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Abstract  

Klebsiella pneumonia (K. pneumoniae) is a non-motile bacterium that is characterized as an 

opportunistic pathogen known to cause hospital-acquired infections (HAI) in 

immunocompromised patients. It is part of a group of pathogens referred to as ESKAPE 

pathogens. Other pathogens that form a part of this group include; Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter. These pathogens are known to “ESKAPE” the effect of 

antibiotics. Moreover, Klebsiella pneumoniae is amongst the top 8 most critical pathogens in 

hospitals therefore, this pathogen poses a great global concern and is life threatening in low- 

and middle-income countries. Caseinolytic proteases (ClpP) are thermostable proteins which 

play an important role in protein homeostasis by degrading aggregated and misfolded proteins 

and allows the pathogen to survive in different environmental conditions. To our knowledge, 

there are no studies which have focused on the diversity of clpp genes in the Klebsiella species 

as well the expression and purification K. pneumoniae (Kp) ClpP, to date. Therefore, this study 

aimed to address this knowledge gap. Bioinformatic analysis was used to investigate the 

diversity of ClpP in the Klebsiella species. ClpP was found to be present in all the investigated 

Klebsiella strains with each strain containing more than one ClpP and 17 different ClpP 

isoforms were identified across the species. Homology modelling of the hypothetical Kp ClpP 

structure and molecular dynamic simulations showed that this protein was mainly alpha 

helical, highly dynamic, stable and flexible. The gene encoding for Kp ClpP was cloned into a 

pColdI vector. This was followed by successful expression Kp ClpP with a band size of 25 

kDa, this was slightly higher than the expected size of 21 kDa. Western blot and liquid 

chromatography mass spectrometry (LC-MS) analysis was used to confirm that the 25 kDa 

protein was indeed Kp ClpP. This protein was then purified to homogeneity using affinity 

chromatography.  
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Chapter 1: Introduction  

1.1.  Disease global burden and habitat  

Antimicrobial resistance (AMR) is one of the top 10 global public health threats to human health 

and reports suggest that AMR may kill 10 million people a year by 2050 (de Kraker et al., 

2016). Resistance towards antimicrobials occurs when antibiotics used to treat pathogens are 

no longer effective, meaning the pathogen has developed a mechanism which renders the 

drug ineffective (Chinemerem Nwobodo et al., 2022). Another complication to AMR, are 

persistent species which remain dormant during antibiotic treatment (Huemer et al., 2020, 

Vogwill et al., 2016). Upon completion of the antibiotic treatment regime, the pathogen 

resuscitates (Schrader et al., 2020). Subsequently, the World Health Organization (WHO) 

amongst other organizations advocates for research activities to be intensifying and 

coordinating to arrest the spread of AMR (Prestinaci et al., 2015).  

In 2017, WHO published a priority pathogen list of bacterial species resistant to various classes 

of antibiotics This list consists of both Gram-negative and Gram-positive bacteria and further 

classifies the pathogens into three groups, depending on antimicrobial resistance (Table 1) 

(Tsakou et al., 2020). Also, in this list are selected members of the Enterobacteriaceae family 

such as Klebsiella pneumoniae (K. pneumoniae), Escherichia coli (E. coli), Serratia 

marcesens, and Proteus mirabilis amongst other species and ESKAPE pathogens (Santajit 

and Indrawattana, 2016). ESKAPE pathogens are named such due to their ability to “ESKAPE” 

the action of well-known antibiotics (Mulani et al., 2019, Santajit and Indrawattana, 2016). This 

group of pathogens includes Enterococcus faecium, Staphylococcus aureus (S. aureus), K. 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and the Enterobacter spp. 

(Mulani et al., 2019). Of interest in this study is K. pneumoniae which belongs to the Klebsiella 

genus and are part of the Enterobacteriaceae family.   
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Table 1: Antibiotic resistance of bacterial species identified as being part of the pathogen priority list by 
the WHO. 

Bacterial species  Antibiotic resistance  Severity  Gram - / +  
Acinetobacter baumannii  carbapenem-resistant  Critical  -  

Pseudomonas aeruginosa  carbapenem-resistant  Critical  -  

Enterobacteriaceae  
Carbapenem-resistant, 

extended-spectrum β lactamase. 
(ESBL)-producing  

Critical  -  

Enterococcus faecium  vancomycin-resistant  High  +  

Staphylococcus aureus  
methicillin-resistant,  

vancomycin-intermediate 
and resistant  

High  +  

Helicobacter pylori  clarithromycin-resistant  High  -  
Campylobacter spp  fluoroquinolone-resistant  High  -  

Salmonellae  fluoroquinolone-resistant  High  -  

Neisseria gonorrhoeae  cephalosporin-resistant, 
fluoroquinolone-resistant  High  -  

Streptococcus pneumoniae  penicillin-non-susceptible  Medium  +  
Haemophilus influenzae  ampicillin-resistant  Medium  -  

Shigella spp.  fluoroquinolone-resistant  Medium  -  
 

K. pneumoniae is highly ubiquitous in nature and is primarily found in the environment (e.g. 

plants, soil, and water surfaces) as well as on the mucosal surfaces of humans and animals 

(Martin and Bachman, 2018). They are characterized as Gram-negative, encapsulated, 

nonmotile bacterium and were initially known as Friedlander’s bacterium when it was first 

identified in the 19th century (Paczosa and Mecsas, 2016). These species are amongst the 

leading causes of hospital-acquired infections (HAI) in immunocompromised patients with 

underlying conditions such as diabetes mellitus, and chronic pulmonary infections (Martin and 

Bachman, 2018). Moreover, urinary tract infection (UTIs), bloodstream infections, pneumonia 

and neonatal septicemia are additional infections detected in these Gram-negative species 

(Gonzalez-Ferrer et al., 2021, Ma et al., 2021, Paterson, 2006). Hospital-acquired infections 

are described as infections that were initially not present prior to the patient being admitted to 

the hospital thus, they pose a great global concern and are life threatening in low- and middle-
income countries where healthcare resources are limiting (Maki and Zervos, 2021).   

In the United States and Europe, the Klebsiella spp. are responsible for up to 8% of HAI and 

noted as among the top 8 most critical pathogens in hospitals (Podschun and Ullmann, 1998). 

The HAI trend is also alarming for low-income countries, for example in Bangladesh, it is 

reported that one in 20 patients admitted to the hospital for more than 3 days developed a 

hospital acquired respiratory infection with an incidence rate of 6.1 cases per 1000 patient 

days (Gurley et al., 2010). One of the contributing factors to increased nosocomial infections 

is the incorrect use of antibiotics leading to the emergence of pathogens that are resistant to 

a wide spectrum of antibiotics (Sequeira et al., 2020, Podschun and Ullmann, 1998). The 
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Centre for Disease Control and Prevention reported that 2.8 million people are infected by 

multidrug-resistant strains annually result in at least 35 000 deaths. Furthermore, it is predicted 

that deaths due to AMR will increase by up to 10 million per year by 2050 (Cassini et al., 2019). 

This concerning health risk associated with antimicrobial resistance and pathogens 

responsible for HAI has increased research efforts from the scientific community to develop 

new antimicrobial therapies, uncovering the mechanisms of antimicrobial resistances and 

identifying new drug targets in these pathogens.  

K. pneumoniae are opportunistic pathogens that colonize the human microbiota and are found 

within the environment especially in healthcare settings (Argimón et al., 2021, Martin and 

Bachman, 2018, Podschun et al., 2001). Transmission of K. pneumoniae is through person-

to-person contact and contaminated hospital medical devices such as endoscopes (Ito et al., 

2015, Pomakova et al., 2012). Additionally, K. pneumoniae forms biofilms on medical devices, 

and this biofilm formation produces an extracellular matrix which protects the bacterium and 

renders chemical disinfectants ineffective (Ochońska et al., 2021). Consequently, K. 

pneumoniae is characterized as being the most critical and the second most frequent 

pathogen that causes infections in humans (Stewart et al., 2022, Effah et al., 2020). Also, up 

to 80% of nosocomial infections have been linked to pathogens that form biofilms on medical 
devices used in hospitals (Murphy et al., 2013).   

1.2.  Pathogenesis of K. pneumoniae   

K. pneumoniae is a pathogenic bacterium which burdens the health care sector globally 

therefore, knowledge of virulence factors is key in fighting the emergence and spread of 

multidrug-resistant (MDR) bacterium. The virulence factors of K. pneumoniae contribute to its 

pathogenicity and allows the pathogen to circumvent host immune response to promote 

survival and growth within the host cell (Barawi et al., 2021, Podschun and Ullmann, 1998). 

Virulence factors include the capsule, lipopolysaccharide (LPS), siderophores, fimbriae and 

serum resistance (Barawi et al., 2021, Podschun and Ullmann, 1998).  

1.2.1  Fimbriae   

Host cell adherence is the first step to pathogenic invasion and it occurs through bacterial 

extracellular structures which bind to host cell receptors (Dowling et al., 2020). The attachment 

of K. pneumoniae to host cell receptors are mediated by prolonged organelles called fimbriae. 

There are two types of fimbriae namely Type 1 and Type 3 fimbriae (Wu and Fives-Taylor, 

2001). Type 1 fimbriae are composed of thin, adhesive, thread-like appendages within the 

outer membrane along with repeating units of FimA subunits which promote the adhesion to 

mannose containing structures and are primarily present on species which have a potential to 

cause UTIs (Li et al., 2014, Vuotto et al., 2014, Schroll et al., 2010). Type 3 fimbriae are 
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composed of long appendages which act as attachment agents to stimulate biofilm formation 

on both biotic and abiotic surfaces (Li et al., 2014, Vuotto et al., 2014, Schroll et al., 2010). 

Thus, type 3 fimbriae are linked to biofilm formation and contribute to the spread and 

persistence of hospital-acquired infections (Li et al., 2014, Schroll et al., 2010).  

1.2.2.  Capsule  

Pathogenic bacteria consist of a range of surface organelles that grant them the ability to 

outlast different host cell habitats during the course of infection (Pizarro-Cerdá and Cossart, 

2006). These surface organelles, cover and subsequently camouflage the antigenic molecules 

to enhance bacterial survival (Wen and Zhang, 2015). Surface organelles include pili and 

capsule which are antigenic, thus triggering host immune response following pathogen 

attachment and invasion to the host cell (Finlay and McFadden, 2006, Guerina et al., 1983). 

The capsule is an outer membrane which is composed of tightly packed repeating units of 

polysaccharides with serotype-specific capsular polysaccharide (CPS) and is expressed by K. 

pneumoniae. The capsule shields the pathogen from immune recognition (Rendueles, 2020, 

Wen and Zhang, 2015). Primarily, the thickness of the capsule protects K. pneumoniae from 

phagocytosis (Rendueles, 2020, Doorduijn et al., 2016). The thick cellular capsule also known 

as K-antigen provides K. pneumoniae defence against macrophages through the lack of 

mannose repeating units (Lee et al., 2017). Moreover, the K. pneumoniae capsule preserves 

the bacterial cell from the host cell immune system by altering stimulation of cytokines 

(Panjaitan et al., 2021). Apart from this, the capsule has been reported to defend K. 

pneumoniae from antimicrobial peptides by attaching to these peptides and blocking 

interaction to the bacterial surface (Campos et al., 2004). This increases bacterial tolerance to 
drug administration and results in minimal response to the immune system (Rendueles, 2020).  

1.2.3. Lipopolysaccharide  

In addition to CPS, K. pneumoniae produces LPS which is present on the outermost 

membrane and primarily functions as a transporter of antibiotics, antimicrobial peptides and 

as a defender of any peptides exported into the cell (Chai et al., 2014). The LPS is made up 

of lipid A, oligosaccharide core, and O antigen as shown in Figure 1 (Zhu et al., 2021). Lipid A 

is made up of six acryl groups which stimulate the Toll-like receptor 4 (TLR4)/MD-2 complex 

and is responsible for initiating the activation of host innate immunity as well as inflammatory 

cascades (Bulati et al., 2021). Thus, K. pneumoniae modifies the Lipid A structure, this results 

in poor stimulation of TLR4/MD-2 and leads to bacterial evasion (Matsuura, 2013). The core 

oligosaccharide mainly connects Lipid A and the O antigen which is part of the outermost 

compartment of the LPS (Opoku-Temeng et al., 2019). The O antigen contains a polymer of 

oligosaccharide repeating units and is linked to complement killing resistance, increased 

bacterial survival within the host cell as well as lethality (Hsieh et al., 2012, Clements et al., 
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2007). Specifically, the O antigen binds to complement C3b which activates the complement-

mediated killing mechanism and thus stimulates bacterial survival (Bulati et al., 2021).  

