optimized by the Trex Web
server, the file for the best tree was then visualized and colored using the Interactive
Tree of Life (iTOL) server (Mullins, 2012).

2.4. Clp ATPase homology analysis

The percentage identity between different protein codes within the Clp ATPases were
analyzed using Clustal Omega. Full length Clp ATPase sequences were subjected to
Clustal analysis to obtain the percentage identity amongst the proteins as identity matrix

results. The results were then laid out on an Excel spreadsheet for analysis.

20



2.5. Homology modelling of ClpK

To model the structure of ClpK (Uniprot: EOW6V3), a template search was done on
PYHRE (Kelley et al., 2015), Itasser (Yang et al., 2015b, Roy et al., 2010, Zhang,
2008) and NCBI (Camacho et al., 2009). The template was selected based on high
sequence identity, coverage parameters and a high determination resolution. Thus,
Thermus thermophilus ClpB (1QVR-B) was selected sharing 52% identity and 83%
guery coverage with the target protein. The modelled ClpK and template ClpB was
submitted to ProCheck for stereochemical analysis using Ramachandran analysis
(Laskowski et al., 1993). The MolProbity server was used to obtain the Rama Z-score
for the trimeric ClpK structure (Williams et al., 2018). The model was then submitted
to the Maestro v12.2 molecular modelling algorithm (Schrédinger, 2021). To pre-
process the protein structure; bond orders were assigned, hydrogen atoms were
added, zero bond orders to metals and disulphide bonds were created, and water
molecules that were 5 A from heteroatoms were deleted. Additionally, the PROPKA
algorithm was used at pH 7.0 to optimize hydrogen bonding network by sampling the
orientation of water molecules. Lastly, the OPLS_ 2005 force field was used to refine
the structure through minimisation. The stereochemistry of the side chains was
checked to ensure that no major perturbations have been induced while preparing the
structure. The minimized structure was saved as a Maestro (.mae) file for subsequent

prediction analysis.

The ClpK and ClIpB sequences were aligned on TCOFFEE to prepare for modelling
(Di Tommaso et al., 2011). The position of Walker A and Walker B motifs on the
template protein was assigned as shown in Lee et al. (2003). The final ClpK structure
was then visualized using PyMol, and the root mean square deviation (RMSD) value
was obtained (Sievers et al., 2011). The monomeric ClpK and template ClpB structures
were processed through ProteinPlus (https://proteins.plus) to identify the position of

binding pockets in each protein structure (Schoning-Stierand et al., 2020).
2.6. Molecular Dynamic simulation

Molecular dynamic (MD) simulations were carried out on Maestro v12.2 using the
implemented GPU-enabled Desmond molecular dynamics simulation engine. The

ClpK trimeric protein or the template ClpB protein were saved as Protein Data Base
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(PDB) files and submitted to the Linux (Ubuntu) desktop server for the Desmond MD
simulations studies. The ClpK trimeric protein or ClpB template protein were placed in
an orthorhombic box (distance from the box face to the outermost protein atom was
set 10 A, the box angle was a = B = y = 90°). The volume box containing the ClpK
trimeric protein or ClpB template protein was minimized, and counter ions were added
to neutralize the system. In addition, 0.15 M NaCl was added into the solvent box for
physiological conditioning. Thereafter, the system was submitted for the MD
simulation. MD simulation is divided into eight distinct stages in which the simulation
parameters are specified for each stage. Stages 1-7 is the equilibration, which is made
up of short simulation steps, and stage 8 is the final long range 100 ns simulation
stage. The type and parameters of the solvated system were detected in stage 1. In
stage 2, a 100 ps simulation was carried out using Brownian Dynamics under
canonical ensemble (NVT) condition at 10 K with restraints placed on the solute heavy
atoms. Stage 3 involved a 12 ps NVT condition at 10 K with restraints on heavy atoms.
Stages 4, 6 and 7 (the pocket solvation at stage 5 was skipped) employed short
simulation steps (12, 12 and 24 ps, respectively) under isothermal-isobaric ensemble
(NPT) conditions (at 10 K and restraints on heavy atoms for stages 4 and 6). No
restraints were placed on heavy atoms at stage 7. The final MD production stage at

constant temperature of 300 K was carried out at stage 8.
2.7. Post dynamic analysis

Post dynamic analyses of the trajectories derived from the MD simulation studies were
carried out using Schrodinger Maestro v12.2 or the Bio3D R-Statistical package for
comparative analysis of protein structures. Firstly; Simulation Quality Analysis
(implemented in Maestro v12.2) was used to analyse the quality of simulations which
analyse the average energy, pressure, temperature and volume. Secondly; Simulation
Interaction Diagram algorithm (implemented in Maestro v12.2) was used to analyse
the RMSD of the alpha carbon atoms (Ca), the root mean square fluctuation (RMSF)
of the residues, and secondary structure element analysis. Lastly; the Simulation
Events Analysis algorithm (implemented in Maestro v12.2) was used to calculate the

radius of gyration (Rg) and atomic distance.
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2.8. Protein Disorder and Circular Dichroism analysis

The primary amino acid sequence of ClpK (Figure Al) was used to predict protein
disorder and perform a virtual Circular Dichroism (CD). The sequence was subjected to
analysis on the IUPred2A server for protein disorder prediction (Mészéaros et al., 2018).
The sequence was also subjected to analysis on DichroCalc which is found on The Hirst

Group Home Page (https://comp.chem.nottingham.ac.uk/dichrocalc/) server. The CD

graph obtained from DichroCalc was then analyzed for secondary structures through
the DicroWeb server (Lobley et al., 2002).

2.9. Plasmid construction

The sequence of ClpK (Uniprot: EOW6V3_KLEPN) was sent to GenScript (NJ, USA) for
synthesis. At Genscript the gene was optimized for expression in Escherichia coli cells,
and it was inserted into a pColdl vector using BamH1 and Sall to obtain the pColdlI-
ClpK plasmid construct.

2.10. Competent cell preparation

Vials of non-competent E. coli IM109 cells were obtained and grown overnight in 2xYT
media containing 16 g tryptone, 10 g yeast extract and 5 g sodium chloride. From the
overnight culture, 2 ml was added to 200 ml 2xYT media and incubated at 37°C until
an optical density (600 nm) between 0.3 and 0.4 was obtained. The cells were then
centrifuged (2700 x g, 4°C, 10 minutes), and the pellet was resuspended in 0.1 M
MgCl2and 0.1 M CaClz. The cells were centrifuged (2700 x g, 4°C, 10 minutes) again
and the pellet was resuspended in 0.1 M CaCl,. An equal amount of 60% glycerol was
added to the resuspended cells, the cells were then rapidly frozen in liquid nitrogen

and stored at -80°C. Competent E. coli BL21 cells were prepared in a similar manner.

2.11. Transformation of recombinant plasmid

The pColdI-ClpK construct was transformed into competent E. coli JM109 cells.
Briefly, 1 yuL of pColdI-ClpK construct was gently mixed with 20 pL competent JIM109
cells. The mixture was incubated on ice for 30 minutes, it was then was heat shocked
for 90 seconds at 42°C and 80 pl of 2xYT media was added. The cells were then

incubated at 37°C (200 rpm) for 1 hour before they were plated onto 2xYT agar plates
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containing ampicillin (100 pg/mL) and incubated overnight. Competent E. coli BL21

cells were transformed in a similar manner.

2.12. Plasmid Isolation

The recombinant plasmid was isolated using the GeneJET Plasmid Miniprep Kit.
Briefly, following transformation, a JM109 colony was resuspended in 2xYT medium
containing ampicillin (100 mg/mL) and grown overnight at 37°C (200 rpm). Glycerol
stocks were made by combining equal volumes of the overnight culture and 60%
glycerol and stored at -80°C. The remaining culture was centrifuged (6000 x g; 15
minutes, 4°C) and used to isolate recombinant plasmid as per the manufacturer's
instructions. The concentration of the isolated plasmid was quantified using a Thermo

Scientific NanoDrop 2000 Spectrophotometer.

2.13. Clone confirmation

To confirm that the ClpK gene had been successfully cloned into the plasmid we carried

out plasmid confirmation using restriction digestion and colony PCR.

2.13.1. Restriction digest

The isolated plasmid was combined with CutSmart, BamHI, Sall (obtained from New
England, Bio labs) and Milli-Q water. The mixture was incubated at 37°C for 1 houir,
and then 65°C for 20 minutes. The digest was then analysed in 1% agarose gel
containing 3 pL ethidium bromide. The gel was viewed under the ultraviolet light using
the Syngene GBox.

2.13.2. Colony PCR

JM109 and BL21 colonies grown following transformation were picked using a sterile
pipette tip and resuspended in sterile Milli-Q water. A polymerase chain reaction (PCR)
master mix containing 1X OneTaq Standard Reaction buffer, 200 uM dNTPs, 0.2 uM
pColdl forward primer (5'ACGCCATATCGCCGAAAGG 3’), 0.2 uM pColdl reverse
primer (5 GGCAGGGATCTTAGATTCTG 3’), and OneTaq Standard polymerase was
assembled. The master mix was added to 1 pL of the resuspended colony and the

reaction volume was made up to 25 pL using nuclease free water. The 25 pL reaction
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was then placed in a Bio-Rad PCR thermocycler under the following conditions; initial
denaturation (94°C for 30 sec), denaturation (94°C for 30 sec), annealing (50°C for 30
sec), extension (68°C for 60 sec), and final extension (68°C for 5 min) for 30 cycles.
The PCR samples were analysed on a 1% agarose gel with 3 pL of ethidium bromide.

