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Summary 

Post-translational modifications (PTMs) play an indispensable role in the rapid execution 

of responses that regulate a number of biological functions. Protein Ser/Thr kinases 

(STKs) are key regulators of vital cellular processes, including antibiotic tolerance, 

metabolism, virulence, and stress response. Despite their importance, the molecular 

mechanisms and targets of STKs are underinvestigated, especially in the context of 

post-translational regulation in pathogenic bacteria. Antibiotic tolerance and persistence 

are a major contributor to the relapse of many chronic infections and frequently result in 

antibiotic overuse and the development of antibiotic resistance. One of the best-studied 

drivers of persistence is a Ser/Thr kinase HipA, first characterized in Escherichia coli. 

Multiple HipA-like kinases have been recently reported to be present in bacteria, 

including pathogens such as Klebsiella pneumoniae, but their functions remain poorly 

understood. In my thesis, I focused on elucidating the function of two such STKs, HipH 

(YjjJ) in E. coli and HipA in K. pneumoniae to understand their potential role in regulating 

cellular processes. 

To explore this, I applied state-of-the-art mass spectrometry-based quantitative 

phosphoproteomics to gain new insights into the functions and substrates of these 

kinases and fill crucial gaps in knowledge of bacterial physiology and pathogenesis. I 

first reviewed recent advances in quantitative phosphoproteomics to highlight the utility 

of LC-MS/MS technologies combined with quantitative proteomics strategies to 

investigate dynamic phosphorylation changes during various biological processes. I 

then applied this technology to study HipA-family Ser/Thr kinase HipH (YjjJ) in E. coli. 

Using quantitative phosphoproteomics based on stable isotope labeling by amino acids 

in cell culture (SILAC) and in vitro kinase assay, I demonstrated that HipH 

phosphorylates specific targets such as the ribosomal protein RpmE and the carbon 

storage regulator CsrA. Therefore, HipH plays an important role in regulating ribosome 

assembly, cell division, and central carbon metabolism, but it does not confer antibiotic 

tolerance like its homolog HipA. I have also shown that HipH cross-talks with other 

bacterial kinases, revealing a complex network of regulatory interactions. The final part 

of my work focused on Klebsiella pneumoniae, a major cause of antibiotic-resistant 
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nosocomial infections worldwide. I demonstrated that overproduced K. pneumoniae 

HipA (HipAkp) is toxic to both E. coli and K. pneumoniae, and this toxicity can be rescued 

by overproduction of the antitoxin HipBkp. Importantly, I showed that HipAkp 

overproduction leads to increased tolerance against ciprofloxacin, linking HipA activity 

to antibiotic persistence in this organism. Through proteome and phosphoproteome 

analyses, I confirmed that HipAkp has Ser/Thr kinase activity, auto-phosphorylates at 

S150, and shares multiple substrates with its E. coli counterpart. I performed a 

comprehensive analysis of the K. pneumoniae phosphoproteome with HipAkp 

overproduction to generate the largest dataset of phosphorylated proteins for this 

bacterium. 

Overall, my work provides an in-depth analysis of the roles of the two HipA-like kinases 

in antibiotic tolerance and metabolism, offering new insights into their functions and 

regulatory networks. These findings also provide a foundation for future research on 

post-translational regulation of bacterial physiology. 
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Zusammenfassung 

Posttranslationale Modifikationen (PTM) spielen eine wesentliche Rolle bei der 

schnellen Ausführung von Antworten, die eine Vielzahl biologischer Funktionen 

regulieren. Protein-Ser/Thr-Kinasen (STKs) sind Schlüsselregulatoren für wichtige 

zelluläre Prozesse, einschließlich Antibiotikatoleranz, Stoffwechsel, Virulenz und 

Stressreaktionen. Trotz ihrer Bedeutung sind die molekularen Mechanismen und Ziele 

der STKs noch nicht vollständig geklärt, insbesondere im Zusammenhang mit der 

posttranslationalen Regulation in pathogenen Bakterien. Antibiotikatoleranz und 

Persistenz tragen bei vielen chronischen Infektionen wesentlich zu einem Rückfall bei 

und führen häufig zu einem übermäßigen Einsatz von Antibiotika und zur Entwicklung 

von Antibiotikaresistenzen. Eine der am besten untersuchte Auslöser für Persistenz ist 

die Ser/Thr-Kinase HipA, die zuerst in Escherichia coli charakterisiert wurde. Kürzlich 

wurde gezeigt, dass mehrere HipA-ähnliche Kinasen in Bakterien vorkommen, darunter 

auch in Krankheitserregern wie Klebsiella pneumoniae, aber ihre Funktionen sind nach 

wie vor schlecht verstanden. In meiner Dissertation konzentrierte ich mich auf die 

Aufklärung der Funktion von zwei dieser STKs, HipH (YjjJ) in E. coli und HipA in K. 

pneumoniae, um ihre mögliche Rolle bei der Regulierung zellulärer Prozesse zu 

verstehen. 

Um dies zu untersuchen, habe ich modernste, auf Massenspektrometrie basierende 

quantitative Phosphoproteomik angewandt, um neue Einblicke in die Funktionen und 

Substrate dieser Kinasen zu gewinnen und so entscheidende Wissenslücken in der 

bakteriellen Physiologie und Pathogenese zu schließen. Zunächst habe ich einen 

Überblick über die jüngsten Fortschritte in der quantitativen Phosphoproteomik 

gegeben, um den Nutzen von LC-MS/MS-Technologien in Kombination mit 

quantitativen Proteomik-Strategien zur Untersuchung dynamischer 

Phosphorylierungsänderungen während verschiedener biologischer Prozesse 

hervorzuheben. Anschließend habe ich diese Technologie zur Untersuchung der 

Ser/Thr-Kinase der HipA-Familie HipH (YjjJ) in E. coli eingesetzt. Verwendung 

quantitativer Phosphoproteomik basierend auf der Markierung stabiler Isotope durch 

Aminosäuren in Zellkulturen (SILAC) und In-vitro-Kinasetests konnte ich zeigen, dass 
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HipH spezifische Ziele wie das ribosomale Protein RpmE und den 

Kohlenstoffspeicherregulator CsrA phosphoryliert. 