 
Figure 1: A schematic representation of the components of bacterial cell wall. LPS is made of O antigen 
which is linked to core oligosaccharide and lipid A which act as defensive barrier. Image generated using 
BoRender. 

  
1.2.4.  Siderophores   

K. pneumoniae produces siderophores which scavenge iron from the host environment. Irons 

are essential in many cellular processes such as deoxyribonucleic acid (DNA) replication and 

oxygen metabolism (Holden et al., 2016, Holden and Bachman, 2015, Neilands, 1995). The 

siderophores produced by K. pneumoniae include aerobactin, enterobactin, salmochelin, and 

yersiniabactin which are located outside the extracellular space where they bind iron and 

transport them back into the bacterial cell. The pathogen then uses iron to influence host 

immunity by modifying iron homeostasis (Namikawa et al., 2022, Choby et al., 2020, 

Chakradhar, 2017). In response to bacterial invasion, the host cell produces lipocalin 2 (Lcn2) 

which interacts with pathogen siderophores to prevent the consumption of iron by pathogens 

and induces an inflammatory response. However, K. pneumoniae produces glycosylated 

enterobactin (Gly-Ent, salmochelin) or yersiniabactin to escape Lcn2 and thus maintains iron-

scavenging activity (Behnsen and Raffatellu, 2016, Wilson et al., 2016, Bachman et al., 2012).  

1.3.  Mechanism of resistance   

Resistance of K. pneumoniae to a number of antibiotics is enhanced by the ability of the 

pathogen to naturally develop mutations to antibiotics or through a transfer of resistance genes 

from one species to another (Navon-Venezia et al., 2017). Also, the pathogen may use 

biochemical mechanisms such as inactivation of antibiotics, drug site modification and the 

efflux system to evade the effects of antibiotics (Figure 2). These multifaced strategies for 
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antibiotic resistances has allowed K. pneumoniae to survive five major classes of antibiotics 

which inhibit functions such as cell wall synthesis, protein synthesis, and DNA synthesis (Table 

2). Over the past few years (2002-2010), antibiotic resistance of K. pneumoniae against 

carbapenems has increased from 0.1% to 4.5% while resistance to third generation 

cephalosporins has increased from 5.3% to 11% (Kuehn, 2013). And this upward trend is of 

great concern in medicine especially in low-income countries where resources and access to 

health care may be limited.   

 

 
Figure 2: Multiple antibiotic resistance mechanisms.  (A) Inactivation of antibiotics by alteration of antibiotic 
structure or degradation of functional group following antibiotic impaired functioning (Laws et al., 2019). (B) Drug 
site modification involves target modification through Ribonucleic acid (RNA) methylation resulting in reduced 
antibiotic binding (Kapoor et al., 2017). (C) Efflux system activation responsible for export of antibiotics reducing 
their concentration within bacterial cell (Darby et al., 2022). Image was generated using BioRender.  

Table 2: Biochemical mechanism of action of different classes of antibiotics to which K. pneumoniae is 
resistant. 

Class of antibiotic  Examples  Mechanism of action  References  

ß-LACTAMS  Carbepenem and 
Cephazolin  

Inhibit synthesis of the 
bacterial cell wall.  (Effah et al., 2020)  

Aminoglycosides  Amikacin  Inhibit the synthesis of 
bacterial proteins  (Effah et al., 2020)  

Sulfonamides  Co-trimoxazole  
Prevent bacterial 

growth and 
multiplication.  

(Sikarwar and 
Batra, 2023)  

Tetracyclines  Limecycline  Inhibit bacterial protein 
synthesis  

(Sikarwar and 
Batra, 2023)  

Quinolones  Ciprofloxacin  
Interfere with bacteria  
DNA replication and 

transcription.  
(Effah et al., 2020)  
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Primarily K. pneumoniae is the first species from the Klebsiella genus that is mostly isolated in 

human clinical samples. Genomic studies have shown that antibiotic resistant of K. 

pneumoniae contains a wide range of chromosomally or plasmid-encoded genes encoding for 

β-lactam resistance genes (Oliveira et al., 2022). This finding is a concern given that β-lactam 

antibiotics, including penicillin derivatives, cephalosporins and carbapenems are commonly 

used for treatment bacterial infections (Oliveira et al., 2022, Pitout et al., 2015). The β-lactam 

antibiotics are a structurally diverse group of compounds that are characterised by a reactive 

four-membered β-lactam ring (azetidinone) which interferes with the synthesis of 

peptidoglycan, a core component of the bacterial cell wall thus inhibiting bacterial cell wall 

synthesis (Turner et al., 2022, Eiamphungporn et al., 2018). These β-lactam antibiotics and 

their derivatives, blocks the transpeptidation activity mediated by penicillin-binding proteins 

(PBP) during peptidoglycan synthesis thus weakening the bacterial cell wall causing the 

bacterial cell to be vulnerable to osmotic stress subsequently autolysis (Sethuvel et al., 2023, 

Nauta et al., 2021). To block the transpeptidation, the catalytic serine residue in the active site 

of PBP is acylated with reactive β-lactam core resulting in stable acyl–enzyme complex (AEC), 

preventing the PBP from catalysing transpeptidation (Mora-Ochomogo and Lohans, 2021).   

To render β-lactam antibiotics ineffective, K. pneumonia produces an enzyme (β-lactamase) 

which inactivates β-lactam antibiotics and their derivatives (penicillins, cephalosporins, 

cephamycins, and carbapenems) (Aurilio et al., 2022, Pitout et al., 2015). One of the early 

discovered β-lactamase was penicillinase in the 1940s and now there are over 200 known β-

lactamase including ESBLs (De Jesus et al., 2015). Lactamases are enzymes that inactivates 

β-lactam antibiotics via antibiotic chemical modification. This enzyme binds to β-lactam 

antibiotics forming a stable acyl-enzyme complex and the catalytic active serine residue in the 

active site of β-lactamase catalyse hydrolysis of β-lactam rings and therefore degrades the 

chemical structure responsible for antimicrobial activity (Khanna and Gerriets, 2021).   

Lactamases are classified into four classes (A, B, C and D) based on their amino acid 

sequences (Table 3) (Tooke et al., 2019). The active site of each class is driven by an amino 

acid which bind to antibiotic supressing antibacterial effect thus class A, C and D contain serine 

active site while class B contain metal ion (zinc) (Hirvonen et al., 2019). ESBLs catalyse the 

hydrolysis of the β -lactam ring however they are active against broader range of antibiotics 

including a new class β-lactam antibiotics known as monobactam which consists of monocyclic 

β-lactam structure (Saxon et al., 1984). These ESBLs are a constantly evolving group of β-

lactamases and more than 350 different natural ESBL variants have been classified into nine 

distinct structural and evolutionary families based upon their amino acid sequence 

comparisons (Gniadkowski, 2001). With such genetic diversity in ESBL, it is not surprising that 

ESBL producing K. pneumoniae are reported to be the most frequent pathogen leading to the 
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outbreak of nosocomial infections (Bouassida et al., 2016, Silva et al., 2006). Another factor 

that contributes to the global increase of antibiotic resistant strains of K pneumoniae is that 

these ESBL genes produced by this pathogen can be passed through transduction or 

transformation to other pathogens (Jiang et al., 2020).    

Table 3: Different class of lactamases. 

Class  Enzyme  Active site  References  

A  
Extended-spectrum β-lactamases  

Klebsiella pneumoniae 
carbapenemases  

Serine β-lactams  (Bush and Bradford, 
2019)  

B  Metallo-β-lactamases  Metallo- β-lactams  (Oelschlaeger, 2021)  
C  Celphalosporines  Serine β-lactams  (Munita and Arias, 2016)  

D  Oxacillinases  Serine β-lactams  
(Yoon and Jeong, 2021,  

Antunes and Fisher, 
2014)  

  

Clinical isolates of K. pneumoniae have been found to have genes encoding for 

aminoglycoside-modifying enzymes (AMEs). Aminoglycosides are antibiotics with a broad-

spectrum activity against various Gram-positive and Gram-negative organisms. Furthermore, 

this class of antibiotics is potent for the Enterobacteriaceae family (Krause et al., 2016). 

Examples of the frequently used aminoglycosides include kanamycin, gentamicin and 

streptomycin and they exhibit their antimicrobial activity by inhibiting protein synthesis (Block 

and Blanchard, 2022, Serio et al., 2018). Genes encoding for AMEs are located on plasmids 

containing multiple resistance elements and are believed to be transferred via horizontal gene 

transfer (Pradier and Bedhomme, 2023). AMEs inactivate aminoglycosides via drug site 

modification (Nasiri et al., 2018, Labby and Garneau-Tsodikova, 2013). To date, there are over 

100 AMEs known and are grouped into three groups namely acetyltransferases (AACs), 

aminoglycoside-2-O-nucleotidyltransferases (ANTs), and phosphotransferases (APHs) based 

on their mode of action (Figure 3). Moreover, alteration of antibiotic by the addition of an acetyl, 

adenyl or phosphoryl group to the aminoglycoside core scaffold catalysed decreases the 

binding affinity of the antibiotic to its ribosomal target resulting in the misreading of the genetic 

code and inhibition of translocation during protein synthesis (Krause et al., 2016). These 

events lead to the loss of antimicrobial activity of aminoglycosides (Zhang et al., 2021, Krause 

et al., 2016). Despite the production of AMEs, K. pneumoniae also uses aminoglycosides to 

modulate its outer cell membrane to reduce its susceptibility to antibiotics.   
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Figure 3: Structural modification of aminoglycosides by aminoglycoside-modifying enzymes. (A) Process 
of transfer of acetyl from acetyl coenzyme A by aminoglycoside acetyltransferase AAC (3) using Gentamicin as 
an example, (B) transfer of γ-phosphate from Adenosine triphosphate (ATP) by aminoglycoside 
phosphotransferase APH (3’) using Amikacin as an example, (C) transfer of adenosine monophosphate from an 
ATP donor by aminoglycoside nucleotidyltransferase ANT (2”) using Kanamycin A as an example. Image was 
adapted from Krause et al. (2016) and generated using KingDraw.  

Another mechanism which K. pneumoniae uses to escape the effect of antibiotics is alterations 

or mutations on target enzymes and changes in drug entry and efflux (Pulzova et al., 2017). 

Clinical isolates of K. pneumoniae with resistance to fluoroquinolones (FQs) have been 

identified with mutation in key enzymes targeted by these antibiotics (Moya and Maicas, 2020).  

FQs are derivatives of quinolones (Figure 4), a synthetic antimicrobial compound with a broad 

spectrum of antimicrobial activity (Bush et al., 2020). Quinolones are used in medicine to treat 

a variety of infection caused by Gram-negative and Gram-positive. FQs kills bacteria by 

targeting bacterial DNA topoisomerases (Cheng et al., 2018). DNA topoisomerases are 

grouped into two classes namely type I (topoisomerases I, III and V) and type II 

(topoisomerases II, IV and VI) (Capranico et al., 2017). These enzymes play an essential role 

in bacterial DNA replication and transcription where type I and type II DNA topoisomerases 

catalyse transient single-or double-strand breaks respectively (Forterre and Gadelle, 2009). 

Additionally, FQs target DNA gyrases which are topoisomerase II and topoisomerase IV. DNA 

gyrase is unique in bacteria and archaea and is responsible for initiating DNA replication by 

introducing negative super helical twists in the bacterial DNA double-helix ahead of the 
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replication fork to separate daughter chromosomes to allow for binding of initiation proteins 

(Helgesen et al., 2021, Stracy et al., 2019, Reece and Maxwell, 1991). On the other hand, 

topoisomerase IV is responsible for the decatenation of interlinked chromosomes at the end 

each round of replication (Helgesen et al., 2021). Therefore, FQs exhibit their antimicrobial 

effect by binding to the enzyme-bound DNA complex (which could be DNA gyrase -bacterial 

DNA or topoisomerase IV-bacterial DNA) and induce conformational changes to inhibit the 

activity DNA gyrase or topoisomerase IV enzyme thus blocking DNA synthesis and causing 

cell death (Zhao et al., 1997). Sequence analysis of FQs resistant strains shows that GyrA 

subunit of DNA Gyrase enzyme which is known to bind to DNA for DNA gyrase activity consist 

of mutations in its DNA binding region (Redgrave et al., 2014, Jacoby, 2005). DNA GyrA 

topoisomerase IV and DNA gyrase mutations are present in various pathogens including K 

pneumoniae thus threatening the efficacy and effectiveness of FQs in clinical settings (Kareem 

et al., 2021). These mutations result in decreased affinity of FQs for the DNA gyrase- bacterial 

DNA complex as well as topoisomerase IV (Yakout and Ali, 2022).   
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Figure 4: Different fluoroquinolones discovered. Chloroquine was the first quinolone to be discovered 
followed by nalidixic acid a by-product of chloroquine along with recently discovered fluoroquinolones. Image 
was adapted from Bush et al. (2020) and generated using King Draw.  