The gel was visualized under the ultraviolet light using the Syngene GBox.
2.14. ClpK expression and purification

Transformed E. coli BL21 pColdI-ClpK cells were used to inoculate 10 mL Lysogeny
Broth (LB) containing 100 mg/mL Ampicillin (10 pL). The cells were grown overnight (16
h) at 37 °C. Cells from the overnight flask (1 mL) were then used to inoculate 100 ml LB
media containing 100 mg/mL Ampicillin (100 uL). The cells were grown to an OD of 0.4
to 0.6 before they were cold-shocked in ice for 30 minutes. The culture was then induced
with 0.25 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and incubated at 15 °C for
24 h. Uninduced cells served as the control and were grown along with the induced

cells.

Both uninduced and induced cells were harvested by centrifugation at 6800 x g for 15
min. After centrifugation, the resulting pellets were resuspended in binding buffer (20
mM sodium phosphate, 20 mM imidazole, pH 7.4). The cells were then ruptured by
sonication (15 min, 30 sec on, 20 sec off, 50% amplification) followed by centrifugation.
Both the soluble and insoluble fractions were analyzed using reducing 12.5% sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970).
The protein concentration was determined using Thermofisher NanoDrop 2000 at 280
nm (Kruger, 1994).

Purification was carried out using firstly; a 5 mL HiTrap Q HP anion exchange column
(GE Healthcare), and secondly; a 1 mL HisTrap HP column (GE Healthcare). The
HiTrap Q HP column was equilibrated with binding buffer. The soluble cell fraction was
passed through the anion exchange column. Unbound proteins were removed from the
column using binding buffer, and remaining protein was eluted with Buffer B (20 mM
imidazole, 20 mM sodium phosphate, 0.2 M NaCl, pH 7.4).

Fractions containing the eluted protein were pooled and passed through the HisTrap

HP column which had been equilibrated with Buffer B (20 mM imidazole, 20 mM sodium
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phosphate, 0.2 M NaCl, pH 7.4). Unbound proteins were removed from the column
using buffer B, and the remaining proteins was eluted with Buffer C (192 mM imidazole,
20 mM sodium phosphate, 0.5 M NaCl, pH 7.4), the elution samples were collected and
analyzed using reducing 12.5% SDS-PAGE gels (Laemmli, 1970).

2.15. Enzyme activity assay

ATP hydrolysis was measured using the ATPase/GTPase Activity Assay Kit (Lot#
113BI08A16) from Sigma-Aldrich according to the manufacturers instruction. Briefly;
0 to 0,006 mg/ml ClpK was mixed with 30 ul of reaction buffer (40 mM Tris, 80 mM
NaCl, 8 mM MgAc?, 1 mM EDTA, and 4 mM ATP, pH 7.5) and incubated at room
temperature for 30 minutes. The ATPase activity was followed by measuring the
release of phosphate ions spectrometrically at 620 nm, as a result of the conversion

of ATP to ADP. Measurements were performed in triplicate.

2.16. Spectroscopical analysis

2.16.1. Far-UV circular dichroism spectroscopy

Far-UV CD was used to investigate the secondary structure of ClpK (0.5 uM) in 20
mM sodium phosphate and 0.02% sodium azide (pH 7.4). This was performed both in
the absence and presence of 0.1 mM ATP. The Jasco J-1500 spectropolarimeter was
used to conduct the experiment at 20°C using a 2 mm quartz cuvette. Spectra
measurement was collected in 7 accumulations from 250 to 180 nm at 2.5 nm band
width, 0.2 nm data pitch and 1 sec response time. Buffer contributions were subtracted
from the final spectrum. The CD spectra was recorded in millidegrees ellipticity
(dmdeg) and was converted to mean residue ellipticity [BMRE] (deg.cm2.dmol-1) using

the equation below:

100 X Omdeg

[HMRE] = cnl

Where 8mdeg is the signal of measured ellipticity in mdeg, c is the protein
concentration measured in mM, n is the number amino acid residues of the protein,
and | is the pathlength in cm. The data was analysed using the CONTIN parameter on
Dichroweb (Lobley et al., 2002).
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2.16.2. Extrinsic fluorescence spectroscopy

The binding of ATP-substrate to ClpK was probed using methylanthraniloyl-ATP
(mant-ATP). A concentration of 10 uM mant-ATP each was added to the protein (0.5
puM) and was excited at 355 nm, the excitation and emission band width were fixed at
5 nm. The emission was collected between 400 — 600 nm wavelengths in three

accumulations. Buffer contributions were subtracted from the final spectrum.

Extrinsic 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence was carried out to
investigate the presence of hydrophobic pockets on the protein. ANS (200 uM) was
incubated with the protein in the dark, and the samples were excited at 390 nm
wavelength. Emission spectra were collected between 400 — 600 nm wavelengths.
The excitation and emission band widths were fixed at 5 nm and 10 nm, respectively
using 200 nm/min scanning speed. All fluorescence samples were prepared with 0.5
UM protein concentration in the presence and absence of 2 mM ATP using 10 mM
sodium phosphate pH 7.4 and 5 mM MgCI2 for ATP-bound samples. Buffer
contributions were subtracted from each final spectrum. The experiments (ANS and
mant-ATP fluorescence) were performed using Jasco FP-6300 fluorescence

spectrophotometer at 20 °C using a 10 mm quartz cuvette.
2.17. Thermal analysis

Protein thermal analysis was performed in two ways. Firstly; purified protein (0.3
mg/ml) was incubated at temperatures varying from 10 °C to 100 °C for 1 h. The protein
was then combined with non-reducing treatment buffer and analysed on a SDS-PAGE
gel. Secondly; a baseline thermal study (from 20 °C to 80 °C) was carried out on ClpK
(2 uM) in 20 mM sodium phosphate and 0.02% sodium azide (pH 7.4) using the Jasco

J-1500 spectropolarimeter.
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Chapter 3: Results

3.1. Caseinolytic ATPase in Klebsiella species

The recent discovery of ClpK in the Klebsiella species led to the investigation of the
presence and diversity of Clp ATPases in Klebsiella strains using genome wide
analysis. It was observed that 98% of the strains studied contained CIpA with the
exception of K. oxytoca CAV1335 and K. variicola KP5-1 (Figure 5). A similar
observation was noted for ClpB where out of the studied species, only two (K. variicola
KP5-1 and K. variicola DX120-E) did not contain ClpB (Figure 5). With respect to ClpX,
K. pneumoniae CAV1217 was the only species that lacked the ClpX gene (Figure 5).
Interestingly, it was further observed that unlike CIpA, ClpB and ClpX, ClpK was only
found to be present in 34% of the studied species. Also, only four out of the seven
Klebsiella species contained ClpK with the highest number of ClpK being found within
the K. pneumoniae species (Figure 6).

The data obtained from the genome analysis shows a considerably low number of
ClpK identified among the Klebsiella strains compared to the number of CIpA, ClpB
and ClpX proteins. Out of the 57 K. pneumoniae strains which were analyzed, only 27

(47%) contained ClpK (Figure 5, Figure 6). Interestingly it was also observed that none
of the studied species contained ClpC.
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Figure 5: Clp ATPases identified in the investigated Klebsiella strains. The total number
of Clp ATPases obtained from the National Center for Biotechnology Information (NCBI)
Genome database was tallied.
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Figure 6: The distribution of CIpK among the investigated Klebsiella species. The total
number of ClpK was tallied from data obtained using the NCBI Genome database. The highest
number of ClpK was found in K. pneumoniae (27 strains), followed by Kp subsp. pneumoniae
(5 strains), K. variicola (1 strain) and K. oxytoca (1 strain).

3.2. Phylogenetic Analysis

A Clustal and phylogenetic tree analysis was performed to establish the relationship
between the investigated Klebsiella Clp ATPases. Clustal analysis of the studied
proteins was performed to evaluate the percentage identity shared within each group
(Table 4). The percentage identity gives an estimation of the percentage residues that
match up amongst proteins of interest (Newell et al., 2013). Table 4 shows the high
percentage identity of the compared protein sequences. This indicates that the
proteins identified across the Klebsiella species are functionally similar (Hark Gan et
al., 2002).

Table 4. Percentage identity of the various Clp ATPases obtained through Clustal
analysis.

Clp ATPase Identity (%)
ClpA 97.1-100
ClpB 96.5-100
ClpX 98.3-100
ClpK 94.1-100
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The phylogenetic tree of the investigated Clp ATPases is shown in Figure 7. The root
of the phylogenetic tree is in the middle with branches radiating out in different
directions. The branch of ClpX irradiates directly from the root. The branches of ClpA,
ClpB and CIpK connect before divergence suggesting that the ClpA, ClpB and ClpK
protein share a common ancestor. Figure 7 also shows divergence within the
arrangement of the ClpK proteins suggesting that changes have occurred at an amino
acid level therefore there may be slight functional modifications among the ClpK
proteins identified from the various Klebsiella strains. Clustal analysis of ClpK proteins
namely, K. pneumoniae FDAARGOS 566, K. pneumoniae KPNIH39, K. pneumoniae
2-1, K. pneumoniae WCHKP020098, K. pneumoniae J1, K. pneumoniae FDAARGOS
444, K. pneumoniae CAV1417, and Kp. subsp. pneumoniae KPNIH32 from the
various branches, showed an identity of 93.48-100% (Figure 7).