HipH spielt also eine wichtige Rolle bei der Regulierung des Ribosomenaufbaus, der 

Zellteilung und des zentralen Kohlenstoffstoffwechsels, verleiht aber keine 

Antibiotikatoleranz wie sein Homolog HipA. Ich habe auch gezeigt, dass HipH mit 

anderen bakteriellen Kinasen in Wechselwirkung steht, was ein komplexes Netzwerk 

von regulatorischen Interaktionen offenbart. Der letzte Teil meiner Arbeit konzentrierte 

sich auf Klebsiella pneumoniae, einer der Hauptverursacher antibiotikaresistenter 

nosokomiale Infektionen weltweit. Ich konnte zeigen, dass überproduziertes K. 

pneumoniae HipA (HipAkp) sowohl für E. coli als auch für K. pneumoniae toxisch ist, und 

dass diese Toxizität durch Überproduktion des Antitoxins HipBkp aufgehoben werden 

kann. Außerdem konnte ich zeigen, dass die Überproduktion von HipAkp zu einer 

erhöhten Toleranz gegenüber Ciprofloxacin führt, was einen Zusammenhang zwischen 

der HipA-Aktivität und der Antibiotika-Persistenz in diesem Organismus herstellt. Durch 

Proteom- und Phosphoproteomanalysen konnte ich bestätigen, dass HipAkp eine 

Ser/Thr-Kinaseaktivität besitzt, an S150 autophosphoryliert und mehrere Substrate mit 

seinem Gegenstück in E. coli teilt. Ich habe eine umfassende Analyse des 

Phosphoproteoms von K. pneumoniae mit HipAkp-Überproduktion durchgeführt, um den 

größten Datensatz an phosphorylierten Proteinen für dieses Bakterium zu erstellen. 

Insgesamt bietet meine Arbeit eine eingehende Analyse der Rolle der beiden HipA-

ähnlichen Kinasen bei der Antibiotikatoleranz und dem Metabolismus und bietet neue 

Einblicke in ihre Funktionen und regulatorischen Netzwerke. Diese Ergebnisse bilden 

auch eine Grundlage für künftige Forschungen zur posttranslationalen Regulation der 

bakteriellen Physiologie. 
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1. Introduction 

Signal transduction is the mechanism by which an external stimulus or signal is 

transmitted to the cell. These signals can be transmitted through the signaling molecules 

present inside or on the surface of cells. These molecules bind to a specific protein 

receptor on the cell and pass the signal inside. This binding gives rise to a chain of 

biochemical events, which form a signaling pathway, where the signal is transferred via 

molecules within the cell to trigger specific responses inside the cell such as cell death 

or proliferation. Signal transduction plays an essential role in normal cellular function 

and growth as well as in a rapid response to changing environments. The cascade of 

events in signal transduction can eventually modulate the expression of certain genes 

and proteins by up- or down-regulating the transcription and translation levels required 

for the response.  

1.1 Protein phosphorylation in bacteria 

One of the fastest mechanisms to transmit signals is the modification of pre-existing 

proteins in the cell via post-translational modifications (PTM). PTMs include the addition 

or modification of small proteins, such as ubiquitin, or functional groups to the side 

chains or C- or N-termini of an amino acid in a protein. It also includes the formation or 

breakdown of certain bonds in a protein such as peptide bond cleavage or disulfide bond 

formation in cysteines. For instance, the discovery of proinsulin by Donald F. Steiner in 

1967 was the first demonstration of proteins undergoing post-translational processing 

to form a functionally active protein (1, 2). PTMs can play several important roles in 

governing different cellular functions such as cell cycle regulation (3, 4), cellular 

pluripotency (5), cell metabolism (6), dormancy, and sporulation (7).  

More than 300 PTMs have been identified, however, the most common covalent 

modifications include phosphorylation, glycosylation, lipidation, succinylation, 

ubiquitylation, and acetylation. PTMs are often dynamic and reversible, allowing a faster 

adaptation to stimuli by modulating the protein levels without the need for synthesis or 

degradation of the protein. They are also sub-stoichiometric, meaning that all copies of 

a protein in the cell at a given time might not have the modification (8). The fact that 
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these modifications can also occur in various combinations vastly increases the overall 

diversity of proteins in a cell (Figure 1). 

 

Figure 1. Increase in protein diversity through post-translational modifications in bacteria. This 
figure depicts the flow of genetic information in bacteria, showcasing how PTMs play an important role in 
increasing protein diversity by generating multiple proteoforms from a single protein. This figure was 
created with BioRender.com. 
 

Protein phosphorylation is the most widespread and extensively studied regulatory 

mechanism for signaling via post-translational modifications across all domains of life. 