 
Activation of the efflux system is also used by K. pneumoniae in FQ resistance (Dehnamaki et 

al., 2020, Maurya et al., 2019, Srinivasan et al., 2014). For FQs to be effective, they must cross 

the cell wall and cytoplasmic membrane in all bacteria, as well as the outer membrane of 

Gram-negative organisms (Cramariuc et al., 2012).  Resistant strains express efflux systems 

such as AcrAB and OqxAB (Dehnamaki et al., 2020, Maurya et al., 2019, Srinivasan et al., 

2014, Kim et al., 2009). The AcrAB and OqxAB efflux pumps are part of the resistance-

nodulation-division (RND) family composed of a tripartite complex which spans the inner 

membrane (IM), periplasm and outer membrane (OM) (Huang et al., 2022). These membranes 

are responsible for the collection of compounds such as quinolones, chloramphenicol, 

tetracycline, trimethoprim, and β-lactams. These compounds are then transported to the 

periplasmic membrane fusion protein (MFP), to the OM pump and outside the cell (Klenotic et 

al., 2020, Petersson, 2017, Pakzad et al., 2013).   



12  
  

1.4.  Proteases as an alternative antimicrobial drug target  

Traditionally, antibiotics targets cell wall, protein and DNA/RNA synthesis and the alarming 

increase of multidrug-resistant bacterial strains suggests that new antimicrobial targets need 

to explored to combat the global crises of antibiotic resistance (Belete, 2019, Culp and Wright, 

2017). One possible target are bacterial proteases which are protein degrading enzymes with 

diverse structure and function (Chanumolu et al., 2012). These proteins play a key role in the 

cell viability, stress response and pathogenicity (Table 4). Proteases can categorically be 

grouped as extracellular or intracellular proteases (Wandersman, 1989). The extracellular 

proteases are expressed as monomeric zymogens to prevent unregulated proteolytic activity 

(Müller et al., 2013, Neurath, 1986). The zymogens are activated via hydrolysis reaction or 

conformational changes that exposes their active site (Khan and James, 1998). These 

extracellular proteases are reported to have high substrate specificity for a specific protein or 

particular protein family (Zhou et al., 2020). Furthermore, extracellular proteases are key in 

pathogenicity virulence for example via degradation of host defence proteins (Lantz, 1997). 

The intracellular proteases on the other hand, form multi-trimeric structures with very little 

substrate specificity, subsequently their activity is tightly regulated (Choi et al., 2012).  

  
Table 4: Diverse ClpP function in different species.  

Type of organism  Function  Reference  

E. coli  Metabolism, cell division, damage 
repair and protein regulation  (Sassetti et al., 2019)  

Streptococcus pneumoniae  Oxidative stress  (Park et al., 2010)  

S.  aureus  Virulence  (Böttcher and Sieber, 
2008)  

Pseudomonas aeruginosa  Biofilm formation and mortality  (Fernández et al., 2012)  
Bacillus subtilis  Protein homeostasis  (Illigmann et al., 2021)  

Salmonella  Transcription factor regulation  (Bhandari et al., 2018)  
Listeria monocytogenes  Regulate phagosome evasion  (Frees et al., 2003)  
Salmonella typhimurium  Regulate iron systems  (Farrand et al., 2013)  
Plasmodium falciparum  Control apicoplast development  (Rathore et al., 2010)  

   
  

Caseinolytic protease P (ClpP) is one of intracellular proteases that expressed are in 

prokaryotic systems and are essential for the maintenance protein homeostasis (MorenoCinos 

et al., 2019). When bacteria are exposed to stressful conditions such as oxidative stress, 

osmotic shock, heavy metal toxicity, changes in hydrostatic pressure, heat or cold shock and 

the presence of drugs or antibiotics this results in a negative shift in protein homeostasis 

(Khodaparast et al., 2021a). And such a shift is detrimental to cell viability given that all 

biological activities in a cell are mediated by proteins. It therefore seems reasonable for ClpP 

to be targeted for antimicrobial drug development. Also, studies have reported models of ClpP 
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gene knock out pathogens are unable to cause infection and these was attributed to decreased 

activity of proteases (Aljghami et al., 2022, Malik and Brötz-Oesterhelt, 2017).   

1.5.  Caseinolytic protease P (ClpP)  

ClpP was first discovered in E. coli as an additional proteolytic enzyme to protease La, a 

defensive machinery towards abnormal conditions (Hwang et al., 1987, Katayama-Fujimura et 

al., 1987). Proteolytic enzymes have four main groups categorized based on their catalytic 

sites residues (Rawlings et al., 2011). The four groups are serine, cysteine, aspartic, metallo 

proteases (Figure 5). Additional two groups namely threonine and glutamate have been 

discovered which consists of threonine and glutamate on catalytic active site respectively 

(Ward et al., 2009, Powers et al., 2002). ClpP is a serine protease which is expressed in the 

cell mitochondria of both prokaryotes such as E. coli, Neisseria Meningitidis, S. aureus, 

Mycobacterium tuberculosis (M. tuberculosis) as well as eukaryotes (Kahne and Darwin, 2021, 

Voos, 2013, Maurizi et al., 1990). Genome mining studies have shown that some species such 

as E. coli contains one ClpP isoform whereas others such as M. tuberculosis have multiple 

isoforms (Bhandari et al., 2018, Akopian et al., 2012). For the ClpP to be functional it 

assembles into tetradecameric structure containing a chamber where proteolysis occurs. For 

organism such as M. tuberculosis which contains two isoforms (ClpP1 and ClpP2), these 

tetradecameric structure consists of both isoforms (Illigmann et al., 2021).   

 
 

Figure 5: Different protease enzymes classified according to their catalytic site to hydrolyse peptides 
bonds. The serine and cysteine nucleophilic attack is mediated by proton with drawing group attached to either 
serine or cysteine’s while water acts as a nucleophile for aspartyl proteases and metalloproteases (Neitzel, 
2010). Dotted lines represent the interactions at the catalytic active site. 
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1.6.  Structure of ClpP  

ClpP in E. coli is approximately 21.5 kDa and folds predominantly into alpha helical structure 

(Mabanglo et al., 2019). This protein consists of three subdomains namely N-terminal, the core 

domain (also called globular head), and the handle region (Figure 6). The N-terminal forms an 

ordered loop structure which is very conserved across different ClpP in prokaryotic genomes 

(Mabanglo and Houry, 2022). For ClpP to be conformationally active, 14 monomeric ClpP units 

assemble to form heptameric rings containing a barrel shape like structure encompassing the 

proteolytic active site (Yu and Houry, 2007). Aligned with ClpP being a serine protease, the 

active site consists of Ser-His-Asp catalytic triad (Nouri et al., 2020, Moreno-Cinos et al., 

2019). The ClpP heptameric structure, is formed by the ClpP monomeric units binding to each 

other via core domain through hydrophobic interactions and hydrogen bonding network (Nouri 

et al., 2020) (Figure 7). Also located in the core domain is oligomerization sensor that is 

essential for the stability of the heptameric structure. ClpP can adopt different conformations 

which includes an extended, compact and compressed state (Felix et al., 2019, Kimber et al., 

2010). In the extended state handle domains within heptameric rings are interlocked, in the 

compact state the handle domain is unstructured and in the compressed state the long helix 

is interrupted at the centre (Ye et al., 2013).  

 
Figure 6: genome organization of E. coli ClpP. E. coli ClpP consists of N-terminal domain (orange box) 
essential domain for chaperone interaction, core domain (blue box), catalytic site (neon boxes) for peptide 
cleavage, oligomerization sensor (purple box), and handle domain (red box) responsible for formation of complex 
ClpP structure. The QXT motif (green box) is responsible for stabilizing complex ClpP (Mabanglo and Houry, 
2022). Image was generated in BioRender. 
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Figure 7: Different proteolytic conformations of ClpP. Crystal structure of ClpP isolated from S. aureus 
showing extended as well as compressed conformation. AlphaE-helix (αE) and alphaF-helix (αF) is shown in 
blue and red respectively. Structures were modified using PyMOL (Malik and Brötz-Oesterhelt, 2017).        

The loop in the N-terminal domain then forms an axial pore which regulates substrate access 

to the active site. The substrates may be short peptides (7 to 8 residues) or aggregated/ 

misfolded proteins. The aggregated or misfolded proteins are usually tagged with degrons 

such as the SsrA-tagged protein to be recognized by Clp ATPases which are molecular 

chaperones belonging to the heat shock protein 100 family (Illigmann et al., 2021, Tao and 

Biswas, 2015, Hoskins and Wickner, 2006). Clp ATPases binds misfolded or aggregated 

proteins to refold and reactivate them through energy obtained from ATP hydrolysis (Frees et 

al., 2014, Gur and Sauer, 2008, Bukau et al., 2006). To maintain protein homeostasis and 

prevent the build-up of aggregated proteins in the cell, Clp ATPases associate with ClpP via 

its N-terminal domain, this association is important for the alignment of the catalytic triad. 

Therefore, proteins that cannot be rescued or unfolded are translocated into the ClpP 

proteolytic chamber for degradation (Figure 8). In contrast, shorter peptides can be degraded 

independently of Clp ATPases by ClpP.  
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Figure 8: Hsp100 unfolding and degradation mechanism. Clp ATPase that act as a molecular chaperone are 
able to unfold damage proteins which act as substrate to proteolytic compartment through the use of energy 
generated from ATP hydrolysis in which they are degraded to small polypeptides (Doyle et al., 2013). Image was 
generated in BioRender.   

  
1.7.  Drugs targeting ClpP  

Seeing the importance of ClpP for survival in bacterial cells (Table 3), it becomes increasingly 

important to develop novel strategies to target this protein for drug development. 

Consequently, there are different ClpP inhibitors that are being developed to target the 

catalytic site of ClpP (Table 4) (Moreno-Cinos et al., 2019).         

Currently, there are different ClpP inhibitors that have been identified (Table 5) and in the 

pipeline of investigation. These inhibitors target the catalytic site of ClpP resulting in 

conformational changes in the tetradecameric structure, thus rendering the enzyme complex 

inactive (Moreno-Cinos et al., 2019). The instability of these compounds in plasma limits their 
potential clinical applications.   
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Table 5: Inhibitors of the catalytic site of ClpP 

Name of  
Inhibitor  

Compound  Structure  Mechanism of action  References  

β-lactone  D3  

  

Suicide inhibitor responsible 
for disrupting O-acyl-enzyme 
product by which active ClpP 
attack carbonyl of β-lactone 
ring.  

(Moreno-Cinos 
et al., 2019,  
Compton et 
al., 2013,  

Chastanet et 
al., 2001)   

Boronates  Bortezomib 
(BTZ)  

  

Bind to ClpP via threonine 
via hydroxyl group leading 
enzyme dysfunction  

(Moreira et al., 
2017a)((Moreir 
a et al., 2017b,  

Chen et al.,  
2011)  

Phenyl ester  AV170  

  

Binds to the catalytic site of  
ClpP, triggering 

conformational changes that  
result in the deoligomirisation 

of the ClpP tetradecamer.  

(Schwarz et 
al., 2022,  

Hackl et al.,  
2015)  

Chloromethyl 
ketones  

Benzyloxycar 
bonyl  

leucyltyrosin 
e  

chloromethyl 
ketone (ZLY-
CMK)    

Forms two covalent bonds 
with serine and histidine of  
ClpP leading to covalent 

modification.  

(Szyk and  
Maurizi, 2006)  

β-sultams  RSKO7  

  

Attacks active site serine 
residue and converts it into  

dehydroalanine. This results 
in the disassembly of the 
active ClpP complex.  