2

Figure 7: Phylogenetic tree of Clp ATPases found among the seven Klebsiella species.
MAFFT embedded in Trex servers was used to align the tree. Different Clp ATPases are
indicated in different colors. Centre of tree (1), point of CIpK and ClpB divergence (2), CIpA
(3). Tree distance scale: 0.1.
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3.3. Hypothetical ClpK structure

To successfully model a protein structure, a suitable template for modelling needs to
be identified (Schwede et al., 2003, Brenner, 2001). This template should be an
experimentally solved three-dimensional structure with more than 40% amino acid
sequence identity to the target sequence (Schwede et al., 2003, Brenner, 2001).
Subsequently a BLAST search and sequence alignment was performed to identify a
suitable template for modelling ClpK. ClpB (1QVR-B) was identified as an appropriate
template to model the structure of ClpK since it had a sequence identity and coverage
query of 52% and 83%, respectively (Figure 8). The percentage query coverage
indicates how much of the query sequence is included in the alignment, the higher the
guery coverage, the better the match (Newell et al., 2013). Furthermore, the structure
of ClpB was determined at 3.00 A and this was the best resolution compared to the
resolution of other structures with similar percentage identity. This resolution is
considered to be fairly good as it allows for the visualization of well-defined water
molecules and provides a fairly good idea about the shape of the macromolecule
(Wlodawer et al., 2008).
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Figure 8: Alignment of ClpK with ClpB. The annotations were done according to sequence
ClpB (1QVR-B). The a-helices and B-sheet are shown as rectangles and arrows, respectively.
ClpK residues colored blue represent the position of the a-helices whereas red residues
represent the position of the B-sheet. Asterisks (*) denote the identical residues, (:) represents
sequence homologies, (.) represents weak similarity. The five domains are shown as follows:
N-terminal domain (blue); D1 large domain (red); D1 small domain (green); short linker region
(grey); D2 large domain (pink); D2 small domain/C-terminal domain (cyan). The secondary
structure elements are colored according to the domain. Walker A and Walker B motifs are
highlighted yellow and cyan respectively. The alignment was performed using T-COFFEE (Di
Tommaso et al., 2011).
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The alignment of ClpB and ClpK shows the five domains namely; the N-terminal
domain, D1-large domain, D1-small domain, D2-large domain and D2-small domain
which are conserved within Class | proteins (Figure 8). The Walker A motif
(GXXXGK]T/S]-X represents any residue) is 100% identical in the aligned sequences.
The Walker B motif (hhhhD[D/E]-h represents hydrophobic residues) is 100% identical
in NBD1 of the aligned sequence, while it only has 73% identity in NBD2 (Figure 8).

The modelled ClpK structure was validated using the ProCheck server and is shown
in Figure 9A. ATPases can exist in a monomeric, dimeric and trimeric state in the
absence of nucleotides, therefore the hypothesized trimeric structure of ClpK is not
alarming (Zheng et al., 2002). Ramachandran analysis of the trimeric ClpK (90.10%)
and template ClpB (83.10%) proteins showed that the majority of their protein residues
lie within the most favoured regions (Figure 10, Table 5). A Rama Z-score of -0.75 +
0.16 was obtained for the trimeric ClpK structure from the MolProbity server, this value
was within the accepted Z-score range. The structural alignment between the
monomeric ClpK and ClpB (Figure 9B) gave a root mean square deviation (RMSD)
value of 0.300 A which is indicative of the two structures adopting a similar
conformation (Carugo and Pongor, 2001). The modelled structure of ClpK is consistent
with other known structures of ATPases which contain a mixture of mainly a-helices
and some [3-sheets (Figure 8, 9). Furthermore, this modelled structure agrees with the
virtual CD data obtained for CIpK using the DichroCalc server and DicroWeb analysis
(Figure 11, Table 6). The spectrum shows that CIpK displays one ellipticity maxima at

about 190 nm, and one ellipticity minima at about 220 nm (Figure 11).
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Figure 9: Hypothetical ClpK structure modelled using ClpB as atemplate. (A): Secondary
trimeric structure of ClpK with chains A, B, and C shown as green, cyan, and pink, respectively.
(B): Superimposed monomeric secondary structure of ClpK (red) and ClpB (1QVR-B)
template (blue). C: Secondary structure elements of ClpK domains colored as follows: Blue;
N-terminal domain, red; D1 large domain, green; D1 small domain, grey; short linker region,
pink; D2 large domain, light blue; D2 small domain/C-terminal domain. The structures were
refined using OPLS_2005 force field and visualized using PyMOL (Ko et al., 2012,
Schrodinger, Version 2010).
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Figure 10: Ramachandran plots of the modelled ClpK protein and the template ClpB
protein. (A) ClpK trimeric protein. (B) ClpB template protein. The blue dots represent the
residues of each protein. The regions are denoted as follows; the most favored regions (red),
additional allowed regions (brown), the generously allowed regions (yellow) and the
disallowed regions (light yellow). The figures were obtained from the ProCheck server.

Table 5: Ramachandran analysis of the template ClpB and modelled trimeric ClpK
protein obtained from ProCheck.

Ramachandran statistics

Residues in

1QVR KpClpK Model
Most favoured regions 83.10% 90.10%
Additional allowed regions 15.20% 8.30%
Generously allowed regions 1.70% 1.20%
Disallowed regions 0.00% 0.40%
Total residues 717 2100
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Figure 11: Virtual Circular Dichroism (CD) spectrum of ClpK. The primary amino acid
sequence of ClpK was passed through the DichroCalc server, the data obtained from the
server was then analyzed to understand the secondary structures of ClpK
(https://comp.chem.nottingham.ac.uk/dichrocalc/).

Table 6: DichroWeb?! analysis of the secondary structure of ClpK.

Helix (%)  Strand (%)  Turns (%) U”O(i,%?red NRMSD?
ClpK (952?) 35.3 22.9 20.7 21 0.12

1(Lobley et al., 2002)

2Number of amino acids

SNormalised root mean square deviation (NRMSD) value is independent of dimensions, and a value

of <0.1 is considered acceptable.

Structural analysis of ClpB showed that the N-terminal domain contains a substrate
binding groove which is known to recognize hydrophobic residues of unfolded or
aggregated proteins (Rosenzweig et al., 2015). Given that both ClpB and ClpK belong
to Clp ATPases class | and could potentially function in a similar manner to recognize
substrates; the presence of substrate binding grooves was investigated in ClpK.
Interestingly, a similar substrate groove was identified in the ClpK N-terminal domain
using the DoGSiteScorer (Figure 12, Table 7). However, the volume of the substrate
binding grooves of ClpK and ClpB differ, this could suggest that these grooves bind
different substrates. Interestingly, the frequent amino acid in the substrate binding
groove of ClpK is glutamine and ClpB is leucine (Table 7). This once again indicates
that the substrates binding to the protein grooves may differ.
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Table 7: Properties of the binding pockets in the N-terminal region of ClpB and ClpK
identified using DoGSiteScorer?.

ClpB ClpK
Volume (A%) 1767.82 1511.88
Surface (A?) 1967.01 1626.42
Depth (A) 31.30 20.80
Hydrophobicity ratio 0.34 0.28
Enclosure 0.08 0.07
Frequent amino acid Leucine Glutamine

1(Schoning-Stierand et al., 2020)

2/

Figure 12: N-terminal binding groove identified in ClpK and ClpB. A) ClpB with the binding
groove shown in yellow. B) ClpK with the binding groove identified in yellow. The binding
grooves were identified using DoGSiteScorer (Schdning-Stierand et al., 2020).
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Further analysis of the ClpK N-terminal domain showed that NBD1 and NBD2 of ClpK
adopts a RecA-like fold characterized by a central B-sheet flanked by a-helices (Figure
13). This fold is a common structural feature found in most ATPases and assists with
the movement of polypeptides into the proteolytic core which is a critical step in protein
proteolysis (Ye et al., 2004, Lee et al., 2003). In most Clp ATPases, NBD1 and NBD2
are not separated however in CIpK it was observed that NBD1 and NBD2 are
separated by a short linker sequence which adopts a helical structure (Figure 8, 9B).
In ClpB, this linker region is termed as “the middle domain” (Lee et al., 2003). It was
observed that the linker region of ClpK and ClpB differs in amino acid length, with the
linker region of ClpB being almost double the size of ClpK. Although the function of
the linker region of ClpK is yet to be investigated, the middle domain of ClpB plays a
role in protein stability and interdomain communication between NBD1 and NBD2
(Kedzierska et al., 2003, Cashikar et al., 2002).