Protein phosphorylation is catalyzed by protein kinases through an addition of a 

phosphate group (-PO43-) on the side chain of certain amino acids in a protein. Protein 

phosphorylation majorly uses ATP (adenosine triphosphate) as a phosphoryl donor but 

can also utilize guanosine triphosphate (GTP) and phosphoenol pyruvate (PEP) in the 

cell (9). The phosphorylation can be on a single amino acid or at multiple positions within 

the same protein. Protein phosphorylation can be reversed by the removal of the 

phosphate group by proteins called phosphatases. Kinases and phosphatases are 

tightly regulated to control the protein function by resulting in conformational changes, 

altering their interaction, activity, stability, folding, and localization to quickly adapt to 

extracellular signals by addition or removal of a phosphate group (10). Due to the distinct 

size of the ionic shell and the charge associated with the covalently bound phosphate, 

specific and inducible interactions are facilitated, such as the modification of the 

biological activity of a protein, its localization, stability, and interactions with other 

proteins or DNA or RNA (9, 11). Serine, threonine, and tyrosine are the most frequently 

phosphorylated amino acids. These amino acids undergo O- phosphorylation as they 

make a stable phosphomonoester bond between the -OH group and phosphate (Figure 
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2)  (11). Besides the canonical phosphorylation of S, T, and Y, recent studies have 

revealed that phosphorylation can occur on the side chains of several other amino acids 

such as arginine, lysine, histidine, cysteine, glutamic and aspartic acid (12-15). These 

non-canonical phosphorylation events expand our understanding of protein regulation 

and signaling mechanisms. These include the A- phosphorylation via -COOH group of 

aspartic acid and glutamic acid, the S- phosphorylation via -SH group of cysteine and 

the N- phosphorylation via ·-NH2 group of lysine, any of the nitrogen from guanidine 

group of arginine (primarily occurring on terminal -NH2) (16) and either of the two 

nitrogen on -C3H4N2 (Imidazole) group of histidine (17). These non-canonical 

phosphorylations are highly prone to hydrolysis at high temperatures and low pH and 

require enrichment techniques with neutral pH (13). 

 

Figure 2. Phosphorylation of amino acids in proteins. This figure illustrates the various amino acids 
that can be phosphorylated in proteins. Canonical phosphorylation primarily occurs on serine (S), 
threonine (T), and tyrosine (Y) residues. In contrast, non-canonical phosphorylation can take place on 
cysteine (C), lysine (K), arginine (R), histidine (H), aspartic acid (D), and glutamic acid (E) residues. This 
figure was adapted from Low et al. 2020 (18) and created with BioRender.com. 
 

In bacteria, the proteins are phosphorylated by the two-component system (TCS). TCS 

comprises a histidine kinase (HK), that acts as a sensor and a response regulator (RR). 

An external stimulus causes the N-terminal sensor domain of HK to undergo 

conformational changes, which are then transmitted to the C-terminal transmitter 
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domain (19). Then, the kinase becomes active and autophosphorylates itself at a 

histidine residue in the C-terminal domain. Next, this phosphorylation is transferred to 

the response regulator on a conserved aspartate residue in its regulatory domain. 

Aspartate phosphorylation activates the variable effector domain and undergoes 

conformational changes to control the expression of target genes triggering the 

necessary response (20). The effector domains are mainly DNA-binding acting as 

transcriptional regulators but also include RNA binding or participate in protein-protein 

interactions (21, 22). Many HK also have phosphatase activity to dephosphorylate their 

corresponding RR (23). His-Asp systems have also been found in archaea and a few 

eukaryotes like plants (24). 

While the TCSs were predominantly thought to regulate multi-step signal transduction 

by phosphorylation in bacteria, Serine/Threonine kinases (STKs) were considered 

mainly phosphorylating proteins in eukaryotes. This changed in 1969 when a cAMP-

dependent Ser/Thr kinase was identified in Escherichia coli (25), although the substrate 

of this kinase was not identified. A decade later, isocitrate dehydrogenase in E. coli, was 

the first protein substrate identified to be phosphorylated in bacteria (26). However, the 

kinase responsible for this phosphorylation did not exhibit sequence homology to 

eukaryotic kinases, as it was a bifunctional protein with both kinase and phosphatase 

activities (27). Subsequently, the first eukaryotic-type STK was identified in Myxococcus 

xanthus. Initially, only a few bacteria were shown to have eukaryotic-type STKs. 

However as whole genome sequencing became available, more STKs were predicted 

and discovered in various bacteria (28). In the last few decades, additional research has 

confirmed that STKs are quite prevalent in bacteria and regulate various cellular 

processes. 

1.1.1 Types of protein kinases in bacteria 

Bacterial protein kinases can be categorized into four major groups: Ser/Thr kinases, 

Bacterial tyrosine kinases (BY), Histidine kinases, and Arginine kinases (Figure 3). All 

of these kinases play an essential role in various cellular pathways such as metabolism, 

cell division, sporulation, and stress response (29).  
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Figure 3. Types of kinases involved in phosphorylation in bacteria. This figure shows different types 
of kinases that facilitate phosphorylation in bacteria. They are categorized into different groups based on 
the specific amino acid modified. This figure was taken from Macek et al. 2019 (8). 

 
1. STK phosphorylate serine or threonine residues on their substrates. These are the 

most abundant kinases and are known to have diverse roles in bacterial physiology 

including metabolism, virulence, and stress response. Ser/Thr protein kinases can 

be further categorized as classical eukaryotic-type (Hanks-type) and atypical 

kinases. Hanks-type kinases, as defined by Hanks and Hunter in 1995, possess a 

well-conserved catalytic domain of 250-300 amino acids, which fold into a common 

catalytic core structure (30). In contrast, atypical protein kinases share low sequence 

similarity with Hanks-type kinases, yet they still adopt the canonical eukaryotic 

protein kinase fold. Both kinase type features two main structural lobes, the N-lobe, 

composed of beta-sheets, and the C-lobe, made up of alpha-helices. These two 

lobes are connected by a short linker of three to five residues, and ATP binds in the 

cleft formed between them (31). Atypical kinases lack some of the highly conserved 

motifs found in typical kinases, such as the glycine-rich motif, and instead contain an 

inverted HRD (His-Arg-Asp) motif. They also display modifications in their regulatory 

and catalytic hydrophobic spines, distinguishing them from classical kinases (31). 