(Queraltó et 
al., 2023,  

Moreno-Cinos 
et al., 2019)  

 

1.8.  Objectives   

K. pneumoniae is a member of the Enterobacteria family, and a Gram-negative pathogen 

which poses a major health concern in nosocomial settings. Attempts to control K. pneumoniae 

infections have been hampered by the emergence of multidrug resistant strains which use 

various biochemical mechanisms to evade the actions of antibiotics. Therefore, there is an 

urgent need to design novel strategies and preventative measures to eliminate infections 

associated with K. pneumoniae. One such strategy is to design drugs to target enzymes such 
as ClpP which play an essential role in protein homeostasis.   

It is known that ClpP associates with Clp ATPases is response to stressful environmental 

conditions which may be induced by factors such as antibiotic treatment, heat or osmotic stress 

(Lemos and Burne, 2002). Studies performed with knockout mutants of these proteins have 

highlighted their importance in pathogenicity virulence and viability (Aljghami et al., 2022). 

Currently, studies focusing on K. pneumoniae have mainly focused on Clp ATPases. Not much 

is known about the structure and diversity of ClpP in K. pneumoniae. Taking into account that 

other studies in pathogens such as S. aureus, and E. coli have demonstrated that targeting 
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ClpP results in conformational changes that prohibits the formation of the tetradecameric 

complex and ClpP-Clp ATPase interaction (Moreno-Cinos et al., 2019). This results in the 
build-up of aggregated proteins and eventually leads to cell death.   

Prior to designing inhibitors targeting K. pneumoniae ClpP it is important to investigate the 

diversity of clpp genes in the Klebsiella species. Currently no studies were identified which 

focused on the diversity of clpp genes in the Klebsiella species. This information is important 

given that it is known some pathogens such as M. tuberculosis contain multiple isoforms of 

ClpP. Furthermore, no studies reporting the expression and purification of soluble K. 

pneumoniae ClpP were found. To address this knowledge, gap this study aimed to investigate 

the diversity of clpp genes in the Klebsiella species and recombinantly express and purify the 

ClpP protein. To achieve these aims, the study objectives were as follows:  

⮚ Genome wide analysis of the clpp gene in the Klebsiella species  

⮚ Homology modelling of the hypothetical structure of K. pneumoniae ClpP  

⮚ Assessing the dynamic nature of ClpP using molecular dynamic simulations  

⮚ Optimizing the overexpression and purification of soluble recombinant ClpP.  
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Chapter 2: Methodology  

2.1.  In silico analysis  

2.1.1.  Genome data mining   

National Centre for Biotechnology Information (NCBI) genome database was used to find 

Klebsiella strains. From the complete genomes, the protein files for the 100 published strains 

were downloaded and searched for the ClpP protein using the key words “ClpP” or “Clp 

protease”. The resulting FASTA sequences were copied into a separate file and further 

analysed using InterPro and Pfam to verify the presence of ClpP protein features. The 100 

strains selected for analysis included 4 species, namely: Klebsiella aerogenes, Klebsiella 

michiganensis, K. pneumoniae and Klebsiella pneumoniae subsp. pneumoniae (Table A1). 

The analysed protein sequences were then labelled according to their species names and 

strain codes.   

2.1.2.  Homology Analysis  

The percentage identity of the mined sequences of Kp ClpP were analysed using Clustal 

Omega.  Additionally, the sequences were aligned using MAFFT sequence alignment through 

the Ugene software.  

2.1.3.  Phylogenetic tree construction   

The selected protein sequences were aligned using the MAFFT v6.864 embedded on the Trex 

server. The file for the best tree from Trex server was visualized and coloured using the 

interactive Tree of Life (iTOL) server.  

2.1.4.  Homology modelling of Kp ClpP  

The sequence of Kp ClpP (accession number. WP_004144676.1) was submitted to ITASSER, 

PHYRE2, and Swiss-model servers. The results on these servers were compared and the best 

template was chosen based on sequence similarity (greater than 30%), crystallization method, 

and resolution of protein structure (resolution value less than 1Å). The sequence of the best 

template (PDB 6nb1.1) was aligned with the sequence of Kp ClpP using the TCOFFEE server, 

Version_11.00. Thereafter, the target protein was modelled and downloaded using the Swiss-

Model server. The modelled protein structure was visualized using Pymol and superimposed 

to the template structure. The secondary stereo chemical quality of the modelled Kp ClpP 

protein was analysed using the Ramachandran plot. Molegro molecular viewer, version 7.0 

was then used to remove any ligands bound to modelled Kp ClpP and the structure was further 

assessed using the MolProbity, PROCHECK, Qualitative Model Energy Analysis (QMEAN), 
IUPred, and the ProSA-web servers.  
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2.1.5.  Molecular dynamic simulations  

Molecular dynamic (MD) simulations were performed using Maestro v13.0.317 using the 

Desmond molecular dynamics simulation engine. The modelled Kp ClpP monomeric and the 

template proteins were submitted to the Linux (Ubuntu) desktop server for simulation studies. 

The modelled Kp ClpP protein and the template protein were placed in an orthorhombic box 

(distance from the box face to the outermost protein atom was set at 7 Å, the box angle was 

α = β = γ = 90°). The orthorhombic box was then minimized, and the system was neutralised 

using counter ions. Additionally, 0.15 M NaCl was added to the orthorhombic box for 

physiological conditioning. The prepared system was then submitted for MD simulations. MD 

simulation is divided into eight distinct stages; stages 1-7 are equilibration, which is made up 

of short simulation steps, and stage 8 is the final long range 100 ns simulation stage.   

2.1.6.  Post dynamic analysis  

MD simulation studies performed using Schrodinger Maestro v13.0.317 was used for post 

dynamic analysis. Firstly, Simulation Quality Analysis was used to analyse the quality of 

simulations using average energy, pressure, temperature, and volume. Secondly, the 

Simulation Interaction Diagram algorithm was used to analyse the root mean square deviation 

(RMSD) of the alpha carbon (Cα) atoms, the root mean square fluctuation (RMSF) of the 

residues, and secondary structure element analysis. Lastly, the Simulation Events Analysis 

algorithm was used to calculate the radius of gyration (Rg) and atomic distance.  

2.1.7.  Possible binding pockets and protein disorder  

Modelled Kp ClpP and the template protein was submitted to the DoGSiteScorer to analyse 

its druggability. The 3D (three dimensional) structure of both protein pockets were visualized 

and the size, shape, depth, volume, and chemical features of the predicted (sub) pockets were 

calculated. The Kp ClpP sequence was then used to predict disorder regions within the protein 

as this is an effective method to identify whether proteins can be expressed, purified, or 

crystallized. The sequence of Kp ClpP was subjected to IUPRED2 which contains two systems 

used to estimate protein disorder. The IUPred2 system is used to estimate disordered protein 

regions while ANCHOR2 system is used to estimate disordered binding regions.  

2.2.  In vitro analysis  

Following in silico analysis of Kp ClpP in vitro analysis was investigated to gain insight of K. 

pneumoniae ClpP due to lack of characterization studies. Kp ClpP was cloned and 

transformed in E. coli transformed cells for expression and purification of recombinant Kp ClpP 

in order to characterize it.  
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2.2.1.  Theoretical analysis of Kp ClpP  

The amino acid sequence of Kp ClpP (accession number WP_ 004144676.1) was submitted 

to the Expert Protein Analysis System (EXPASY) ProtParam server (https://www.expasy.org/) 

for the analysis of physicochemical properties such as amino acid residues, theoretical 

molecular weight, and isoelectric point. The hydrophobicity plot of Kp ClpP was obtained from 
EXPASY ProtScale tool described by Kyte and Doolittle (Kyte and Doolittle, 1982).   

2.2.2.  Preparation of competent cells  

A vial of non-competent E. coli BL21 and JM109 cells previously stored in 60% (v/v) glycerol 

at −80⁰C were thawed at room temperature and grown in sterile 2xYT broth media [1.6 % (w/v) 

tryptone, 0.5 % (w/v) NaCI, 1 % (w/v) yeast extract] overnight at 37⁰C, 200 rpm. The cells were 

further grown in 1: 100 sterile 2xYT broth media at 37⁰C, 200 rpm until Optical density at 600 

nm (OD600) reached an absorbance value ranging between 0.3 - 0.4. The cells were pelleted 

by centrifugation at 2700 x g, 4⁰C for 10 min and the pellet was resuspended in sterile cold 0.1 

M MgCI2 (8 mL) and 0.1 M CaCI2 (2 ml). The cells were further centrifuged at 2700 x g, 4⁰C for 

10 min and the pellet was resuspended in 4 mL of 0.1 M CaCI2. Competent cells were 

preserved by the addition of 60 % (w/v) glycerol, rapidly frozen in liquid nitrogen and stored at 
−80⁰C.   

2.2.3.  Bacterial transformation   

Competent E. coli BL21 (DE3) and JM109 cells were transformed with pCold I vector (Figure 

9) containing the Kp ClpP insert, using heat shock treatment. The DNA sequence of Kp ClpP 

was synthesized, codon-optimized and directly cloned into pCold I vector using restriction 

enzymes BamH1 and SalI by GenScript (Piscataway, New Jersey, United States). Briefly, 

previously made competent cells were thawed and 20 µL was mixed with 1 µL recombinant 

plasmid (4 µg) and incubated on ice for 30 min. The mixture was heat shocked for 90 sec at 

42⁰C and diluted 1:4 with pre-warmed sterile 2xYT media, then incubated for 1 hour at 37°C, 

200 rpm. The cells were then plated on 2xYT agar [1.6 % (w/v), 0.5 % (w/v) sodium chloride, 

1 % (w/v) yeast extract, 1.5% (w/v) bacteriological agar] supplemented with 100 µg/mL 

ampicillin and incubated overnight at 37°C. A single colony was picked from the 2xYT agar 

and inoculated in 20 mL 2xYT broth supplemented with 100 µg/mL ampicillin. The culture was 

incubated overnight at 37°C, 200 rpm. The cell culture was then cryopreserved using 60% 

(w/v) glycerol at -80°C.  
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Figure 9: Vector map of pCold1 and ClpP insert. The vector map showing the ClpP insert, restriction enzymes 
(SalI and BamHI) and HisTag. 

2.2.4.  Colony Polymerase Chain Reaction (PCR)  

To confirm the presence of the Kp ClpP gene in the BL21 cells, colony PCR was performed. 

Briefly, the transformed cells were grown overnight at 37°C, 200 rpm in 2xYT broth. The cells 

were then plated on 2xYT agar supplemented with 100 µg/mL ampicillin and incubated 

overnight at 37°C. Colonies were picked from the 2xYT agar and resuspended in 10 µL of 

sterile nuclease-free water for colony PCR. The pCold I forward and reverse primers (Table 6) 
were used for PCR amplification of the ClpP gene from the selected bacterial colonies.    

Table 6: Primer used for DNA PCR amplification.  

Primer name  Sequence (5’ → 3’)  
pCold I forward  ACGCCATATCGCCGAAAGG  
pCold I reverse  GGCAGGGATCTTAGATTCTG  

 

PCR was performed in 25 µL reaction containing 1X Phusion HF, 200 µM dNTPs, 0.5 µM 

forward primer, 0.5 µM reserve primer, template DNA, 0.5 U Phusion DNA (for 25 µL reaction), 

and nuclease-free water. Amplification was performed with Applied Biosystems GeneAmp 

9700 PCR System using conditions described in Table 7. The PCR products were diluted with 

purple loading dye (synthesized by New England Biolabs, United States), and analysed using 

a 1% agarose gel stained with ethidium bromide and visualized using the Syngene, GBox.  
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Table 7: Conditions for PCR 

Step  Temperature (°C)  Time  
Initial denaturation  98  30 sec  

Denaturation  98  5 - 10 sec  
Annealing  45 – 72  10 - 30 sec  
Extension  72  15 - 30 sec/kb  

Final extension  72   5  min  
   

2.2.5.  Optimization of Kp ClpP expression  

Expression parameters such as modulation of induction point, time, and concentration of 

Isopropyl-β-D-Thiogalactopyranoside (IPTG) were optimised.  

2.2.5.1.  Modulation of induction point   

Following Kp ClpP clone confirmation, the E. coli BL21 (DE3) cells transformed with ClpP were 

grown overnight in 2xYT at 37°C, 200 rpm. The cell culture was diluted 1:100 fold with fresh 

2xYT media supplemented with 100 µg/mL of ampicillin and incubated at 37°C, 200 rpm and 

OD600 was monitored at 30 min intervals until static equilibrium was reached.  