Figure 13: NBDI and NBD2 of ClpK adopts a RecA-like fold. The secondary structural
features are coloured as follows; the N-terminal domain and the C-terminal domain are shown
as pale green and yellow, respectively. The RecA-like domains are shown in magenta. The
protein was visualised using PyMol (Schrodinger, Version 2010).
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3.4. Molecular Dynamic Simulation

To confirm that the homology modelling was carried out successfully, the dynamic
behavior and stability of the modelled structure was investigated. This was done by
performing molecular dynamic (MD) simulations and post-dynamic analyses on the
modelled ClpK and ClpB structure. ClpB was used as a control for all the MD
simulations and post-dynamic analyses. Figure 14 shows the potential energy profiles
to compare the trajectory of the alpha carbons (Ca) within a time frame for ClpK and
ClpB. A comparison of the potential energy obtained for ClpK (-401975,3+313,1
kcal/mol) and ClpB (-468132,8+331,6 kcal/mol) shows a slight, insignificant shift which

suggests that both the template and modelled protein are relatively stable (Figure 14).
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Figure 14: Potential energy profile of ClpK and ClpB during 100 000 ps molecular
dynamic simulation. The potential energy for ClpK and ClpB is shown in red and blue,
respectively. The image was generated using GraphPad prism.
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To assess the dynamic nature of ClpK the root mean squared deviation (RMSD) and
the root mean square fluctuation (RMSF) values were calculated. Figure 15A shows
the RMSD values of ClpK (7.22+1.52 A) which increases from 2 A to 9 A over 100 ns.
A similar increase in RMSD values is observed for ClpB (8.68+2.37 A) which increases
from 2 A to 11 A over 100 ns. The increasing RMSD values observed indicate
significant conformational changes, which are shown in Figures 15B and 15C for ClpB
and CIpK, respectively. Furthermore, the RMSF values were used to identify amino
acids which contribute to protein flexibility, the higher the RMSF value the greater the
flexibility (Zhao et al., 2015). The D1 small domain and linker region were identified as
regions which contribute to the flexibility of ClpK (3.17+1.73 A) and ClpB (3.27+2.27
A) (Figure 8, Figure 16).

10 [

20 40 60 80 100
Time (ns)

0 ns I 100 ns

Figure 15: Trajectory analysis showing the RMSD values and the conformational
changes of ClpK and ClpB over 100 ns. A) RMSD values of ClpK and ClpB over 100 ns.
The trajectory of ClpK is indicated in red and the trajectory of ClpB is indicated in blue. B)
Conformational changes of ClpB observed over 100 ns. C) Conformational changes of ClpK
observed over 100 ns.
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Figure 16: The RMSF of the ClpK and ClpB residues as a function of the 800 ns
simulation time. ClpK is represented as red and CIpB is represented as blue on the graph
and structures. The position of the peaks are represented on the ClpK and ClpB structures in
green. The highest peak for ClpK is seen around residues 410 to 425 while the highest peak
for ClpB is seen around residues 379 to 407. To assess the regions of flexibility, we add 110
and 4 to the region values obtained for ClpK and CIpB, respectively, as the structures have
been modelled from residue 110 and 4. The graph was generated using Excel. The 3D protein
structures were generated using PyMOL.
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Radius of gyration (A)

Protein structure compactness refers to how secondary structures are packed into the

tertiary structure (Lobanov et al., 2008). The radius of gyration (Rg) represents the

compactness of the protein structure (Pathak et al., 2018). The values obtained for
ClpK (40.4+3.93 A) and CIpB (42,37+4.71 A) indicate that the proteins do not differ

much in terms of structure compactness (Figure 17). Additionally, ClpB seems to

undergo transformational change at around 10000 ps, while ClpK only undergoes

transformation around 20000 ps (Figure 17). The high Rg values of both ClpB and

ClpK confirm the mainly a-helical structure of the proteins as a-helical proteins have

the highest Rg profile compared to proteins composed of mainly B-sheets (Lobanov et

al., 2008).
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Figure 17: Trajectory analysis showing the Radius of gyration of the alpha carbons of

ClpK over 100 000 ps. ClpK is represented as red and ClpB is represented as blue.
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3.5. Protein Disorder Prediction

Following homology modelling and MD simulation, the structure of ClpK was assessed
for protein and binding disorder. Disordered protein regions do not adopt a stable
confirmation and therefore make protein purification, protein-ligand binding studies
and crystallization difficult (Babu, 2016). Therefore, assessing ClpK for disorder
regions allows one to determine if it is possible to express and purify soluble ClpK as

an initial step to protein characterization and protein-drug interaction studies.

Figure 18 shows that less than 40% of the ClpK residues were predicted to be
disordered through IUPred2A (red line), suggesting that ClpK can be expressed and
purified (Deng et al., 2012). IUPred2A predicts some of the disordered protein residues
to be situated in the N-terminal domain (3 small peaks), while most of the disordered
protein residues are seen in the C-terminal domain (Figure 18). It has been noted, that
proteins with disordered regions carry out important functional roles such as
phosphorylation, regulation and protein-DNA binding (Deng et al.,, 2012). Using
Anchor2 server it was observed that a majority of the disordered binding regions were
situated in the C-terminal domain and role of C-terminal domain in ClpK is yet to
studied (Figure 18).
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Figure 18: Protein disorder prediction for ClpK. The ClpK protein sequence was analyzed
using the IUPred2A server for presence of ordered and/or disordered regions. The black line
represents the threshold; the red line represents the protein disorder prediction (IUPred2A),
and the blue line represents the binding disorder prediction (Anchor2).
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3.6. Clone confirmation

Following in silico analysis, in vitro analyses were carried out to further investigate the
ClpK protein. The expression, purification and characterisation of ClpK is yet to be
reported. Subsequently, here the CIpK gene was cloned into a pColdl vector by
GeneScript for expression studies. Prior to expression studies, the ClpK construct was
confirmed using restriction digest and colony PCR to ensure that the correct construct

had been recieved.

3.6.1. Restriction digestion

The recombinant plasmid (pColdI-ClpK) was transformed into Escherichia coli JM109
cells. The construct size was confirmed by digesting the plasmid with BamH1 or Sall
(Figure 19). Additionally, the plasmid was double digested with Sall and BamHL1 to
release the clpk gene from the vectors to confirm gene size. Figure 19 shows two
bands in Lane 2, one appears below 3000 bp and corresponds to the size of the clpk
gene and the other band at around 4000 bp corresponds to the size of the vector. Lane
3 and 4 show single bands around 7000 bp, this corresponds to the size of the plasmid
with the ClpK insert.
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Figure 19: Restriction digest of ClpK construct. The plasmid was incubated in the
presence of BamHI and/or Sall at 37°C for 1 h before the reaction was stopped by incubating
the samples at 65°C for 20 minutes. Lane 1: Molecular weight marker (MWM), Lane 2: double
digest in the presence of BamHI and Sall, Lane 3: single digest in the presence of BamHl,
Lane 4: single digest in the presence of Sall.

3.6.2. Colony PCR

Following successful confirmation of the, the ClpK construct, it was transformed into
E. coli BL21 cells for protein expression. The resulting transformants, were screened
for the presence of ClpK plasmid using colony PCR. Figure 20 shows the amplification
of the ClpK gene at around 3000 bp in E. coli BL21 cells. The observed band is slightly
higher than, the expected size of the ClIpK gene which is approximately 2859 bp. For
this PCR, pCold1 forward and reverse primers which bind to the region flanking the
multiple cloning site were used instead of gene specific primers (Figure 21). Therefore,
the slight increase in the observed band is due to the amplification of the region
flanking the ClpK insert which is about 190 bp.
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Figure 20: Colony PCR of E. coli BL21 cells transformed with the ClpK-pColdl
recombinant plasmid. (A) Lane 1: MWM, Lane 2-4: DNA from single colonies of transformed
BL21 cells, Lane 5: negative control. PCR products were run on a 1% agarose gel containing

ethidium bromide.
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Figure 21: Graphical representation of the forward and reverse primers of pColdl
flanking the CIpK gene. MCS: multiple cloning site, bp: base pairs.
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3.7. Expression and Purification of ClpK

Expression and purification studies of ClpK have not been reported to date. Therefore,
to obtain optimum conditions for the expression of ClpK, E. coli BL21 cells were
transformed with pCold-I plasmid containing the clpk gene (ClpK construct). Different
expression conditions were tested to determine suitable conditions to express the
soluble ClpK protein. Figure 22 shows the successful induction and expression of
soluble ClpK wusing 0.1 mM, 0.25 mM, and 0.5 mM Isopropyl B- D-1-
thiogalactopyranoside (IPTG) respectively, as indicated by a protein band
corresponding to the molecular weight of ClpK. Based on the band intensity of
expressed ClpK, 0.25 mM IPTG was selected as an optimal concentration for

expression (Figure 22, Lane 6).

kDa

10

Figure 22: ClpK expression using varying IPTG concentrations. Protein expression was
induced with varying IPTG concentrations (0.1 mM, 0.25 mM and 0.5 mM) at 15 °C for 24 h.
Following expression, the culture was harvested by centrifugation. The resulting pellet was
resuspended in lysis buffer, sonicated and analysed for soluble and non-soluble protein on a
SDS-PAGE gel. Lane 1: Molecular weight marker, Lane 2 and Lane 3: uninduced supernatant
(Sn) and uninduced pellet, respectively. Lane 4: 0.1 mM Sn, Lane 5: 0.1 mM pellet, Lane 6:
0.25 mM Sn, Lane 7: 0.25 mM pellet, Lane 8: 0.5 mM Sn, Lane 9: 0.5 mM pellet. The arrow
indicates the position of the expected protein.
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Following expression, CIlpK was purified using ion exchange and affinity
chromatography. Initially, the expressed protein was subjected to ion exchange
chromatography which is based on the electrostatic interaction between the resin and
the protein (Coskun, 2016). At pH 7.4, CIpK (pl: 5.61) is negatively charged, thereforeit
binds to the positively charged anion exchange resin. The protein bound to the resin
was eluted with increasing concentration of sodium chloride in Buffer B (Figure 23a).
ClpK co-elutes with impurities even at the highest salt concentration, therefore a
second purification step was performed. In addition, the recombinant protein only
reached 2.7% purity after ion exchange chromatography (Table 8). The eluent from
anion exchange was passed through an affinity chromatography column. ClpK was
expected to bind to the affinity column resin since it contains a HisTag while the
contaminating proteins were expected to flow through (Cogkun, 2016). As shown in
Figure 23b and Table 8, the partially purified ClpK was successfully purified to
homogeneity (Figure 23b, Lane 6 to 10). The specific activity increases from 0,0423
units/mg in the supernatant to 11.13 units/mg in the homogenous protein sample
(Table 8). The specific activity is of importance as it can be used to determine the

purity of a protein following a dual purification procedure (Whitfield et al., 1970).