For example, YihE is an atypical Ser/Thr kinase in E. coli that shows high structural 

similarity to classical Ser/Thr kinases despite low sequence homology (32). Similarly, 
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CotH, a spore coat protein H, is an atypical protein kinase in Bacillus subtilis, which 

possesses a unique ATP binding mechanism along with a protein-kinase fold (33). 

2. Bacterial tyrosine kinases specifically phosphorylate tyrosine residues. They 

typically consist of two different polypeptides that interact to activate the kinase or a 

single membrane protein. When a ligand binds to the extracellular domain, it 

activates the transmembrane part leading to its conformational change that facilitates 

phosphorylation via the C-terminal catalytic domain. This domain consists of four 

conserved structural motifs including Walker A, A9 and B motifs, and a tyrosine 

cluster, which can undergo autophosphorylation to regulate the kinase activity (34, 

35).  

3. Histidine kinases are a part of two-component systems that are involved in bacterial 

sensing and responding to environmental changes (19). These kinases 

autophosphorylate on a histidine residue followed by its subsequent transfer to 

the response regulator, which results in the activation of various downstream 

signaling pathways. 

4. Arginine kinases phosphorylate their substrates on arginine residues, forming a 

phosphoramidate bond (P-N bond). In B. subtilis, the McsB protein arginine kinase 

regulates the levels of ClpC-ClpP proteases by phosphorylating their repressor, CtsR 

(36). In addition, McsB also phosphorylates several other proteins, including 

misfolded or aggregated proteins, at arginine residues. This pArg acts as a 

degradation tag, which is later recognized by ClpCP proteases for targeted 

degradation (37). 

However, some proteins can also exhibit dual-specificity, possessing both kinase and 

phosphatase activity. HPrK/P (kinase/phosphorylase), found in Gram-positive bacteria, 

is a bifunctional protein that can phosphorylate and dephosphorylate HPr on serine 

residue using the same active site. This protein is important for catabolite repression 

and allows the enzyme to regulate the activity of HPr protein and control metabolic 

processes based on nutrient availability (33). 
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1.1.2 Cross-talk between different types of kinases 

Numerous bacteria have been shown to exhibit functional cross-talk between TCSs and 

STKs, including M. xanthus, E. coli, Streptococcus pneumoniae, Bacillus subtilis, and 

Mycobacterium tuberculosis (32, 38-41). In these systems, activation of TCSs 

upregulates the transcription or activation of Ser/Thr kinases or vice-versa. Response 

regulators may be phosphorylated by STKs, irrespective of their cognate histidine 

kinase. This dual regulation by both HKs and STKs adds complexity to the regulation of 

RR activity (42).  

The first example of a kinase cascade interacting with two-component signaling was 

found in M. xanthus where a transcription activator, MrpC, essential for fruit body 

formation and sporulation is regulated by the TCS MrpAB. However, the regulation of 

MrpC involves an additional layer, where the STK Pkn8 phosphorylates another STK 

Pkn14, which in turn phosphorylates and inhibits MrpC (41). In E. coli, YihE participates 

in a phospho-relay mechanism involving a modified TCS, with CpxA as the sensor HK, 

CpxR as RR, and a periplasmic protein CpxP, which inactivates the Cpx pathway (43). 

TCS phosphorylation is crucial for sensing stress and transcriptionally upregulating 

Ser/Thr kinase to maintain the cell envelope integrity, ensuring stress response (32). 

Similarly, PrkC, a Ser/Thr kinase in B. subtilis, regulates the TCS WalRK by 

phosphorylating WalR, impacting gene regulation in cell wall metabolism (38). StkP in 

S. pneumoniae phosphorylates ComE, a response regulator of the histidine kinase 

ComD, enhancing its DNA-binding affinity and regulating the genes associated with 

stress response (39). In M. tuberculosis, phosphorylation of the NarS, a histidine kinase 

by Ser/Thr kinases activates it, leading to auto-phosphorylation and stimulation of 

downstream signaling (40). 

As serine/threonine kinases can phosphorylate a wide range of substrates and interact 

with other kinases via cross-talk, they play a crucial role in bacterial signaling networks. 

In B. subtilis, various kinases such as tyrosine kinase, Hanks-type Ser/Thr kinase, two-

component-like Ser/Thr kinase, and dual-function kinase/phosphatase, have been 

shown to interact and phosphorylate each other. (44). In M. tuberculosis, Hanks-type 

Ser/Thr kinases can be phosphorylated by tyrosine kinases, which regulate their activity 
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(45). This functional cross-talk highlights the intricate relationships between different 

kinases and their dynamic role in regulating bacterial signaling. 

1.1.3 Ser/Thr kinases in bacteria and their role 

Serine/threonine phosphorylation affects both fundamental physiology and pathogen-

specific processes in bacteria. Many Ser/Thr kinases have been associated with multiple 

functions related to infectious diseases, including their role in cell adherence to the host, 

as well as pathogen virulence, replication, and persistence. In the late 1980s, Ser/Thr 

and Tyr (STY) phosphorylation was found in many bacteria such as E. coli, Salmonella 

typhimurium, B. subtilis, among others, using biochemical analysis (46). The first well-

characterized eukaryotic-type Ser/Thr kinase was identified in M. xanthus, a Gram-

negative bacterium typically found in soil, which demonstrated how kinase contributes 

to the onset of cell differentiation for spore formation (47). This highlighted the 

significance of STK in the regulation of bacterial cellular processes.  

The presence of eukaryotic-type Ser/Thr kinases in prokaryotes raised the question if 

they originated from eukaryotes. The average GC content and codon usage of these 

Ser/Thr kinase genes in cyanobacteria were analyzed, as cyanobacteria had the highest 

number of STK in sequenced bacteria. They were found to have a similar average GC 

content and codon usage to other cyanobacterial genes, pointing towards their origin to 

be authentic prokaryotic ones (48). A more recent phylostratigraphy analysis showed 

the origin of eukaryotic-type protein kinases to LUCA (Last Universal Common 

Ancestor). These kinases belong to an ancient and universal protein family that has a 

monophyletic origin and are not solely connected to eukaryotes. Therefore, Hanks-type 

kinases are a more appropriate name rather than eukaryotic-type protein kinases as it 

incorrectly points to their origin from eukaryotes via horizontal gene transfer or 

convergent evolution, which is not the case (49). 