2.2.5.2. Expression of Kp ClpP at different time points and IPTG concentration  

A trial expression of Kp ClpP was performed to test different times as well as different IPTG 

concentration, to find suitable expression conditions for bulk expression. Briefly, 2xYT media 

was inoculated with BL21 cells transformed with the Kp ClpP plasmid and incubated overnight 

at 37°C, 200 rpm. The overnight cell culture was then diluted 1:100 with sterile 2xYT media 

and grown at 37°C, 200 rpm supplemented with 100 µg/mL ampicillin until OD600 was reached 

with the absorbance of the culture ranging from 0.6 – 0.8. Expression was carried out at 

different times (4, 6, 12, 20 hours) and recombinant Kp ClpP was expressed with different 

IPTG concentrations ranging from 0.1 mM, 0.25 mM and 0.5 mM.   

For all cultures, cells were harvested by centrifugation at 5000 x g, 4°C for 10 min and the 

resulting pellet was resuspended in PBS (10 mM sodium phosphate, 137 mM NaCI, 2.7 mM 

KCI, pH 7.4). Bacterial cell walls were lysed by sonication on ice for 8 min at 50% amplitude 

and lysed cells were centrifuged at 5000 x g, 4°C for 10 min. Protein profiles were analyzed 

using 15% Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel for 

both supernatant as well as resulting pellet. Protein samples were run with unstained protein 

ladder (ThermoFisher Scientific, USA) under reducing conditions at 80 V and stained using 

Coomassie brilliant R-250.  
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2.2.6.  Western Blot  

Recombinant Kp ClpP protein expressed at 18˚C for 6 hours, 200 rpm was harvested by 

centrifugation (5000 x g, 4˚C) for 10 min. Cells were disrupted by sonication and the soluble 

and insoluble fractions were separated by centrifugation. Proteins in the resultant soluble and 

insoluble fractions were separated in a 15% SDS-PAGE gel. Proteins were transferred onto a 

nitrocellulose paper (Pall Corporation, USA) at 20 V, 300 mA (room temperature) using Owl 

HEP-1 Semidry Electroblotting System (Thermo scientific, England), following manufacturers 

instruction. The blot was blocked for 1 hour at room temperature using blocking buffer [2% 

milk in Tris buffered saline (TBS), 20 mM Tris, 200 mM NaCI, pH 7.4] while shaking. 

Subsequently, mouse monoclonal IgG anti-His-Tag (1:5000, sc-53073) was incubated 

overnight shaking at 4˚C followed by three washes (5 min each) at room temperature with 

TBS, blots were incubated with goat anti-mouse IgG-HRP (1:10000) for 2 hours. Finally, the 

blot was washed three times with TBS buffer, and bands were visualized with Amersham ECL 

Western Blotting Detection Reagents (GE Healthcare, Chicago, IL, USA) in accordance with 

manufacturer’s instructions. Protein bands were visualized using Syngene, GBox and 

estimated using the unstained protein ladder (ThermoFisher Scientific, USA).   

2.2.7.  Recombinant ClpP purification  

Recombinant Kp ClpP detected in the western blot was purified based on the protocol 

described by Schlager et al. (Schlager et al., 2012) using a 1 mL His-Tag chelating column 

immobilized with Ni2+, pre-equilibrated with binding buffer [8 mM Na2HPO4, 286 mM NaCl, 

1.4 mM, KH2PO4, 2.6 mM KCl, 5 mM imidazole and 0.1% Sarkosyl (w/v), pH 7.4.] connected 

to an AKTA system (Cytiva, Europe). Insoluble ClpP expressed at 18⁰C, for 6 hours, 200 rpm 

was resuspended in lysis buffer [8 mM Na2HPO4, 286 mM, NaCl, 1.4 mM KH2PO4, 2.6 mM 

KCl and 1% SDS (w/v), pH 7.4.] supplemented with 1 mM Dithiothreitol (DTT) and sonicated 

on ice for 4 min at 50% amplitude. The solution was placed in ice water bath for 30 min for 

precipitation of SDS and centrifuged at 10 000 x g, for 30 min, 4⁰C. The supernatant was 

filtered and loaded on a 5 mL His-Tag chelating column at a flow rate of 5 min/mL and 

contaminating proteins were washed with 5 column volumes of binding buffer. Weakly bound 

contaminating protein was washed with two wash buffers [8 mM Na2HPO4, 286 mM, NaCl, 

1.4 mM KH2PO4, 2.6 mM KCl and 0.1% Sarkosyl (w/v), pH 7.4] one containing 20 mM 

imidazole and the other 50 mM imidazole respectively. Bound Kp ClpP was eluted and 

collected in 1 mL fractions using elution buffer [8 mM Na2HPO4, 286 mM, NaCl, 1.4 mM 

KH2PO4, 2.6 mM KCl and 0.1% Sarkosyl (w/v), 150 mM imidazole, pH 7.4]. All collected 

samples were run a 15% SDS-PAGE gel for analysis.   
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2.2.8.  In silico circular dichroism   

Secondary elements of modelled Kp ClpP were analyzed using in silico cd, briefly the modelled 

Kp ClpP was submitted to PDBMD2CD and CD spectra was obtained to analyse the protein 

secondary structure.  The acquired cd spectra was compared to characteristic CD spectra to 

classify secondary elements.   

2.2.9.  Mass spectrometry  

2.2.9.1.  Sample in-gel digestion   

Kp ClpP recombinant expression of the insoluble fraction was sequenced to identify the protein 

using Liquid chromatography-mass spectrometry (LC-MS). Protein band analysed by SDS-

PAGE was cleaved from the gel then transferred into a sample tube containing distilled water. 

Protein was digested following protocol of Shevchenko et al (Özbek et al., 2019) briefly the 

protein was degraded with 25 mM NH4HCO3 containing 10 mM DTT for 1 hour at 60⁰C then 

cooled at room temperature. The gel pieces from protein were incubated with 100% (v/v) 

acetonitrile for 10 min and supernatant was discarded. Gel peptides were further incubated 

with 55 mM iodoacetamide (IAA) for 20 min at room temperature in the dark and supernatant 

was discarded. Remaining gel peptides were dehydrated with 25 mM NH4HCO3 diluted in 5% 

(v/v) acetonitrile and dried completely. Trypsin was then added to gel peptides and placed 

overnight at 37⁰C for digestion thereafter 0.1% (v/v) formic acid was added, and samples were 

dried under vacuum.   

2.2.9.2.  LC-MS analysis  

Peptides obtained from trypsin digestion were analysed using an Evosep One LC system 

coupled to an AB Sciex 5600 Triple TOF mass spectrometer operated in positive ion mode. 

Peptides were eluted and separated using 60 SPD method on a Evosep C18 performance 

(150 μm × 8 cm, 1.5 µm particle size) with a gradient of 0-30% B over 21 min (A: 0.1% FA; B: 

100% ACN/0.1% FA). An accumulation time of 250 ms followed by 50 fragment ion (MS/MS) 

scans, acquired from m/z 100-1800 with 35 ms accumulation time each was employed and 

precursor (MS) scans were acquired from m/z 400-1500 (2+-5+ charge states).   

2.2.9.3.  Data analysis  

Sequences from E. coli were downloaded using UniProt (Swiss-Prot on 24 May 2023) and 

sequence of recombinant proteins as well as common contaminants were used to search raw 

data for each protein peptide utilizing Protein Pilot V5.0 software (SCIEX). Fixed modification 

and biological modification were allowed in search parameters as Trypsin (digestion enzyme) 

and cysteine alkylation (iodoacetamide). Protein confirmation was evaluated and only a 

minimum of 2 peptides identified.   
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All the investigated Klebsiella strains contained two or more ClpPs (Figure 11). K. pneumoniae 

strains contain 3, 4 and 5 ClpP proteins per strain. Clustal omega analysis showed that the 

strains containing 3, 4 and 5 ClpPs had between 9.52 to 100%, 15.82 to 100%, 17.10 to 100% 

sequence similarity, respectively (Figure 12). This further confirms the variation of the ClpP 

sequences. There were 4, 8 and 5 isomers on ClpP amongst the Klebsiella strains containing 

3, 4 and 5 ClpP proteins per strain, respectively. Therefore, there are a total of 17 isomeric 
forms of the ClpP protein amongst the Klebsiella species.  

 
Figure 11: Total number of ClpPs in Klebsiella strains. Different Klebsiella species along with their different 
ClpPs, K. pneumoniae having the most ClpPs 
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Figure 12: Protein sequence alignment of the ClpP isomers identified from the mined strains. A) Isomers 
identified across the strains containing 3 ClpPs. B) Isomers identified across the strains containing 4 ClpPs. C) 
Isomers identified across the strains containing 5 ClpPs. Alignments done using UGENE. 
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The hypothetical structure of Kp ClpP was modelled by performing a template search using 

various databases (Table 8). E. coli ClpP protease (6nb1,) had the highest identity (99%) when 

aligned with the Kp ClpP sequence indicating that both protein sequences are similar. 

Additionally, the target and template proteins had a 100% coverage and this suggests that 

both sequences are homologous (Waterhouse et al., 2018). The template was crystallised 

using X-ray diffraction and had a resolution of 1.90 Å. This high resolution indicates that the 

crystallised structure is highly ordered and atoms in the electron density maps clearly visible.   

  
Table 8: Different template obtained from different databases along with PDB code, percentage identity, 
percentage coverage, resolution, R-free and R-work values. 

Database  PDB code  Identity (%)  Coverage (%)  Resolution  
(Å)  

R-Free  R-Work  

i-Tasser  1yg6A  99  99  1.90  0.251  0.221  

 7ekoL  33  96  3.30  0  0  

 1yg6  99  99  1.90  0.251  0.221  

 5dzk  49  99  3.07  0.232  0.198  

 1yg6A  99  99  1.90  0.251  0.221  

 5dzk  49  98  3.07  0.232  0.198  

 6hwnA  58  95  1.95  0.211  0.186  

 1yg6A  99  99  1.90  0.251  0.221  

 7mk5A  98  94  2.95  0.248  0.221  

 4ryfA  42  92  2.80  0.216  0.180  

Phyre2  d1yg6a.1  99  93  1.90  0.251  0.221  

 c6sflx  66  99  4.00  0  0  

 c3q7hM  67  97  2.50  0.208  0.170  

 c3kthD  69  90  2.50  0.208  0.170  

 c3p2ID  65  98  2.29  0.226  0186  

 c6hwmC  57  92  2.70  0.236  0.205  

 c7ekqB  57  91  3.60  0  0  

 c1tg6G  55  91  2.10  0.262  0.224  

 c6x60A  53  98  2.81  0.235  0.198  

 c1tg6a1  55  90  2.10  0.262  0.224  

SWISS- 
MODEL  

5dkp.1.D  
5dkp.1.A  

72  
72  

99  
99  

2.38  
2.38  

0.239  
0.239  

0.196  
0.196  

 6nb1.1.C  99  100  1.90  0.244  0.209  

 6nb1.1.A  99  100  1.90  0.244  0.209  

 6nb.1.G  99  100  1.90  0.244  0.209  

 6na1.1.A  72  99  1.90  0.244  0.209  

 1tyf.1.A  99  99  2.30  0.292  0.219  
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 3mt6.1.A  99  100  1.90  0.204  0.178  

 6w9t.1.F  72  99  1.65  0.282  0.237  

 6w9t.1.A  72  99  1.64  0.237  0.237  

  
The alignment of template and Kp ClpP showed difference in three positions. The first 

difference was in the N-terminal domain, where the template has an extended N- terminal 

domain of 13 residues. Secondly, in position 156, a non-charged leucine residue in the 

template is replaced by charged histidine in Kp ClpP. Lastly, in position 178, the proline 

residues in the template are replaced by alanine (Figure 13). The effects on the changes on 

structure of Kp ClpP are not known hence it was important to model Kp ClpP despite it having 

a strikingly high similarity to E. coli ClpP protein. Furthermore, changes on the amino acid 

sequence of proteins (even one amino acid change) could dramatically change the structure 

of proteins (Figure 14). This structural change may impact function and stability of the protein 

(Schaefer and Rost, 2012).  