Figure 23: Purification of ClpK using anion exchange and affinity chromatography. A)
Anion exchange purification. Lane 1: Molecular weight marker, Lane 2: crude sample, Lane
3: Flow through, Lane 4: Unbound (wash with buffer A), Lane 5: wash with 20% Buffer B,
Lane 6-14: elution with 40% Buffer B, Lane 15: elution with 100% Buffer B. Elution samples
were collected in 1 ml fractions. B) Affinity purification. The eluents from the anion exchange
purification were used for further purification. Lane 1: Molecular weight marker, Lane 2:
Load, Lane 3: flow through, Lane 4: unbound wash, Lane 5-11; elution with buffer C, Lane
12: elution with Buffer D.
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Table 8: Purification table for ClpK

: Total Specific Total . .
Volume  Protein . g L Yield Purit
Steps (mL) (mg/ml)° protein activity activity (%) (%)y
(mq) (units/mg)° (units)
Crude
extract? 30 0.0345 93.10 0,0423 3.94 100 0.38
Anion
eluant? 30 00122  32.94 0,302 995 354 2.7
HisTag
eluante 10 0.117 1.17 11,13 13.02 1.26 100
a Soluble fraction obtained from 0.77 g of wet weight E. coli cell pellet (from 1 L of bacterial
culture).

b Protein concentration determined by Bradford assay using BSA as a standard protein
(Bradford, 1976).

¢ Calculated using the ATPase assay; the release of phosphate ions is measures as ATP is
converted to ADP (As2onm).

d Elution collected from the ion exchange column.

®Pooled eluant collected from the HisTag column.



3.8. Biophysical characterisation of ClpK

3.8.1. Enzyme activity assay

ClpK has been identified as an ATPase since it consists of structural motifs associated
with the hydrolysis of ATP (Kress et al., 2009, Maurizi and Xia, 2004, Schirmer et al.,
1996). However, the ability of ClpK to hydrolyse ATP in vitro has not been reported to
date. Therefore, the ATPase activity of the purified protein was investigated using an
ATPase assay. Figure 24 confirms that ClpK hydrolyses ATP and this is consistent with
the primary structure of ClpK (Figure 8) which shows the presence of ATP hydrolysis
domains. Furthermore, ClpK ATP hydrolysis is concentration dependant as enzyme
activity increases from 0 + 0 units/L to 10.43 + 0.72 units/L as protein concentration

increases from 0 mg/ml to 0.006 mg/ml.
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Figure 24: CIpK ATPase activity. ATPase activity was determined by incubating protein at
varying concentrations (0-0.006 mg/ml) in reaction buffer containing 40 mM Tris, 80 mM NacCl,
8 mM MgAc?, 1 mM EDTA, and 4 mM ATP (pH 7.5) for 30 minutes. The release of phosphate
ions was determined at 620 nm. The absorbance values were then used to calculate enzyme
activity. Each data point is an average of three independent measurements and the error bars
represent standard deviation. Equation: y=1600,4x+0,0361, R 0,9677.
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3.8.2. Spectroscopical analysis
3.8.2.1. Far UV-CD spectroscopy

Circular dichroism (CD) is an optical spectroscopic method that is used to gain an
insight into the secondary structure of the protein (Houde and Berkowitz, 2014, Miles
and Wallace, 2015). Assessing CD data of a protein over the far-UV range (185 nm —
250 nm) produces a CD spectrum, which is indicative of the secondary structure
fingerprint of the protein or peptide (Greenfield, 2006). Therefore, we used CD
spectroscopy to characterise the secondary structure of ClpK , ClpK CD spectra shows
a negative minima at 208 = 1 and 221 + 1 nm, and maxima at 193 + 1 nm (Figure 25).
Furthermore, the absence of a negative band of great magnitude at around 200 nm
suggests that the purified ClpK is not highly disordered or unfolded (Rodger, 2013).
This obtained CD spectra therefore correlates with the modelled of ClpK structure

(Figure 9) and its virtual CD analysis (Figure 11).
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Figure 25: Far-UV CD spectroscopy of ClpK in the presence and absence of ATP. CD
spectra of ClpK (2 uM) in sodium phosphate buffer (pH 7.4) in the presence of 0.2 mM ATP
(blue) and in the absence of ATP (red). Each spectrum represents an average of five
accumulated spectra derived at 20°C using a 2 mm path length quartz cuvette.
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Knowing that ClpK binds ATP, CD was used to determine structural changes on ClpK
upon ATP binding. In the presence of ATP, there was no shift observed on the CD
spectra at 208 + 1 and 221 + 1 nm minima however, a slight shift in maxima from 193
+1to 196 £ 1 nm was observed (Figure 25). Based on this observation, there seems
to be a slight modification in the secondary structure content upon ATP binding. This
indicates that ATP binding does impact the secondary structure content of ClpK
however an alternative tool with better resolution needs to be used to determine the
exact impact of ATP binding on protein structure and function.

3.8.2.2. Extrinsic fluorescence spectroscopy

Fluorescent spectroscopy was used to further probe the interaction between ClpK and
ATP. Fluorescent probes such as 8-anilino-1-naphthalenesulfonic acid (ANS) and 3-
O-(N-methylanthraniloyl)-adenosine 5-triphosphate (mant-ATP) can be used to
investigate the structure and interaction of proteins (Stryer, 1968, Aranovich et al.,
2006, Gasymov and Glasgow, 2007). Mant-ATP is a sepctrofluorometric dye which is
a derivative of ATP (Aranovich et al., 2006). Figure 26A shows A higher fluorescence
guantum vyield is observed at 450 nm in the presence of protein and mant-ATP
compared to the fluorescence quantum yield observed in the presence of mant-ATP
alone. This is expected as mant-ATP exhibits an increased fluorescence intensity
upon protein binding (Aranovich et al., 2006). In Figure 26B using ANS as an extrinsic
probe showed that ATP binds to ClpK as a hypsochromic shift (blue shift) in emission
maxima was observed in the presence of ATP (Figure 26B). This hypsochromic shift
from 495 nm to 507 nm indicates an increase in the energy released upon ATP binding
(Wypych, 2015). Furthermore, this hypsochromic shift is accompanied with an
increase in fluorescence intensity. The increase in fluorescence intensity in the
presence of both ANS and mant-ATP suggest that the nucleotide binding domain is
hydrophobic of (Aranovich et al., 2006, Gasymov and Glasgow, 2007).
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Figure 26: Tertiary structure analysis of ClpK using extrinsic fluorescence
spectroscopy. (A) Fluorescence emission spectra of mant-ATP in the presence (red) or
absence (blue) of 2.0 uM ClpK. The fluorescent nucleotides (10 pM) were excited at 355 nm
and emission collected between 400 and 600 nm. Each spectrum represents an average of
three accumulated spectra from three independent experiments. (B) ANS fluorescence
spectroscopy of ClpK. ClpK (2.0 uM) with ANS alone (blue) and ANS in the presence of 0.2
mM ATP and ClpK (2.0 pM) (red). The fluorescence emission was recorded in wavelength
region 400 — 650 nm after exciting the samples at 390 nm. The bandwidths were set at 5 nm
and 10 nm for excitation and emission, respectively. The path length of the sample was 1 cm.
Each spectrum represents an average of five accumulated spectra from three independent
experiments. a.u is arbitrary unit.
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3.8.3. Thermal stability

In order for pathogens to survive, it is important that they maintain protein homeostasis
in extreme environments. Therefore, it is essential that pathogens contain proteins
which can withstand extreme conditions and assist in the maintenance of protein
homeostasis (Miotto et al., 2018). As mentioned earlier, the clpk gene was identified
to be present on a heat resistant locus (Bojer et al., 2010). These authors suggested
that the ClpK protein plays a role in providing thermostability to K. pneumoniae. In this
regard, it is essential to investigate the thermostability of ClpK to gain an insight into
the physical properties of the protein. The thermal properties of a protein can be
investigated in one of two ways, firstly; determining the thermodynamic stability, and
secondly; physical methods to investigate protein thermal resistance (Dehghan-Nayeri
and Rezaei Tavirani, 2015, Luke et al., 2007, Miotto et al., 2018).

The thermodynamic stability assumes that protein folding is reversible and is
calculated by subtracting the free energy between the unfolded and folded states
(Luke et al., 2007). The thermal resistance of the protein is determined by calculating
the temperature at which the protein denatures, melting temperature (Tm) (Dehghan-
Nayeri and Rezaei Tavirani, 2015). There are a number of methods to investigate the
thermal properties of a protein, these include; fluorescence activity assays, differential
scanning calorimetry, and CD spectroscopy (Greenfield, 2006). Therefore, this study
investigated the effect of temperature on the structural stability of ClpK in one of two

ways.