STKs play an essential role in bacterial physiology and can perform many diverse 

functions in different bacteria. These include regulation of metabolism, virulence, 

sporulation, antibiotic tolerance, stress adaptation, and phage defense (Figure 4). 

These functions are further explained in the sections below. Special attention will be put 
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to the role of STKs in the regulation of metabolism and antibiotic tolerance in E. coli and 

K. pneumoniae, in manuscripts II and III, respectively. 

 

Figure 4. Role of different Ser/Thr kinases in regulating various bacterial processes. Different 
cellular pathways/ processes are regulated by STKs in bacteria. Gram-negative bacteria are shown in 
pink and Gram-positive in purple. STK found in each bacterium are written alongside arrows and points 
to the functions affected by them. This figure was created with BioRender.com. 
 

1.1.3.1 Role in response to environmental stimuli in Synechocystis sp. 

Protein phosphorylation is a dynamic process that can occur in response to various 

environmental stimuli, such as changes in light, nutrient supply, or osmolarity. Under 

nitrogen starvation conditions, in cyanobacteria, Synechocystis sp., many proteins 

involved in different metabolic pathways are shown to be phosphorylated (50). This 

includes upregulation of phosphorylation on sensory nitrogen signaling protein, PII 

protein on its Ser49. This protein is a marker for nitrogen-limited conditions. Proteins 

involved in the uptake of inorganic carbon, such as carbon-dioxide concentrating 

mechanism (Ccm) proteins M and N, also exhibited multiple phosphorylation sites. 

Protein phosphoribulokinase has also shown increased phosphorylation upon nitrogen 

starvation. In addition, proteins involved in photosynthesis, the pentose phosphate 

pathway, and glycolysis also depicted increased phosphorylated under nitrogen 

depletion conditions. Two Ser/Thr protein kinase F (Slr1225) and kinase C (Slr0599) 

also show varying phosphorylation levels (50). These kinases were previously shown to 

autophosphorylate in an in vitro radiolabeling experiment. This demonstrates that 
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protein phosphorylation plays an important role in regulating metabolic adaptation in 

cyanobacterium Synechocystis.  

SpkB (Slr1697) is a Ser/Thr kinase in cyanobacteria Synechocystis sp. PCC6803 with 

significant roles in various cellular processes including response to environmental 

stress, carbon metabolism, and cellular signaling. ΔspkB mutant (gene knockout) 

demonstrates slower growth, particularly under glucose supplementation and low 

carbon conditions. Low carbon condition also shows a bleaching phenotype due to 

decreased amounts of phycobilipigments and chlorophyll a (51). Proteome analysis of 

mutant reveals significant changes in cell surface and pilin proteins, leading to a loss of 

motility, which was also previously shown in Kamei et al. 2003 (52). SpkB exhibits 

autophosphorylation activity that is sensitive to redox conditions. This regulation allows 

phosphorylation of proteins like Glycyl-tRNA synthetase β-subunit (GlyS) (53). Further 

confirmation of the role of SpkB in the cellular response to oxidative stress is shown by 

the phosphorylation of essential proteins for redox regulation such as glutathione S-

transferase. Growth of ΔspkB mutant is also affected under conditions such as high light 

or iron starvation, which also causes redox imbalance in bacteria (53). This indicates 

the role of Ser/Thr kinase in adapting to different redox conditions. 

1.1.3.2 Role in pathogenesis in Salmonella enterica 

Salmonella species are important global pathogen that infects a range of hosts, causing 

several diseases such as typhoid fever and gastroenteritis. These bacteria are one of 

the leading causes of disease and mortality in underdeveloped nations among humans. 

(54). After ingestion of bacteria orally, long-term survival of Salmonella is possible in the 

acidic environment of the stomach. It then moves to the intestine and invades intestinal 

epithelial cells through bacterial-mediated endocytosis. This invasion stimulates 

inflammation and fluid secretion, leading to gastroenteritis, or allows bacteria to enter 

intestinal macrophages and spread throughout the reticuloendothelial system, causing 

typhoid fever (55). Among Salmonella species, S. enterica is considered the most 

pathogenic species, with multiple serotypes contributing to its virulence.  

Genomic analysis has shown that genes necessary for specific virulence phenotypes 

are clustered in localized regions of chromosomes called pathogenicity islands (PIs). 
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These PIs are often acquired by horizontal gene transfer and usually have a distinct GC 

content in comparison to the rest of the chromosome. They are flanked by genes that 

are contiguous in related bacteria and often contain remnants of bacteriophage or 

transposon insertion sequences near their borders. In Salmonella, two pathogenicity 

islands have been identified, namely SPI-1, which contains genes necessary for the 

invasion of the intestinal epithelium, and SPI-2, which mediates the survival of bacteria 

within macrophages (56).  

Three ORFs in the genome of S. enterica serovar Typhi (S. Typhi) were found in PIs, 

encoding proteins homologous to STKs (prkX and prkY) and STPs (prpZ). The 

transcription of prpZ, prkX, and prkY genes is down-regulated by oxidative stress 

induced by HOCl, whereas H2O2 leads to the downregulation of prpZ and prkY. There is 

marginal up-regulation of transcription of prkX by oxidative stress induced by H2O2. 

While not necessary for bacterial survival in oxidative stress, this gene cluster influences 

bacterial uptake and long-term survival in macrophages. The knockout of the prpZ gene 

cluster shows an increased level of phagocytosis and lower survival of bacteria 48 hours 

post-infection compared to normal bacteria containing the prpZ gene cluster (57).  