  

 
Figure 13: Sequence alignment of template (6nb1) and target (ClpP) performed using T-COFFEE. 
Sequence alignment showing secondary structure features, red boxes represent beta sheets (β), blue boxes 
representing alpha helices (α), purple boxes represent the Ser-His-Asp catalytic site. The boxed figures 
represent the mutated residues on the model and template. The circles show the structural differences between 
the model and template proteins. 
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Figure 14: Effect of mutations on modelled Kp ClpP at position 156 and 178. A and B) effect of the Ala178 
mutation on bonding within the Kp ClpP protein. C and D) effect of the Ala178 mutation on bonding within the 
ClpP protein. The dotted lines represent the bonds within 5 Å of the Ala178 and His156 residues of the modelled 
and template proteins.  

Superimposing the structures of the template and modelled ClpP structure gave a RMSD of 

0.180 Å (Figure 15). This further demonstrates that the template and target proteins are 

structurally homologous. Figure 7 also shows the quaternary structure of Kp ClpP which is a 

tetradecamer comprising a dimer of heptamers arranged such that they form a cylindrical 

shape. The Kp ClpP conformation shown in Figure 15 resembles that of compressed or closed 

ClpP where substrates cannot gain access to the active site (Díaz‐Sáez et al., 2017).   
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Figure 15: Structure of K. pneumoniae ClpP modelled using E. coli ClpP(6nb1) as a template. (A) 
Monomeric structure of Kp ClpP. (B) superimposed monomeric structure of Kp ClpP and template ClpP (6nb1) 
coloured in blue and cyan respectively. (C) Multimeric structure of Kp ClpP with chains coloured individually. 

The quality of the modelled ClpP structure was examined using MolProbity, PROCHECK, 

QMEAN, IUPred2A, and PROSA servers. A Rama distribution Z-score of 0.63 ± 0.15 was 

obtained from MolProbity, this score was less than 2 and is within the acceptable range. This 

score indicated that the modelled Kp ClpP structure was of good quality. Furthermore, the 

Ramachandran plots of the modelled Kp ClpP and template proteins show a uniform 

distribution of most residues within favoured regions (Figure 16). According to PROCHECK,  

94.1% of the modelled ClpP residues are within the most favoured regions as shown in Figure 

4. This stipulates that the modelled structure and the template used for modelling are of good 
quality and have a stable conformation.  
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Figure 16: Ramachandran plot of modelled Kp ClpP protein and 6nb1 (template) obtained using the 
PROCHECK server. (A) Hypothetical structure of Kp ClpP and (B) the template (6nb1). The black dots represent 
amino acid residues, red zone represents favoured regions, yellow region represents allowed regions, light 
yellow represents generously allowed regions and white regions represent disallowed regions.  

The Kp ClpP structure was passed through QMEAN, a web-based tool to provide the quality 

of the predicted protein structure (Benkert et al., 2009, Benkert et al., 2008). It scores predicted 

structure by measuring the agreement of predicted and calculated secondary structure and 

solvent accessibility. Figure 17 shows the evaluation of both the entire structure and individual 

residues of Kp ClpP and it can be seen that Kp ClpP model was allocated in the dark grey 

zone indicating that the modelled structure is of good quality. And this consistent with QMEAN4 

value of 0.89 which lies in the high QMEAN score range.    
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Figure 17: QMEAN score of modelled Kp ClpP composed of four statistical potential terms (QMEAN4). 
Graphical representation of QMEAN scores based on amino acid residues of modelled ClpP. The dark zone 
indicates good models, the red oval indicates the positioning of the modelled ClpP structure. 

  
3.1.2. Circular Dichroism  

The secondary structural elements of modelled Kp ClpP were assessed using cd. The 

spectrum obtained resembles the cd spectra of α-helical proteins which are characterized by 

two peaks, one positive peak at approximately 195 nm and one negative peak at approximately 

at 220 nm (Figure 18).   
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Figure 18: Circular dichroism of modelled Kp ClpP. In silico cd spectrum analysis of secondary structure of 
modelled ClpP obtained from PDBMD2CD. 

3.1.3. Molecular dynamic simulations  

Following structural assessments, the stability of the modelled and template proteins was 

investigated using molecular dynamic simulations. The average potential energy for modelled 

Kp ClpP and template protein was -90517.556 ± 61.04 kcal/mol and -74280.309 ± 55.47 

kcal/mol, respectively. There is a slight, insignificant shift in the potential energy profiles of 

both these proteins, therefore suggesting that the Kp ClpP model was of adequate quality. 

Figure 19 shows the potential energy profiles to compare the alpha carbons of both the 

proteins over 100 000 ps.   
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Figure 19: Potential energy profiles of the alpha carbons of the modelled and template ClpP proteins. 
Potential energy of modelled Kp ClpP (blue) and template (cyan). 

The RMSD and RMSF values were calculated to assess the dynamic nature of proteins. Figure 

20 shows the RMSD values of modelled Kp ClpP increases from 2.559 to 4.171 Å, while the 

RMSD values of template ClpP increases from 3.571 to 8.719 Å. The increasing RMSD values 

correlate with the expected dynamic nature of proteins and indicate significant conformational 

changes. Additionally, the template stabilises at approximately 20 ns while the RMSD of the 
model stabilises at around 50 ns, this confirms the stability of the modelled structure.  
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Figure 20: RMSD of the template and modelled Kp ClpP protein. The RMSD of template (cyan) and model 
Kp ClpP (blue) over 100 ns.  

Furthermore, fluctuation of the individual amino acid residues of the proteins was evaluated 

using RMSF. It was observed that the pattern of residue fluctuations were very similar between 

template and modelled Kp ClpP protein. This demonstrates that similar residues contribute to 

the flexibility of both these proteins (Figure 21).  Interestingly, the template had a high RMSF 

value around the N (~12.513 Å) and C-terminal (~7.519 Å) region. Furthermore, it was noted 

that, it was in N- and C-terminal region where, these two Kp ClpP proteins differ (Figure 13). 

Therefore, this difference seen in the RSMF values of truncation of extended N-terminal as 

well the mutation on C-terminus suggests that may impacts the stability of Kp Clp. Further 
studies are required to investigate the role of these regions in the stability of ClpP proteins.   
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Figure 21: RMSF analysis of the template and modelled Kp ClpP protein. The RMSF of the template (cyan) 
and modelled Kp ClpP (blue). 

Rg indicates the compactness of a protein structure and was analysed to investigate the nature 

of proteins through radius as well as compactness. It was observed that the modelled Kp ClpP 

structure had an average Rg value of 33 Å while the template had an average Rg of 

approximately 32 Å as shown in Figure 22. The Rg profile of both the proteins suggests that 

the proteins are constantly transforming during simulation. Additionally, this confirms that the 

proteins are dynamic in nature.  

 
Figure 22: Trajectory analysis of the radius of gyration over 100 000 ps. Modelled Kp ClpP is represented 
as blue and template is represented as cyan. 
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3.1.4. Possible binding pockets  

Kp ClpP interacts with proteins such as Clp ATPases to maintain protein homeostasis. To 

investigate the presence of binding sites in the Kp ClpP being analysed, the Kp ClpP model 

was assessed for the presence of potential binding sites. Additionally, the binding sites of the 

template were also analysed to further confirm that the modelled Kp ClpP and template ClpP 

were different despite have high sequence similarity. The DogSiteScorer server identified 

potential binding pockets for each protein around the same area, however the best binding 

pocket of each protein varied with the model having a drug score of 0.84 and the template 

having a drug score of 0.81 (Figure 23C). A score close to 1 indicated that the binding pocket 

is accessible. The surface area and volume are different from each other, further confirming 

that the proteins are unique. Additionally, the presence of binding sites on the protein surface 

indicates that there are potential binding sites on both these proteins that could be targeted to 
decrease protein homeostasis and cell survival.  

 
Figure 23: Prediction of detected binding sites for model and template ClpP using DoGSiteScorer. A) 
Binding site of the modelled Kp ClpP. B) binding site of the template ClpP. C) comparison of the binding site 
parameters of the modelled and template ClpP.   
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3.1.5. Protein disorder  

The K. pneumoniae ClpP protein has not been previously expressed and purified. However, 

the structure of E. coli ClpP has been crystallised. Therefore, this indicates that Kp ClpP can 

be expressed and analysed further through in-vitro analysis. To further confirm this 

observation the hypothetical modelled Kp ClpP was screened for protein disorder using IUPred 

to gain insights of disordered regions which allows for expression and purification of proteins. 

It was found that the structure comprises of an ordered N-terminal domain and a disordered 

C-terminal domain. Approximately 15% of Kp ClpP residues are disordered shown in Figure 

24 (indicated as a red line) thus due to a reduced amount of disordered residues this promote 

protein expression, purification and crystallization. Consequently, this allows for further 

characterization of Kp ClpP, while prediction of disordered binding regions by ANCHOR2 

represented as a blue line shows that both the N and C-terminal domain are ordered. In spite 

of the fact that Kp ClpP contains disordered regions which often difficult to purify or crystallize, 

the modelled Kp ClpP contained less disordered regions which primarily may be responsible 

for variety of functions including post translation modification, cell signalling, molecular 

recognition and protein-protein interaction.   

 

Figure 24: Graphical representation of protein disorder using the IUPred web server for ClpP. IUPred2 
prediction of the ClpP using the IUPred2 long disorder, ClpP was found to be ordered using ANCHOR2 and 20% 
disorder in the C-terminal region using IUPred2. 

3.1.6. Theoretical analysis of ClpP  

Following in silico analysis of Kp ClpP in vitro analysis was investigated to gain insight of K. 

pneumoniae ClpP due to lack of characterization studies. Theoretical analysis was conducted 

and resulting physicochemical properties of ClpP are in (Table 9). It important to for the 

properties to be known prior expression and purification studies.   
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Table 9: Theoretical characterization of Kp ClpP. Physicochemical properties obtained from the (A) 
ExPASY ProtParam server. 

Physicochemical properties  Kp ClpP  

Molecular weight (Da)  21692  

Amino acid residues  194  
Isoelectric point  5,15  

 

3.2.  In vitro analysis  

3.2.1. Clone confirmation   

Gene encoding for Kp ClpP was synthesized and cloned into the pCold 1 vector by Genscript. 

Therefore prior to ClpP expression studies, the Kp ClpP construct was transformed into E. coli 

BL21 (DE3) cells. The transformants were screened for the presence of ClpP insert using 

colony PCR. Figure 25 shows that the screened colonies contained a band extrapolated to be 

773 bp (Appendix Figure 1A). This band size was higher than size of ClpP which is 585 bp. 

This was expected since primers used in PCR are not gene specific, and they anneal in the 

region flanking the multiple cloning site. Therefore, the additional bases were added during 

the amplification of the insert.    

 

Figure 25: Colony PCR of E. coli BL21 (DE3) cells transformed with ClpP construct. Lane 1-5 randomly 
picked colonies screened for the ClpP construct and Lane 6 is the negative control. The PCR products were ran 
on a 1% (w/v) agarose gel using a TAE buffer ran at 80V.   

3.2.2. Optimization of Kp ClpP expression  

For expression of Kp ClpP, several conditions were tested to identify optimal expression 

conditions for ClpP. The expression studies began by first determining the ideal time to induce 

expression of Kp ClpP. Bacterial growth was monitored spectrophotometrically every 30 min 

intervals over 16 hours at 600 nm. Figure 26 shows the characteristic bacterial growth curve 

with constant growth in the lag phase in the first hour of inoculation. This was followed by 

exponential growth phase, where the cultured cells reached an optical density (OD) of 0.6 – 
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0.8 at an absorbance of 600 after 150 minutes of incubation. The OD of 0.6- 0.8 is the 

recommended as suitable point of protein induction due to that cells are at the log stage 

(growing phase) and a high protein expression is expected (Sivashanmugam et al., 2009). It 

was at this OD point were some cells were induced with of with 0.5 mM IPTG to promote 

recombinant expression and protein production in the cells. Both the induced and uninduced 

were further monitored for bacterial growth. These cells show similar growth profiles and 

entered the stationary phase at approximately 600 min.   

 
Figure 26: Quantitative monitoring of E. coli bacterial cell growth. Bacterial growth curve of uninduced and 
induced E. coli cells were grown at 37⁰C and optical density was measured every 30 min. The error bars 
represent standard deviation of the mean from three independent experiments.  