Firstly, the protein was incubated at varying temperatures over time and the effect of
temperature variation on ClpK was visualized using non-reducing SDS-PAGE (Figure
27). A single band is observed from lane 2 (10°C) to lane 9 (70°C) suggesting that
ClpK is structurally stable up to 70°C. The protein appears to partially lose structural
stability in Lane 10 (80°C), Lane 11 (90°C) and Lane 12 (100°C) where multiple bands
of high molecular weight are observed (between 130 to 250 kDa). This suggests that

ClpK aggregates at higher temperatures and perhaps loses activity.
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Figure 27: Effect of varying temperatures on protein structure as seen on a non-
reducing SDS-PAGE gel. Purified ClpK was incubated at temperatures ranging from 10°C to
100°C for 1 h. Lane 1: MWM, Lane 2: protein at room temperature, Lane 3: protein incubated
at 10°C, Lane 4: protein incubated at 20°C, Lane 5: protein incubated at 30°C, Lane 6: protein
incubated at 40°C, Lane 7: protein incubated at 50°C, Lane 8: protein incubated at 60°C, Lane
9: protein incubated at 70°C, Lane 10: protein incubated at 80°C, Lane 11: protein incubated
at 90°C, and Lane 12: protein incubated at 100°C.

ClpK displays an ellipticity trough at 222 nm (Figure 24) which is proportional to the a-
helical protein content and is generally not observed in unfolded proteins. Therefore,
the change in ellipticity at 222 nm was used to probe the stability of ClpK in response
to increasing temperature. The change in ellipticity is indicative of protein unfolding as
observed in Figure 28. Furthermore, a characteristic sigmoidal curve is obtained from
the CD data suggesting that ClpK unfolds in a cooperative manner. The Tm for ClpK
was estimated to be around 65°C.
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Figure 28: Circular Dichroism thermal melt from 20°C to 80°C for ClpK carried out at
222 nm. The protein profile was recorded as the temperature was increased from 20°C to
80°C. The graph obtained from the analysis was smoothed using MagicPlot 3.0.1.
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Chapter 4: Discussion and Conclusion

Clp proteins play an important role in maintaining cell protein homoeostasis and are
particularly of interest in pathogens as they enable their survival in harsh
environmental conditions (Ahyoung et al., 2015, Capestany et al., 2008, Frees et al.,
2014). Therefore, Clp proteins could be potential targets to kill pathogens, especially
those which have been classed as being antibiotic resistant. This study focused on the
in silico and in vitro analysis of a novel Clp ATPase referred to as ClpK which was

identified as being present in a heat resistant K. pneumonia clinical isolate.

4.1. Insilico ClpK analysis

The presence and diversity of Clp ATPases is a continuously studied field in a number
of pathogens however, the presence of Clp ATPases in the Klebsiella species has not
been studied adequately (Thibault et al., 2006, Wojtyra et al., 2003, Maurizi and Xia,
2004). To address this knowledge gap, bioinformatic analysis was performed to gain
an insight into the distribution and divergence of CIpK in the Klebsiella species.
Investigation of the distribution of Clp ATPases showed that the distribution of clpk
was considerably less compared to that of clpa, clpb and clpx (Figure 5, Figure 6).
This was unexpected as ClpK is reported to be ubiquitous and is found in various
species such as Escherichia coli, Enterobacter cloacae, and other Klebsiella strains
other than Klebsiella pneumoniae (Bojer et al., 2010). Also, taking into account that
the clpk gene is hypothesized to be transferred through horizontal gene transfer, one
would expect it to be present among a greater number of the investigated strains (Bojer
et al., 2010). However, the absence of ClpK in a majority of the studied strains may
indicate the selective uptake of the clpk gene by pathogens to enable them to survive
harsh environmental conditions. Our findings are similar to those obtained by Bojer et
al. (2013) where they reported that only 31 out of the 105 clinical isolates contained
the clpk gene suggesting that only certain strains acquired the plasmid through
horizontal transfer to subsequently express the ClpK protein (Bojer et al., 2010).
Furthermore, it was observed that none of the investigated strains contained clpc
(Figure 5, Figure 6). This observation correlates with the findings of Miller et al. (2018)
who suggested that ClpC is a common ancestorial protein of ClpK and ClpA. Therefore

inferring that the investigated strains may have contained CIpC at some point, which
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have now mutated into either CIpA or ClpK depending on environmental conditions
(Miller et al., 2018).

The divergence of Clp ATPases within the Klebsiella species was investigated using
phylogenetic tree analysis. Phylogenetic tree analysis is a useful technique as it allows
for the representation of hierarchical biological data and shows evolutionary
relationships between species and how they have evolved over time (Pavlopoulos et
al., 2010). The branches of ClpK, ClpB and CIpA connected before divergence (Figure
7), suggesting that these proteins all descended from a common ancestor and
therefore are termed to be homologs (Berg Jm, 2002). The varying percentage identity
(Table 4) and the visible divergence within ClpK indicates a divergence in the evolution
of the protein (Miller et al., 2018).

Taking into consideration that ClpK is a novel protein and its three-dimensional
structure is yet to be determined, homology modelling was performed to gain an insight
into the structural features of ClpK. ClpB was identified as being an appropriate
template to model ClpK as it met the criteria set out for homology model templates.
Additionally, the alignment of these two sequences showed good sequence coverage
and conservation of the Clp ATPase domain (Figure 8). One of the striking differences
between the two structures is the difference in length of the linker region connecting
NBD1 and NBD2 (Figure 8, Figure 9A, Figure 9B). A linker region connects two
adjacent domains and has been found to have a role in protein stability, protein folding
and domain-domain interactions (Bae et al., 2005). As such, the ClpB linker region
plays a role in protein stability and interdomain communication between NBD1 and
NBD2 (Lee et al., 2003). However, the function of the ClpK linker domain is yet to be
investigated. The difference in amino acid length of the ClpK and ClpB linker region
indicates that the regions of both proteins may transport a different range of
substrates. Additionally, non-identical residues were identified in the Walker B motif
situated in NBD2, the lysine residue in ClpK is substituted with arginine in ClpB, both
these amino acid residues are basic and therefore this is termed as a conserved
substitution (French and Robson, 1983) (Figure 8). However, both the Walker B motifs
contain arginine which is believed to coordinate the binding of magnesium ions for

ATP hydrolysis (Chiraniya et al., 2013) (Figure 8). Therefore, this indicates that despite
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the difference in identity between the Walker B motifs there may only be subtle

differences in the metal ions bound by the Walker B motifs of ClpK and ClpB.

To confirm the stability of the modelled structure, various molecular dynamic (MD)
simulation studies were performed. MD dynamic simulations are a popular tool in
molecular biology used to investigate the behaviour of proteins and other biomolecules
down to an atomic level (Hollingsworth and Dror, 2018). These simulations can be
used out to investigate, i) atom motion (potential energy) or flexibility of a biomolecule,
i) the accuracy of a modelled structure, and iii) the effect of changes on a biomolecular
system (i.e.; the effect the presence of ATP has on a particular protein) (Hollingsworth
and Dror, 2018, Hospital et al., 2015). The potential energy profile of the modelled
ClpK and template ClpB were investigated and indicated a slight, insignificant shift
(Figure 14), this suggested that both proteins were relatively stable as there was no
extreme force experienced by any atom due to the positioning of other atoms (Alagu
Lakshmi et al., 2020, Hollingsworth and Dror, 2018). Proteins are dynamic in nature,
these biomolecules are constantly in motion and the conformational change that
results from this movement plays an essential role in determining protein function
(Yang et al., 2014). It was observed the both ClpK and ClpB are highly dynamic in
nature through two analyses. Firstly; the increase in the RMSD values observed over
100 ns indicated confirmational changes and this observation was consistent with the
dynamic nature of proteins (Tiwari and Mohanty, 2013, Buchner, 2019) (Figure 15,
Figure 16). Secondly; the features of the radius of gyration profiles of ClpK and ClpB
(Figure 17) indicated structural transformation, suggesting that the proteins were
constantly transforming during simulation. Both ClpK and ClpB are chaperones and it
is therefore expected that both proteins would be highly dynamic in nature.
Chaperones are important for cell protein homeostasis and their highly dynamic nature
plays a key role in facilitating the formation of a complex between the chaperone and
partnered protein (Sucec et al., 2021).

Seeing that the ClpK protein has not been previously expressed and purified, the
protein disorder and binding disorder of ClpK was investigated through the IlUPred2A
server (Mészaros et al., 2018). Disordered protein regions make protein purification and
biophysical characterisation studies difficult as they do not adopt a stable conformation

(Babu, 2016). Therefore, investigating the protein disorder before performing protein
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expression and purification allows for the conservation of time and resources. It was
observed that a considerably low percentage of ClpK residues were predicted to be
disordered (Figure 18), therefore it was concluded that the protein can be expressed,
purified and used for subsequent biophysical characterisation. It is however interesting
to observe that the C-terminal domain of modelled ClpK was fairly disordered (Figure
18). The C-terminal domain is generally referred to as the D2-small domain and forms
a tight interface with the D2-large domain of an adjacent subunit, therefore providing
sufficient binding energy to stabilise functional assembly (Zolkiewski, 2006).
Subsequently, studies could focus on investigating compounds which bind to the C-
terminal domain to disrupt the interaction the C-terminal domain and the D2-large
domain.