Additional studies showed that PrkX (T4519) is a Hanks-type Ser/Thr kinase that 

exhibits autophosphorylation activity when stimulated in a reactive oxygen species 

(ROS)-dependent manner within macrophages. PrkX is translocated from Salmonella-

containing vesicles (SCV) to the host cytoplasm, modulating the immune response of 

macrophage. It acts on host cellular proteins, such as phosphorylation of myelin basic 

proteins (MBPs) significantly increases the levels of proinflammatory cytokines. 

Decreased amounts of cytokines, tumor necrosis factor-alpha (TNF-α), and interleukin-

6 (IL-6), are observed in mouse serum and supernatant of macrophage cultures infected 

with the prkX mutant in comparison to wild-type bacterial infections. In wild-type bacterial 

infections, increased levels of cytokines such as TNF-α can enhance intracellular 

pathogen survival by inducing Lysosomal membrane permeabilization (LMP) or by 

inhibiting antimicrobial peptide expression (58). This kinase plays an important role in 

the pathogenesis of S. Typhi, as shown in an in vivo study where infection of mice with 

wild-type and prkX mutant bacterial strains displayed an increased survival of mice 



 

12 
 

infected with mutant compared to 100% lethality in wildtype bacterial infections. 

Therefore, PrkX enhances the intracellular survival of the bacteria, making it a key factor 

in S. enterica virulence increased (58). 

1.1.3.3 Role in cell division in Streptococcus pneumoniae 

S. pneumoniae is an opportunistic bacteria whose virulent and encapsulated strains are 

a major cause of sepsis, pneumonia, and meningitis in children (59).  These bacteria 

have several TCSs and only one Hanks-type STK, StkP. These eukaryotic-type kinases 

have been associated with several functions in pneumococcal physiology including 

regulation of virulence, competence, stress resistance, and gene expression. StkP is a 

transmembrane protein containing a kinase domain on the cytosolic side and an 

extracellular signaling domain at C-terminus. This extracellular domain contains repeats 

of penicillin-binding protein and Serine/Threonine kinase-associated domain (PASTA), 

which are required for activation of the kinase and its substrate recognition at the C-

terminus and also shown to bind to the beta-lactam rings of antibiotics (60), which 

resemble D-Alanine-D-Alanine motif of peptidoglycan stem peptide. Therefore, STKs 

with the PASTA domain can regulate cell wall synthesis by sensing unlinked 

peptidoglycan subunits. This signaling leads StkP to localize at the cell-division site and 

promotes its activation and autophosphorylation (61). StkP has its cognate protein 

phosphatase, PhpP, which specifically dephosphorylates the autophosphorylation on 

StkP in the presence of manganese ions (62). Sublethal quantities of penicillin and 

cefotaxime are shown to act as environmental inducers increasing the expression of 

genes stkP and phpP and phosphorylation of StkP. Deletion of PhpP leads to a 

phenotype exhibiting higher levels of StkP phosphorylation and penicillin-binding 

protein-independent antibiotic resistance in S. pneumoniae (63).  

Phosphoglucosamine mutase GlmM is a substrate of StkP. GlmM facilitates the first 

step in the biosynthesis of a precursor, peptidoglycan, which is an important component 

of the cell envelope (62). Immunofluorescence microscopy has shown the localization 

of StkP along with FtsZ to the cell-division site, where it also phosphorylates FtsZ (64). 

Further analysis confirmed that StkP localizes in the midcell and comes to the cell-

division site soon after the assembly of FtsA, an early cell division protein, but before 
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DivIVA, and it remains there until the division is complete. Inactivation of the kinase 

(ΔstkP) led to an elongated phenotype with multiple unconstricted FtsA and DivIVA 

rings, indicating the role of this kinase in regulating cell growth and division (65). Several 

substrates of StkP have been identified highlighting its role in bacterial physiology. 

These include the phosphorylation of proteins, such as DivIVA, FtsZ, GpsB, Jag, and 

LocZ/MapZ, which are associated with cell division. Other cell division proteins, FtsA 

and MurC are also shown as indirect substrates of StkP for controlling correct septum 

progression and closure. GlmM, GlmS, UppS, MltG, MurM, and MacP are the 

phosphorylated proteins involved in cell wall precursor synthesis. StkP cross-talks with 

WalRK TCS and also targets three response regulators: RR06 and ComE, and the 

orphan response regulator RitR. These proteins are identified as targets of both StkP 

for phosphorylation and PhpP for dephosphorylation based on the hyperphosphorylation 

of StkP targets observed in the ΔphpP mutant strain. In addition, numerous proteins 

associated with replication, transcription, translation, and metabolism are also 

phosphorylated (66). 

These diverse roles of StkP in S. pneumoniae are important for understanding its 

pathogenicity and survival mechanism. These findings can play a significant role in 

uncovering new therapeutic targets and strategies for the eradication of bacterial 

infections. With the information about the potential involvement of this kinase in various 

biological processes, this kinase and its affected pathways can be targeted for 

developing novel antibiotics that inhibit these pathways to overcome antibiotic 

resistance and improve the treatment of pneumococcal diseases.  