To optimise expression of Kp ClpP, different IPTG concentrations and post induction 

temperatures were tested at 18 ⁰C. Figure 27 shows that soluble and insoluble fraction 

expressed 21 and 25 kDa protein respectively. Kp ClpP is approximately 21 kDa, therefore it 

was intriguing to see a highly expressed band at 25 kDa in the insoluble fraction. On closer 

inspection, the 25 kDa protein is also present in the soluble fraction however in smaller quantity 

compare to the 21 kDa protein. It was also observed from Figure 26 is that increasing the IPTG 

concentration to more than 0.5 mM did not significantly result in greater yields of expressed 

proteins. However, the incubating the induced cell culture 20 hours resulted in better protein 

yields. Consequently, expression of Kp ClpP was induced with 0.5 mM IPTG and further 

incubated for 6 hours.   
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Figure 27: A reducing 15% SDS-PAGE gel of recombinant ClpP protein expressed at different times and 
IPTG concentrations. ClpP expression was induced with 0.1, 0,25 and 0, 5 mM IPTG and incubated for 4, 6, 
12 and 20 hours at 18⁰ C. The cells were harvested by centrifugation. For protein profile analysis, cells were 
lysed by sonication and centrifuged. Both the insoluble (pellet) and soluble (supernatant) were then analyzed on 
a 15% SDS-PAGE. All the gels were loaded as follows Lane M: molecular weight marker, Lane 1 pellet 
expressed with 0,1 mM IPTG, Lane 2, pellet expressed with 0.25 mM; Lane 3, pellet expressed with 0.5 mM; 
Lane 4 supernatant expressed with 0,1 mM IPTG, Lane 5, supernatant expressed with 0,25 mM IPTG and Lane 
6, supernatant expressed with 0,5 mM IPTG. 

3.2.3. 25 kDa band confirmation using Western blot and LC-MS analysis   

Kp ClpP is expected contain a His-Tag based on the cloning strategy used in this study. 

Therefore, a western blot was performed using a primary anti-His antibody to determined 

which of the two bands (21 and 25 KDa) contains a His-Tag. This was deemed necessary in 

order to purify the correct fraction. Based on Figure 28, the 25 kDa band tested positive for 

His-tag, with a strong signal. This was intriguing given that the expected size of Kp ClpP is 21 

kDa based on physiochemical property analysis. To further confirm the Western Blot results, 

the 25 kDa protein was sequenced using LC-MS.  

 
Figure 28: Confirmation of expressed Kp ClpP using Western blot. (A) 15% SDS-PAGE gel showing 
expression of Kp ClpP induced with different concentrations of IPTG and expressed for 6 hours post induction. 
(B) Western blot detection of the expressed of Kp ClpP induced with different concentrations of IPTG and 
expressed for 6 hours post induction. (B) Western blot detection of the expressed of Kp ClpP. Both gel and blot 
contain unstained molecular weight marker (M), Lane 1 pellet expressed with 0,1 mM IPTG, Lane 2, pellet 
expressed with 0.25 mM; Lane 3, pellet expressed with 0.5 mM; Lane 4 supernatant expressed with 0,1 mM 
IPTG, Lane 5, supernatant expressed with 0,25 mM IPTG and Lane 6, supernatant expressed with 0,5 mM IPTG. 
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Figure 29 shows the LC MS chromatogram of the 25 kDa band. The peptide fragments from 

the 25 kDa band had a high similarity of 72% Kp ClpP. Therefore, the mass spectrometry 

results are consistent with the western blot analysis.   

 
Figure 29: Mass Spectra of trypsin digestion of 25 kDa band. Mass spectrum of the different peptides 
identified from the insoluble fraction (25 kDa band).  

3.2.4. Recombinant Kp ClpP purification  

Following confirmation and expression of Kp ClpP, the insoluble fraction was solubilised and 

purified using affinity chromatography. The solubilized Kp ClpP protein was loaded onto a Ni+ 

column and it was expected to bind to the column via the histidine tag on Kp ClpP. Figure 30 

shows that a considerable amount of protein was able to bind to the column while 

contaminants eluted with wash buffer. Bound Kp ClpP was eluted with an increased 

concentration of imidazole (150 mM).   

 
 

Figure 30: Recombinant Kp ClpP purification analysis using affinity chromatography. Recombinant Kp 
ClpP protein was overexpressed in E. coli BL21 (DE3) cells with 0.5 mM IPTG at 18°C, for 6 hours and harvested 
by centrifugation. The solubilized ClpP was applied to pre-equilibrated 1 mL His-Tag column (GE Healthcare, 
Life Sciences). Proteins eluted in the flow through were collected (F). Unbound proteins were washed with 
binding buffer containing 5 mM imidazole (lane 1) and 20 mM imidazole (lane 2). Bound proteins were eluted 
using 150 mM imidazole (lane 3 -12). 
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Chapter 4: Discussion and Conclusion  

K. pneumoniae is a nosocomial pathogen which poses a great global health concern especially 

in immunocompromised patients (Podschun and Ullmann, 1998). Despite antibiotics being 

available for the treatment of K. pneumoniae infections, studies have shown that this pathogen 

uses various mechanisms to evade the effect of antibiotics (Riwu et al., 2022, Navon-Venezia 

et al., 2017). Subsequently, novel therapeutic alternatives are being investigated to target K. 

pneumoniae. One such alternative is to target ClpP which are essential in maintaining protein 

homeostasis under stressful environmental conditions (Khodaparast et al., 2021b). Not much 

is known about the structure and diversity of ClpP in K. pneumoniae therefore this study aims 

to address this knowledge gap.  

4.1.  Structural characterization of K. pneumoniae ClpP   

Phylogenetic analysis was performed to investigate the evolutionary relationship of ClpP 

genes within four Klebsiella species namely, K. pneumoniae, Klebsiella aerogenes, Klebsiella 

michiganesis and K. pneumoniae subsp. pneumoniae. Phylogenetic tree analysis is a tool that 

shows the evolutionary relationship amongst species/genes and their speculated common 

ancestor (Hall, 2013). The ClpP gene was observed to be highly conserved in all investigated 

Klebsiella strains and grouped into three subclasses which branched from a common ancestor 

(Figure 10). Additionally, it was observed that each investigated strain contained more than 

one ClpP and a total of 17 ClpP isomers, displaying various variations, were identified (Figure 

11 and 12).  Such observed diversity of ClpP in Klebsiella species is consistent with alternative 

mRNA splicing and mutations that take place in a bacterium as result of evolutionary pressure 

amongst others. Alternative mRNA splicing is a process during gene expression where exons 

from the same gene are joined in different combination resulting in different and yet related 

mRNA transcripts (Ward and Cooper, 2010). These different mRNA transcripts could then be 

translated into protein isomers. Protein isomers are defined as protein with sequence similarity 

and originating from the same genetic family. The sequence similarity between isomers varies 

in families and species, for example in this study, strains with 3 isomers of ClpP, has as low 

as 9.52% similarity (Figure 11, 12). Despite these isomers being part of the same genetic 

family, their biological function may slightly vary (Vedula et al., 2017, Gunning, 2001). Another 

possible reason for Klebsiella species to have more than one isomer for ClpP could be tied 

evolutionary pressure where a bacterium could be exposed to changing environmental 

conditions (Kosová et al., 2021). This may give rise to isomers in prokaryotic cells with diverse 

biological activity. These isomers could aid pathogens to evade effect of antibiotic and survive 

harsh environmental condition.   

Homology modelling was used to model the hypothetical structure Kp ClpP to gain an insight 

into the 3D structure of the protein (Figure 15). The structure of a protein directly relates to 
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protein function, therefore it is important to understand protein structure (Ji and Li, 2010). 

Homology modelling is a quick and inexpensive alternative to protein crystallization as gives 

an insight into the structure of the protein (Tastan Bishop et al., 2008). Kp Clp structure was 

modelled based on E. coli protease protein (6nb1) as it met the homology modelling template 

criteria. The alignment of the two sequences showed good sequence coverage (Figure 13). 

The quality of the modelled structure was deemed to be acceptable based on the Z-score, 

Rama-Z score and Qmean score which were all within acceptable range. The Z-score and 

Rama-Z score evaluates the atom positions and the polypeptide backbone (φ and ψ torsion 

angles) (Sobolev et al., 2020). The modelled Kp ClpP is homo tetradecameric which is 

consistent with that of structure of ClpP (Illigmann et al., 2021). Furthermore, the model and 

in silico CD analysis of Kp ClpP indicated that the protein is mainly alpha helical (Figure 18).  

MD simulation was used to investigate the stability of modelled ClpP and the template protein 

since it used to study the behaviour of a protein at an atomic level (Hollingsworth and Dror, 

2018). The potential energy profile of both proteins was observed to be relatively similar 

(Figure 19) and stable throughout simulation. Radius of gyration (Figure 22) of both proteins 

show constant transformation suggesting that both the proteins constantly transform during 

simulation. The overall RMSD of both proteins (Figure 20) increases over time. Both the Rg 

and RMSD values indicate that both the modelled and template proteins are dynamic in nature. 

Protein flexibility is essential for protein function because it allows for molecular interactions 

(Teilum et al., 2009). Protein flexibility was assessed RMSF and high levels of fluctuation 

(Figure 21) was observed, however no significant difference in flexibility was observed 

between template and modelled Kp ClpP.  

The disordered regions of modelled Kp ClpP were investigated to identify whether the protein 

can be expressed, purified or crystallized (Mészáros et al., 2018). Disordered proteins do not 

form a stable tertiary structure, this affects protein function and results in difficulty expressing 

as well as purifying the protein (Papastratis, 2022). It was observed that Kp ClpP is mainly an 
ordered protein, suggesting that this protein may be recombinantly expressed (Figure 24).  

4.2.  Recombinant expression and purification of Kp ClpP  

Kp ClpP was synthesized and cloned into pColdI for protein expression. The pCold1 vector is 

a cold expression system which contains cpsA promoter, 5’UTR and cpsA 3’ termination site 

(Qing et al., 2004). This vector was chosen because the vector contains a cold shock protein 

such as cspA acts as a RNA chaperone responsible for regulation of gene expression during 

transcription or translation and thus enables high yields of recombinant proteins at low 

temperatures (Bae et al., 2000, Vasina and Baneyx, 1996). Additionally, pCold1 contains the 

translation enhancing element (TEE) sequence which promotes expression of recombinant 

protein in prokaryotic cells (Hayashi and Kojima, 2008). The plasmid construct was 
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transformed into competent E. coli BL21 cells. The gene insert was verified using colony PCR 

and an intense band at a size of approximately 773 bp (Figure 25) was observed. Following 

successful gene verification, recombinant Kp ClpP expression was optimized. Recombinant 

protein expression is often carried out in a bacterial host cell and microorganisms such as 

bacteria, yeast, filamentous fungi, as well as unicellular algae (Rosano and Ceccarelli, 2014). 

In this study, E. coli was used as an expression host cell as it has fast kinetic growth, high cell 

density, transformation of foreign DNA is rapid and media for cell growth is easily accessible 

(Rosano and Ceccarelli, 2014).   

The best expression was obtained at 18⁰C using 0.5 mM IPTG at 200 rpm for 6 hours (Figure 

27). IPTG induces the promoter to promote the expression of the recombinant protein (Briand 

et al., 2016). Two protein bands were observed to be overexpressed, the first band was 21 

kDa (in the soluble fraction) and the second was 25 kDa (in the insoluble fraction) (Figure 27). 

The expected size of the protein was 22 kDa. Potentially, either of the two overexpressed 

proteins could be the Kp ClpP protein. A protein may be expressed at a higher molecular 

weight due to post-translational modification resulting which may increase or decrease the 

size of protein (Wang et al., 2013, Larsen et al., 2006). However, E. coli host cells have not 

been reported to induce post-translational modifications such as glycosylation because these 

host cells do not have endoplasmic reticulum or Golgi body apparatus responsible for 

glycosylation and disulfide bridge formation (Bhatwa et al., 2021, Amann et al., 2019, 
McCormick et al., 2014).   

The construct was expected to express Kp ClpP tagged with His-tag based on the cloning 

strategy (Figure 9). To confirm which of the two overexpressed proteins could be Kp ClpP, a 

western blot using anti-His Tag antibody was performed. The 25 kDa protein expressed in the 

insoluble fraction was then subsequently identified as Kp ClpP based on the western blot 

analysis (Figure 28). Expression in the insoluble fraction is often avoided due to protein being 

in an inactive state (De Marco et al., 2019). However, proteins in inclusion bodies can be 

purified from the bacterial cell by solubilizing with mild-to-harsh reducing agents 

(Mohammadian et al., 2018).  