4.2. Invitro analysis of ClpK

The ClpK gene was synthesized and cloned into pColdl for protein expression. Protein
expression can be carried out using a number of vectors and host cells. Choosing a
vector and getting the desired DNA cloned is the first step in recombinant protein
expression. There are a number of vectors (such as the pET series, pUC series and
pCold system) that can be used for expression. Each vector contains promoters,
multiple cloning sites and replicons with their respective advantages and
disadvantages (Rosano and Ceccarelli, 2014). pColdl is a vector which forms a part
of the cold-shock expression system (pCold system). This system is used to express
desired recombinant proteins at temperatures as low as 15°C to suppress the
production of undesirable background proteins (Sugiki et al., 2017). The second step
in recombinant protein expression is to choose suitable host cells for protein
expression. There are a number of host cells cultures available for protein expression,
these include; bacteria, yeast, mammal and plant cells (Demain and Vaishnav, 2009).
The factors to consider when choosing host cells include the production speed, protein
yield, protein functionality and protein quality. The use of E. coli for the expression of
recombinant proteins is common and advantageous for the following reasons; E. coli
cells have fast growth kinetics and the media for cell growth can be made from
inexpensive and readily available components (Rosano and Ceccarelli, 2014).
Competent E. coli BL21 (DES3) cells were transformed with the pColdI-ClpK construct
for ClpK expression. Expression was performed at 15°C for 24 h in the presence of

varying concentrations of isopropyl B-d-1-thiogalactopyranoside (IPTG). IPTG is a
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metabolite which induces the promoter to promote the expression of the recombinant
protein (Briand et al., 2016). It was observed that the optimum IPTG concentration for

expression was 0.25 mM (Figure 22).

Following successful expression of soluble ClpK, the next step was to purify the
expressed protein. It is important to purify proteins to study protein function, determine
protein structure, and for applying the protein of interest in an industrial or
pharmaceutical environment (Smith, 2005). The expressed, soluble ClpK protein
fraction was purified using both anion exchange chromatography and affinity
chromatography (Figure 23). lon exchange chromatography separates molecules
based on their overall charge which is dependent on the isoelectric point (pl) of the
protein and the overall pH of the system (Benedini et al., 2020). There are two types
of ion exchange chromatography: anion and cation. Anion exchange chromatography
involves the use of a positively charged resin which binds to negatively charged
proteins. Cation exchange chromatography involves the use of a negatively charged
resin which binds positively charged proteins (Benedini et al., 2020, Duong-Ly and
Gabelli, 2014). Affinity chromatography is a technique that exploits the biological
property of proteins to specifically and reversibly bind to ligands (Cuatrecasas, 1970).
The purification of proteins containing the His tag is based on the affinity of the histidine
residues for metal ions such as nickel or copper (Spriestersbach et al., 2015). ClpK
has a pl of 5.61 and is therefore negatively charged at a pH of 7.4. Taking this into
consideration, anion exchange chromatography was used for ClpK purification, and
the protein was eluted using an increasing salt concentration. Anion exchange
chromatography assists in removing background proteins with a different pl to the
protein of interest. The protein eluted from the anion exchange column was then
pooled and passed through an affinity chromatography column, taking advantage of
the fact that the ClpK protein contained a His tag. Affinity chromatography separates
proteins which do not have an affinity for the nickel resin from the target protein which
does contain a His tag and therefore does have affinity for the nickel resin.

The biological activity of the purified protein was then investigated. It is important to
investigate biological activity to determine whether the purified protein is active.
Although all proteins are naturally active, it is important to assess whether a

recombinant protein is truly active as the choice of the vector or host cell during
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expression may affect the biological activity of the protein (Rosano and Ceccarelli,
2014). Additionally, the conditions used during purification may influence cell activity,
for example if a protein is exposed to high salt concentrations during purification it may
denature and not be biologically active (Rosano and Ceccarelli, 2014). The activity of
ClpK was assayed using the ATPase assay because ClpK is part of the AAA+
superfamily, and therefore it is expected that this protein would hydrolyse ATP
(Ahyoung et al., 2015, Capestany et al.,, 2008). The ATPase assay measures the
release of free phosphate as adenosine triphosphate (ATP) is converted into
adenosine diphosphate (ADP) and free phosphate is released (Palmgren, 1990). ClpK
ATPase activity results (Figure 24) show that the purified protein was biology active.
Furthermore the ATPase activity of ClpK increased as protein concentration increased
(Figure 24). This observed result was expected as ClpK is an enzyme and it is known
that increasing enzyme concentration speeds up enzyme reactions until a point of
saturation is reached. An alternative assay which could be used to investigate
biological activity of ClpK is the Luciferase assay. This assay would focus on the
proteins ability to unfold luciferase. Additional studies could then be performed using
the luciferase assay to then investigate if the protein was able to refold the luciferase

enzyme following incubation for a few hours or a few days (Herbst et al., 1998).

To determine the structural properties of ClpK, CD and fluorescence spectroscopy
was used. CD is an optical spectroscopic method that is used to gain an insight into
the secondary structure of the protein (Houde and Berkowitz, 2014, Miles and Wallace,
2015). The method uses the fact that optically active molecules absorb left- and right-
handed circularly polarized light differently (Miles and Wallace, 2015). Fluorescent
probes can be used to investigate the structure and interactions of proteins (Stryer,
1968). There are two types of fluorescent probes, namely; intrinsic and extrinsic
chromophores (Stryer, 1968). Intrinsic fluorophores are the aromatic side chains of
tryptophan, tyrosine and phenylalanine (Stryer, 1968). Extrinsic fluorophores are
attached to the proteins at certain sites (Stryer, 1968). An example of an extrinsic
fluorophore is 8-anilino-1-naphthalenesulfonic acid (ANS) (Gasymov and Glasgow,
2007). ANS is commonly used in protein folding studies and is less commonly used to
detect misfolded protein conformations (Latypov et al., 2008, Zuo et al., 2012). ANS
binds to hydrophobic residues on proteins, this results in an increase in the quantum

fluorescence yield. However, these regions are assumed to be rare in native and
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absent in denatured proteins (Ali et al., 1999). Therefore, ideally an increase in
guantum yield should not be observed if the protein under investigation is denatured

or in its native, functioning state.

The ClpK CD spectra obtained in this work (Figure 25) agrees with the homology
model of ClpK which showed that ClpK is a high a-helical and lower B-structural
content. Also, from the ClpK CD spectra in the presence of ATP, it evident that the
binding of ATP does induce some conformation changes on the structure of ClpK
(Figure 25). This conformational change was indicated by a slight shift in maxima,
however further ATP binding studies will have to be performed to conclude the extent

to which ATP binding impacts ClpK structure.

The fluorescence studies of the purified protein were performed using two fluorescent
probes, namely; mant-ATP and ANS (Figure 26A, Figure 26B). An increase in the
fluorescence quantum yield was observed in the presence of mant-ATP and protein
(Figure 26A), this indicates that the probe was able to bind to the nucleotide binding
domain of ClpK (Aranovich et al., 2006). Molecular docking studies could be performed
to investigate whether the probe binds to both the nucleotide binding domains and the
area of the domain to which it binds. Furthermore, a blue shift was observed during
ANS binding analysis in the presence of ATP (Figure 26B), this shift indicates an
increase in energy released (Wypych, 2015). Potentially, this increase could be
attributed to ATP hydrolysis, however this possibility would have to be further
investigated. The increase in fluorescence intensity in the presence of ANS indicate
that the probe binds to hydrophobic residues on the protein. Once again, molecular
docking studies could be performed to investigate how ANS binds to ClpK in the

presence and absence of ATP, other nucleotides and metal ions.

With the knowledge that ClpK was implicated in the thermostable properties of ClpK,
baseline thermal analysis studies were performed through CD analysis and protein
incubation. CD analysis can be used to investigate the effect of temperature on protein
structure (Greenfield, 2006). This is done by increasing temperature and measuring
protein absorbance at a specific absorbance to monitor the change in protein structure
as temperature increases (Greenfield, 2006). CD temperature analysis and protein
incubation showed that the protein structure was stable up to approximately 65°C

(Figure 27, Figure 28). Although structural change is observed, it now becomes
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important to test the activity of the protein at higher temperatures to investigate the
bioactivity of the protein at those temperatures. Additionally, further studies could
focus on investigating if ATP and metal ions stabilise the protein structure of ClpK at

higher temperatures.

In conclusion, the observations made in this study allow us to form a baseline for the
study of novel ClpK. Further investigations could focus on the crystallization of the
ClpK structure, and drug binding studies could be performed to investigate the effect
of potential drugs on the protein. Furthermore, various domains of the protein could
be studied individually to determine their function in protein stability and function.
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Appendix A

Table Al: Klebsiella species and strains used for the genomic analysis of Clp ATPases.
The species name, web-link and references were obtained from the NCBI genomes database

for prokaryotes.