1.1.3.4 Role in sporulation in Bacillus subtilis 

In B. subtilis, four Ser/Thr kinases have been characterized, with three of them, PrkA, 

PrkC, and YabT, playing important roles in different stages of the sporulation process 

(67). YabT is a transmembrane protein kinase that lacks the characteristic extracellular 

sensing domain of STKs. Instead, it is attached to the membrane via a transmembrane 

helix at the C-terminal. It possesses a DNA-binding motif, which is required for its 

activation.  
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YabT is expressed at the beginning of sporulation under the control of a sigma factor 

ÃF, which is active only in the forespore and not in the mother cell. It has been 

experimentally shown to be expressed only in the forespore (68). YabT gets activated 

by the binding of DNA that enters the forespore. This DNA-binding supports the 

formation of dimers and activation of the kinase by trans-autophosphorylation (69). YabT 

localizes to the asymmetric septum and phosphorylates DNA-recombinase RecA, 

ensuring chromosome integrity during spore development. Phosphorylation of RecA 

results in the formation of RecA foci that move with the nucleoid in the mother cell. The 

mutant of ΔyabT has similar phenotypes to those of the phospho-ablative RecA mutant, 

which sporulates more slowly and shows reduced resistance to DNA damage during 

sporulation. This indicates that YabT acts via phosphorylation of RecA (7). In addition, 

the single-stranded DNA-binding protein SsbA is a target of YabT, which enhances its 

cooperative binding to DNA (70). YabT also targets the replication controller YabA, 

which plays a dual role in the regulation of replication initiation and switching the life 

cycle to sporulation or biofilm formation. Biofilms are collections of bacteria encased 

in an extracellular polymeric matrix that the bacteria generate on their own using 

materials such as polysaccharides, DNA, and proteins to aid in adhesion to surfaces or 

one another. Increased phosphorylation of YabA has been shown to increase the 

efficiency of sporulation and strongly inhibit the formation of biofilms. This also connects 

with increased cellular levels of Spo0A-P, a key regulator that stimulates sporulation 

(71). 

During dormancy, the mature spore is released by the mother cell. The overall 

metabolism, including protein synthesis, is downregulated. YabT phosphorylates 

elongation factor Tu (EF-Tu), and this phosphorylation mediates the downregulation of 

protein synthesis. The phosphorylated EF-Tu does not have GTPase activity and 

remains attached to the ribosomes, stalling the process of translation elongation and 

thereby inhibiting overall protein synthesis. This phosphorylation was shown to be not 

present in spores of the yabT mutant, confirming that YabT is responsible for 

the phosphorylation of EF-Tu (68). These findings highlight the role of YabT in 

maintaining genetic stability and regulating protein synthesis during sporulation in B. 

subtilis. Understanding the role of this Ser/Thr kinase, in addition to others like PrkA, 
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PrkC, and PrkD, can provide additional insights into the regulation of bacterial 

adaptation and survival mechanisms, which can lead to novel targets for antimicrobial 

strategies. 

1.1.3.5 Role in quiescence and tolerance in Staphylococcus aureus  

S. aureus is an opportunistic pathogen, generally prevalent in the human microbiota, but 

it also causes a wide range of infections that can be acquired in hospitals or the 

community. In addition to causing skin and soft-tissue infections, it can result in serious, 

perhaps fatal illnesses such as bacteremia, endocarditis, sepsis, meningitis, and toxic 

shock syndrome (72). The rise in antimicrobial resistance has made the treatment of 

these infections even more challenging. This resistance requires prolonged treatments 

and extended hospitalization, thereby increasing the burden on the healthcare systems.  

Beyond antibiotic resistance, S. aureus can also develop antibiotic tolerance or 

persistence, which leads to chronic and reoccurring infections, even when the bacteria 

remain susceptible to antibiotics. One of the mechanisms underlying antibiotic tolerance 

is bacterial quiescence, where bacteria enter an inactive dormant-like state to survive 

unfavorable environmental conditions. Since most antibiotics target actively growing 

cells, these slow-growing or growth-arrested bacteria can survive prolonged antibiotic 

treatments. This quiescent persister state, therefore, serves as a survival strategy during 

infections (73).  

In S. aureus, the Hanks-type Serine/Threonine kinase Stk1/PknB has been associated 

with the regulation of bacterial signaling, central metabolism, stress response, antibiotic 

resistance, and virulence. PknB is associated with its cognate phosphatase Stp, forming 

a kinase-phosphatase pair that has been broadly studied for its role in regulating 

bacterial growth and antibiotic tolerance in S. aureus. PknB exhibits autokinase activity 

and is localized to the bacterial membrane. It is shown to be dephosphorylated by Stp 

in the presence of manganese (74). PknB has several phosphorylation sites in the 

activation loop that regulate the catalytic activity of this protein kinase. Out of these, 

phosphorylation of Thr172 is the first step, which causes conformational changes and is 

essential for functionally active kinase. Following Thr172, further interactions with other 

molecules of PknB phosphorylate other residues by trans-autophosphorylation to 
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support kinase activity (75). Additionally, a study on a methicillin-resistant strain has 

shown that the mutant of pknB showed increased susceptibility to β-lactam antibiotics, 

potentially regulating sigma factor SigB, which is involved in the stress response. 

Activation of SigB is linked to reduced virulence in S. aureus and the mutant also showed 

compromised response to heat and oxidative stresses (76).  

Further research demonstrated that acidic environments, akin to those present in host 

tissues, caused S. aureus to develop more slowly and enhanced its resistance to 

antibiotics. Under acidic conditions, PknB becomes activated and phosphorylates 

several proteins associated with processes such as cell growth, translation, and 

metabolism. Phosphoproteome analysis showed increased phosphorylation in bacteria 

exposed to acidic stress compared to those grown at neutral pH. These phosphorylated 

proteins include those involved in cell division, glycolysis, signaling, and translation, 

such as ribosomal proteins and elongation factors, along with increased threonine 

phosphorylation in the activation loop of PknB. It was shown that deletion mutant of stp 

extended the lag phase, reduced intracellular ATP levels and protein synthesis, and 

ultimately enhanced persistence and antibiotic tolerance in bacteria grown in the 

presence of acidic stress, cultured with human cells, or harvested from abscesses in 

mice (73). This highlights the involvement of Stp in modulating the function of PknB. 