Following successful expression of Kp ClpP in the insoluble fraction and solubilization, the 

protein was purified. Protein purification is important as it allows for the study of protein 

function, to determine protein structure, and for protein application in an industrial or 

pharmaceutical environment (Smith, 2005). The Kp ClpP protein was purified using affinity 

chromatography which is a technique that isolates and purifies specific proteins by selective 

binding (Carter and Outten, 2021, Rodriguez et al., 2020, Singh et al., 2015). Purification of 

recombinant proteins can be accomplished through a histidine tag allows for fast and easy 

affinity purification of the recombinant protein (Köppl et al., 2022). In the present study Kp ClpP 
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tagged with histidine was solubilized using sakorsyl, which is a mild detergent. The advantage 

of using sarkosyl in comparison to stronger solubilization agents such as urea is the ability of 

sarkosyl to solubilize inclusion bodies without having an effect on the native structure of the 

protein (Massiah et al., 2016, Singh et al., 2015). The protein was then purified using nickel-

ion affinity chromatography to obtain a pure Kp ClpP protein (Figure 30).   

Western blot and LC-MS confirmed the 25 kDa band as being Kp ClpP. However, this was 

unexpected as the physicochemical analysis of this protein shows that it is 21 kDa. Possible 

explanation for a discrepancy in size could be due to Kp ClpP being bound to a small protein 

or insufficient denaturation of the protein through SDS addition or sample heating. The actual 

size of the protein needs to be validated using sensitive techniques such as high-performance 

liquid chromatography (HPLC), or static light scattering based methods (Gaspards., 2019, 

Foltda 1999).  

4.3.  Concluding Remarks   

The overall aims and objectives of the study were achieved. ClpP was identified to be present 

in four different Klebsiella species with sequence variation. Based the model structure, Kp 

ClpP is mainly alpha helical. Molecular dynamic studies showed that this is protein is stable, 

and highly dynamic in nature which is consistent with its function. Considering that this protein 

has not been previously expressed and purified, this study provides a baseline for future 

studies. Future studies could focus on using alternative vectors to express the Kp ClpP protein 

in the soluble fraction. Expression of the protein in the soluble fraction would allow for protein 

characterization studies which are essential for drug development.  
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Appendix   

Table A1: Dataset of different Klebsiella strains obtain on NCBI genome.  
Name of species Strain Reference 

Klebsiella aerogenes FDAARGOS_1442 (Sichtig et al., 2019) 
Klebsiella aerogenes KCTC 2190 (Shin et al., 2012a) 
Klebsiella aerogenes G7 (Philippe et al., 2015) 
Klebsiella aerogenes RHBSTW-00898 (AbuOun et al., 2021) 
Klebsiella aerogenes FDAARGOS_327 (Sichtig et al., 2019) 
Klebsiella aerogenes FDAARGOS_152 (Sichtig et al., 2019) 
Klebsiella aerogenes FDAARGOS_641 (Sichtig et al., 2019) 
Klebsiella aerogenes FDAARGOS_513 (Sichtig et al., 2019) 
Klebsiella aerogenes FDAARGOS_363 (Sichtig et al., 2019) 
Klebsiella aerogenes FDAARGOS_139 (Sichtig et al., 2019) 
Klebsiella aerogenes FDAARGOS 1441 (Sichtig et al., 2019) 
Klebsiella aerogenes WP5-W18-CRE-01 (Sekizuka et al., 2019a), 

(Sekizuka et al., 2019b), 
(Sekizuka et al., 2018) 

Klebsiella aerogenes CAV1320 (Sheppard et al., 2016), 
(Mathers et al., 2015) 

Klebsiella aerogenes EA1509E (Diene et al., 2013) 
Klebsiella michiganensis BD-50-Km (Campos-Madueno et 

al., 2021) 
Klebsiella michiganensis RHBSTW-00167 (AbuOun et al., 2021) 
Klebsiella michiganensis RHB20-C02 (AbuOun et al., 2021) 
Klebsiella michiganensis RHBSTW-00409 (AbuOun et al., 2021) 
Klebsiella michiganensis Kmfe267 (Zhang et al., 2020) 
Klebsiella michiganensis X2-1 (Yan et al., 2021b) 
Klebsiella michiganensis RHBSTW-00909 (AbuOun et al., 2021) 
Klebsiella michiganensis E718 (Huang et al., 2013), 

(Liao et al., 2012), (Lai 
et al., 2011) 

Klebsiella michiganensis KCTC 1686 (Shin et al., 2012b) 
Klebsiella michiganensis FDAARGOS_647 (Sichtig et al., 2019) 

Klebsiella pneumoniae FDAARGOS_775 (Sichtig et al., 2019) 
Klebsiella pneumoniae 0113481141 (Campos-Madueno et 

al., 2022) 
Klebsiella pneumoniae KPNIH48 (Weingarten et al., 

2018) 
Klebsiella pneumoniae KPNIH50 (Weingarten et al., 

2018) 
Klebsiella pneumoniae C2414 (Gao et al., 2020) 
Klebsiella pneumoniae FDAARGOS_444 (Sichtig et al., 2019) 
Klebsiella pneumoniae WCHKP2 (Feng et al., 2020), (Hu 

et al., 2018) 
Klebsiella pneumoniae 2_GR_12 (Pitt et al., 2018), (Elliott 

et al., 2016) 
Klebsiella pneumoniae HKP0067 (Xanthopoulou et al., 

2020) 
Klebsiella pneumoniae FDAARGOS_439 (Sichtig et al., 2019) 
Klebsiella pneumoniae RHBSTW-00433 (AbuOun et al., 2021) 
Klebsiella pneumoniae WCHKP095845 (Feng et al., 2020), (Hu 

et al., 2018) 
Klebsiella pneumoniae STIN_93 (Che et al., 2022) 
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Klebsiella pneumoniae RHB38-C06 (AbuOun et al., 2021) 
Klebsiella pneumoniae SWHIN_108 (Che et al., 2022) 
Klebsiella pneumoniae RHBSTW-00982 (AbuOun et al., 2021) 

Klebsiella pneumoniae SWHEFF_62 (Che et al., 2022) 
Klebsiella pneumoniae fekpn2511 (Zhang et al., 2020) 
Klebsiella pneumoniae FF979 (Vezina et al., 2022) 
Klebsiella pneumoniae HKP0018 (Xanthopoulou et al., 

2020) 
Klebsiella pneumoniae C2414 (Gao et al., 2020) 
Klebsiella pneumoniae KP64 (Sakamoto et al., 2018) 
Klebsiella pneumoniae FF1023 (Vezina et al., 2022) 
Klebsiella pneumonia 

subsp. pneumoniae 
SCKP020046 (Feng et al., 2020), (Hu 

et al., 2018) 
Klebsiella pneumonia 

subsp. pneumoniae 
WCHKP020039 (Feng et al., 2020), (Hu 

et al., 2018) 
Klebsiella pneumonia 

subsp. pneumoniae 
NUHL24835 (Liu et al., 2016) 

Klebsiella pneumoniae 
subsp. pneumoniae 

SA-KpST14 (Alghoribi et al., 2021) 

Klebsiella pneumoniae 
subsp. pneumoniae 

ATCC 43816 KPPR1 (Broberg et al., 2014), 
(Lawlor et al., 2005) 

Klebsiella pneumoniae 
subsp. pneumoniae 

TGH10 (Xavier et al., 2016), 
(Sabirova et al., 2016), 

(Xavier et al., 2016) 
Klebsiella pneumoniae 

subsp. pneumoniae 
TGH13 (Xavier et al., 2016), 

(Sabirova et al., 2016), 
(Xavier et al., 2016) 

Klebsiella pneumoniae 
subsp. pneumoniae 

KPNIH30 (Conlan et al., 2014) 

Klebsiella pneumoniae 
subsp. pneumoniae 

KPNIH29 (Conlan et al., 2014) 

Klebsiella pneumoniae 
subsp. pneumoniae 

SCKP040074 (Feng et al., 2020), (Hu 
et al., 2018) 

Klebsiella pneumoniae 
subsp. pneumoniae 

KPNIH31 (Conlan et al., 2014) 

Klebsiella pneumoniae 
subsp. pneumoniae 

WCHKP015096 (Feng et al., 2020), (Hu 
et al., 2018) 

Klebsiella pneumoniae 
subsp. pneumoniae 

KPNIH33 (Conlan et al., 2014) 

Klebsiella pneumoniae KCTC 2242 (Shin et al., 2012c) 
Klebsiella pneumoniae 

subsp. pneumoniae 
KPNIH10 (Conlan et al., 2014), 

(Snitkin et al., 2012) 
Klebsiella pneumoniae 

subsp. pneumoniae 
KPNIH1 (Conlan et al., 2014), 

(Conlan et al., 2016), 
(Snitkin et al., 2012) 

Klebsiella pneumoniae DMC1097 (Wright et al., 2014) 
Klebsiella pneumoniae 

subsp. pneumoniae 
1084 (Lin et al., 2012), (Lin et 

al., 
2011) 

Klebsiella pneumoniae 
subsp. pneumoniae 

PittNDM01 (Doi et al., 2014) 

Klebsiella pneumoniae UHKPC07 (Wright et al., 2014) 
Klebsiella pneumoniae 

subsp. pneumoniae 
KPR0928 (Conlan et al., 2014) 

Klebsiella pneumoniae 500_1420 (Wright et al., 2014) 
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Klebsiella pneumoniae 
subsp. pneumoniae 

Kp13 (Ramos et al., 2014) 

Klebsiella pneumoniae 400195-1-18 (Campos-Madueno et 
al., 2022) 

 
 

Klebsiella pneumoniae  400195-2-18  (Campos-Madueno et al., 
2022)  

Klebsiella pneumoniae  FDAARGOS_1328  (Sichtig et al., 2019)  
Klebsiella pneumoniae  Xen39  (Singer et al., 2019)  
Klebsiella pneumoniae  RHB39-C09  (AbuOun et al., 2021)  

. Klebsiella pneumoniae  ATCC BAA-2146  (Hudson et al., 2014)  
Klebsiella pneumoniae  OCU_hvKP1  (Namikawa et al., 2019), 

(Namikawa et al., 2019)  
Klebsiella pneumoniae  WCHKP115069  (Feng et al., 2020), (Hu et 

al., 2018)  
Klebsiella pneumoniae  WCHKP095005  (Feng et al., 2020), (Hu et 

al., 2018)  
Klebsiella pneumoniae  6611.48  (Campos-Madueno et al., 

2022)  
Klebsiella pneumoniae  KP_160  (Wardenburg et al., 2019), 

(Wardenburg et al., 2019)  
Klebsiella pneumoniae  ZJ27003  (Yan et al., 2021a)  
Klebsiella pneumoniae  6604.68  (Campos-Madueno et al., 

2022)  
Klebsiella pneumoniae  WCHKP090329  (Yan et al., 2021a)  
Klebsiella pneumoniae  16_GR_13  (Pitt et al., 2018), (Elliott et 

al., 2016)  
Klebsiella pneumoniae  CAV1042  (Sheppard et al., 2016), 

(Mathers et al., 2015)  
Klebsiella pneumoniae  BA25665  (Shankar et al., 2022), 

(Shankar et al., 2021)  
Klebsiella pneumoniae  FDAARGOS_531  (Sichtig et al., 2019)  
Klebsiella pneumoniae  SCKP020003  (Feng et al., 2020), (Hu et 

al., 2018)  
Klebsiella pneumoniae  BA2105  (Shankar et al., 2022), 

(Shankar et al., 2021)  
Klebsiella pneumoniae  KP617  (Kwon et al., 2016)  
Klebsiella pneumoniae  39427  (Satlin et al., 2017)  
Klebsiella pneumoniae  6709.15-I  (Campos-Madueno et al., 

2022)  
Klebsiella pneumoniae  CriePir116  (Shelenkov et al., 2020)  
Klebsiella pneumoniae  6711.43  (Campos-Madueno et al., 

2022)  
Klebsiella pneumoniae  KPNIH49  (Weingarten et al., 2018)  
Klebsiella pneumoniae  MS6671  (Zowawi et al., 2015)  
Klebsiella pneumoniae  CAV1596  (Sheppard et al., 2016), 

(Mathers et al., 2015)  
Klebsiella pneumoniae  47733  (Chudejova et al., 2021)  
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Figure A1: Standard curve showing relative distance travelled along with log bp sizes of 100 bp 
quick load DNA marker run on a 1% agarose gel. Recombinant pCold1-ClpP PCR products were 
run on a 1% agarose gel together with known Quick load 100 bp standard (New England BioLabs, 
United States) and stained with ethidium bromide.  

  