Strain Web-link References
K. aerogenes
CAV1320 https://www.ncbi.nim.nih.gov/g (Mathers et al., 2015,

FDAARGOS_139

G7

FDAARGOS_327

FDAARGOS_152

FDAARGOS_513

FDAARGOS_363

FDAARGOS_641

enome/3417?genome_assemb
ly_id=232549
https://www.ncbi.nim.nih.gov/g
enome/327?genome_assembly
_id=363711
https://www.ncbi.nlm.nih.gov/g
enome/327?genome_assembly
_id=271718
https://www.ncbi.nlm.nih.gov/g
enome/327?genome_assembly
_id=1552
https://www.ncbi.nlm.nih.gov/g
enome/327?genome_assembly
_id=363028
https://www.ncbi.nlm.nih.gov/g
enome/327?genome_assembly
_id=3379
https://www.ncbi.nim.nih.gov/g
enome/327?genome_assembly
_id=34818
https://www.ncbi.nlm.nih.gov/g
enome/3417?genome_assemb
ly_id=695478

Sheppard et al., 2016)

(Sichtig et al., 2019)

(Philippe et al., 2015)

(Sichtig et al., 2019)

(Sichtig et al., 2019)

(Sichtig et al., 2019)

(Sichtig et al., 2019)

(Sichtig et al., 2019)

K. michiganensis

FDAARGOS_647

https://www.ncbi.nlm.nih.gov/g
enome/33882?genome_assem
bly_id=695495

(Sichtig et al., 2019)

K. oxytoca

CAV1015

KONIH5

CAV1374

CAV1335

FDAARGOS_335

CAV1752

FDAARGOS_500

https://www.ncbi.nlm.nih.gov/g
enome/1165?genome_assemb
ly_id=291700
https://www.ncbi.nlm.nih.gov/g
enome/1165?genome_assemb
ly_id=361932
https://www.ncbi.nim.nih.gov/g
enome/1165?genome_assemb
ly_id=232487
https://www.ncbi.nim.nih.gov/g
enome/1165?genome_assemb
ly_id=232486
https://www.ncbi.nlm.nih.gov/g
enome/1165?genome_assemb
ly_id=366590
https://www.ncbi.nlm.nih.gov/g
enome/1165?genome_assemb
ly_id=303753
https://www.ncbi.nlm.nih.gov/g
enome/1165?genome_assemb
ly id=3369

(Mathers et al., 2015,
Sheppard et al., 2016)

(Weingarten et al., 2018)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Sichtig et al., 2019)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Sichtig et al., 2019)
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Table Al continued...

K. pneumoniae

2 GR_12

WCHKP649

FDAARGOS_775

TVGHCRE225

BK13043

KP64 DNA

KPNIH48*

C2660

WCHKP020037

GSU10-3 DNA

WCHKP2

C789

Isolate blood sample 2

WCHKP115068

WCHKP2080

WCHKP36

WCHKP020098

Xen39

WCHKP115069

https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=56801
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=375331
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=589914
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=380774
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=319029
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=16976
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=363608
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=77054
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=77722
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=17291
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=382097
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=74186
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=280776
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=65659
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=65653
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=373304
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=65657
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=786792
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly

id=27777

(Elliott et al., 2016, Pitt et al.,
2018)

(Hu et al., 2019)

(Sichtig et al., 2019)

(Huang et al., 2018)

(Long et al., 2017b, Long et al.
2017a)

(Sakamoto et al., 2018)
(Weingarten et al., 2018)
(Gao et al., 2020)
(Hu et al., 2019)
(Sekizuka et al., 2019a,
Sekizuka et al., 2019b,
Sekizuka et al., 2018)
(Hu et al., 2019)
(Zhang et al., 2020)
(Babouee et al., 2011)
(Hu et al., 2019)
(Hu et al., 2019)
(Hu et al., 2019)
(Hu et al., 2019)

(Singer et al., 2019)

(Hu et al., 2019)
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Table Al continued...

K. pneumoniae

16_GR_13

FDAARGOS_531

SCKP020003

KP617

XH209"

CAvV1217

1 GR 13

121

SCKP020135

WCHKP095845

2-1

KP33 DNA

SCKP020049

FDAARGOS_630

FDAARGOS_156

CFSANO054111

J1

KpNO1

https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=4137
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=3364
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=10198
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=249502
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=212989
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=296907
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=1578
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=493866
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=476671
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=13002
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=19
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=16975
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_1d=20206
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=6954
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=36549

https://www.ncbi.nlm.nih.gov/g

enome/815?genome_assembly
_id=370067

https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=260523
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
id=27223

(Elliott et al., 2016, Pitt et al.,
2018)

(Sichtig et al., 2019)

(Hu et al., 2019)

(Kwon et al., 2016)

(Hua et al., 2014)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Elliott et al., 2016, Pitt et al.,
2018)

(Ruan et al., 2019)

(Hu et al., 2019)

(Hu et al., 2019)

(Lietal., 2019)

(Sakamoto et al., 2018)

(Hu et al., 2019)

(Sichtig et al., 2019)

(Sichtig et al., 2019)

(Bjornsdottir-Butler et al., 2015,
Pirone-Davies et al., 2018,
Pettengill et al., 2015,
Gonzalez-Escalona et al.,
2014, Burall et al., 2014)

(Wei et al., 2015, Yang et al.,
2015a)

(Lynch et al., 2016)
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Table Al continued...

K. pneumoniae

FDAARGOS_566

Carbapenem-resistant
blaNDM-1

WCHKP34

FDAARGOS_631

TAG6363

CRKP |

PMK1

1050

KPNIH39

KPN1482

CAV1392

KPNIH45

CAV1344

CAV1042

C2414

39427

CAV1217

CAV1453

FDAARGOS 439

https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=3363
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=205032
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=382098
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=6953
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=771384
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=521650
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=211364
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=10329
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=277271
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=319030
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=232380
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=468513
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=232381
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=296901
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=770443
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=908959
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=296238
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=296230
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
id=343753

(Sichtig et al., 2019)

(Van Duin et al., 2014)

(Hu et al., 2019)

(Sichtig et al., 2019)

(Sichtig et al., 2019)

(Paul et al., 2019)

(Stoesser et al., 2014)

(LA&zaro-Perona et al., 2018)

(Conlan et al., 2016)

(Long et al., 2017b, Long et al.,
2017a)

(Sheppard et al., 2016)

(Weingarten et al., 2018)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Gao et al., 2020)

(Satlin et al., 2017)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Mathers et al., 2015,
Sheppard et al., 2016)

(Sichtig et al., 2019)
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Table Al continued...

K. pneumoniae

FDAARGOS 439

https://www.ncbi.nim.nih.gov/g
enome/815?7genome_assembly
_id=343751

(Sichtig et al., 2019)

K pneumoniae subsp. pneumoniae

KPNIH32

WCHKP015093

TGHS8

KPNIH31

234-12

KPNIH30

KPNIH29

KPNIH33

SCKP020079

SCKP020046

SCKP040074

ST:101960100

https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=21262
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=65655
https://www.ncbi.nim.nih.gov/g
enome/815?genome_assembly
_id=272815
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=213199
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=230300
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=213198
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=213197
https://www.ncbi.nlm.nih.gov/g

enome/815?genome_assembly
_id=212640
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=377125
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=373305
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=377126
https://www.ncbi.nlm.nih.gov/g
enome/815?genome_assembly
_id=354684
https://www.ncbi.nlm.nih.gov/g

(Conlan et al., 2014)

(Hu et al., 2019)
(Malhotra-Kumar et al., 2016,
Ramirez et al., 2016, Xavier et

al., 2016)
(Conlan et al., 2014)
(Becker et al., 2015)
(Conlan et al., 2014)
(Conlan et al., 2014)
(Conlan et al., 2014)

(Hu et al., 2019)

(Hu et al., 2019)

(Hu et al., 2019)

(Osei Sekyere and Amoako,
2017)

(Malhotra-Kumar et al., 2016,

TGH10* . :
enome/815?genome_assembly  Ramirez et al., 2016, Xavier et
_id=272816 al., 2016)
https://www.ncbi.nim.nih.gov/g (Malhotra-Kumar et al., 20186,
TGH13 enome/815?genome_assembly  Ramirez et al., 2016, Xavier et
id=283648 al., 2016)
K. quasipneumoniae
https://www.ncbi.nlm.nih.gov/g . .
ATCC 700603 enome/38419?genome_assem (Elliott et al'égfé)& Pittetal.,
bly_id=294621
https://www.ncbi.nlm.nih.gov/g
HKUOPLA enome/3829?genome_assemb (Lu et al., 2015)
ly_id=20687
FDAARGOS 93 https://www.ncbi.nlm.nih.gov/g

enome/3829?genome_assemb
ly id=36525

(Sichtig et al., 2019)
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Table Al continued...

K. variicola

WCHKP19

DX120E

FDAARGOS_627

GJ1

GJ3

KP5-1

KPN1481

342

WCHKV030666

https://www.ncbi.nim.nih.gov/g
enome/2121?genome_assemb
ly_id=666503
https://www.ncbi.nlm.nih.gov/g
enome/2121?genome_assemb
ly_id=280598
https://www.ncbi.nlm.nih.gov/g
enome/2121?genome_assemb
ly_id=695475
https://www.ncbi.nlm.nih.gov/g
enome/2121?genome_assemb
ly_id=30584
https://www.ncbi.nlm.nih.gov/g
enome/2121?genome_assemb
ly_id=30586
https://www.ncbi.nlm.nih.gov/g
enome/2121?genome_assemb
ly_id=20979
https://www.ncbi.nim.nih.gov/g
enome/2121?genome_assemb
ly_id=20630
https://www.ncbi.nlm.nih.gov/g
enome/2121?genome_assemb
ly_id=410978
https://www.ncbi.nlm.nih.gov/g
enome/2121?genome_assemb
ly id=666504

(Lu etal., 2015)

(Lin et al., 2015)

(Sichtig et al., 2019)

(Dietal., 2017)

(Dietal., 2017)

(Medrano et al., 2014)

(Long et al., 2017b, Long et al.,
2017a)

(Fouts et al., 2008)

(Hu et al., 2019)

Figure Al: Primary amino acid sequence of ClpK. The sequence was obtained from

GenBank (Uniprot: EOW6V3).
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