Both the active, phosphorylated PknB and the stp mutant exhibited similar phenotypes, 

characterized by an extended lag phase and increased antibiotic tolerance. Thus, 

strategies aimed at inhibiting PknB or overexpressing Stp during infection can make S. 

aureus more susceptible to specific medications and prevent the formation of persister 

cells. While different classes of PknB inhibitors have been proposed and tested as novel 

antibacterial compounds, their efficacy has been limited. Therefore, the development of 

novel inhibitors and optimization of existing ones are essential for fighting S. aureus 

infections (77).   

1.1.3.6 Role in defense against phage infection in Staphylococci sp. 

Bacteria have developed several strategies to fight bacteriophage (bacterial viruses) 

infections, targeting different stages of the phage life cycle. These strategies include 

blocking phage adsorption, preventing entry of DNA via superinfection exclusion 
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systems, cleavage of phage DNA through restriction-modification systems, interfering 

with DNA replication using CRISPR-Cas systems, and inhibiting phage protein 

synthesis, maturation, and host lysis through abortive infection (Abi) systems, which 

often result in death of infected bacterial cells (78). These mechanisms are highly 

diverse across bacterial species and even between strains of the same species. 

In Staphylococci, the Hanks-type Ser/Thr kinase Stk2 has been recognized as a key 

player in phage defense. Research on different strains of S. epidermidis with deletions 

in the CRISPR locus revealed that sensitivity to a temperate bacteriophage correlated 

with the presence of a gene identical to S. aureus gene stk2. When stk2 was expressed 

in other S. aureus strains lacking this gene, those strains gained resistance to multiple 

phages. The kinase activity of Stk2 was found to be essential for its role in phage 

defense. Notably, it has been demonstrated that Stk2 is only activated when a phage 

protein is present (79). Stk2 activation leads to abortive infection where phage-infected 

bacteria undergo self-destruction to prevent phage amplification and spread (80). 

Among the identified phage proteins, PacK, which is involved in phage DNA packaging, 

directly interacts with Stk2 triggering its activation. Upon activation, Stk2 phosphorylates 

a large number of bacterial proteins, leading to cell death and thus halting phage 

propagation. Another kinase in Staphylococci, Stk1/PknB, also contributes to the phage 

defense pathway, particularly by preventing the release of phage particles before Stk2-

mediated cell death occurs. While stk1 mutants showed a decline in the ability of Stk2 

to protect against phages, Stk2 activation alone led to cell death. This indicates that 

while Stk1 contributes to effective antiviral immunity, Stk2-mediated antiviral immunity 

does not require Stk1 to function. (79). 

Phages are increasingly used as potential antimicrobial agents in phage therapy, 

particularly against antibiotic-resistant bacteria. Phage therapy could offer an effective 

treatment for difficult-to-treat infections such as those involving biofilms or persistent 

cells, which are otherwise difficult to treat with conventional antibiotics. However, not all 

classes of phages are suitable for phage therapy. For instance, Siphoviridae phages, 

often temperate, go through a lysogenic cycle in which they incorporate their genetic 

material into the bacterial genome, possibly transferring antibiotic-resistance genes or 
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enhancing bacterial virulence. In contrast, Podoviridae phages, which have a 

compulsory lytic cycle and a compact genome, are ideal candidates for therapeutic 

applications. Recent studies have isolated and characterized S. epidermidis- infecting 

phages from the human skin microbiome to test their effectiveness against a range of 

staphylococcal strains, including those making biofilms (81). Therefore, continued 

exploration of phage diversity and their interactions with bacterial hosts could 

significantly advance phage therapy approaches.  

1.1.3.7 Role in antibiotic tolerance and persistence in Escherichia coli 

In E. coli, the Ser/Thr kinase HipA (high persistence A) is a well-characterized protein 

associated with the induction of bacterial persistence. During persistence, a 

subpopulation of bacteria enters a dormant-like state, which allows them to survive 

during antibiotic treatments, despite being genetically identical to the sensitive 

population. These bacteria are capable of giving rise to a normal population upon 

removal of antibiotics, leading to the development of multidrug-tolerant persister cells 

(82). A mutant of this kinase, hipA7 was the first gene identified to increase antibiotic 

persistence by increasing the frequency of persister cell formation in E. coli (83).  

HipA is a part of a type II toxin-antitoxin (TA) system. In this type of TA system, both the 

toxin and antitoxin are proteins, and under normal conditions, they are bound to each 

other. This inhibits the activity of the toxin. The transcription of TA is repressed by 

binding to both the antitoxin and the TA complex. However, stress conditions activate 

cellular proteases such as Lon and ClpXP, which cleave the antitoxins. This leads to 

growth arrest by inhibiting translation or replication via free toxins (84). In the case of 

HipBA, HipA functions as the toxin and binds to the antitoxin HipB to form an inactive 

complex, neutralizing the toxic effect of HipA (85). HipB also contains a DNA-binding 

region (helix-turn-helix, HTH domain) and represses the hipBA operon by cooperative 

binding to four operator sites in the promoter region (Figure 5) (85, 86). This interaction 

between HipA and HipB leads to the formation of the HipA-HipB complex, causing 

the dimerization of HipA, which blocks its active site and causes conformational 

inactivation (87, 88).  
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The regulation of HipB involves its degradation by proteolysis. When HipA binds to HipB, 

it blocks its access to Lon proteases by shielding the C-terminus of HipB. During 

environmental stresses, such as nutrient starvation or antibiotic exposure, Lon 

proteases are upregulated, degrading HipB and releasing active HipA (89). This release 

induces a dormant-like state in the bacteria, which helps in their survival under adverse 

conditions. The levels of hipBA regulate the onset and duration of a transient growth 

arrest such that only above a certain threshold level of hipA, does this transient dormant 

state take place. This variability in gene expression resulted in the co-existence of 

normally growing and dormant cells in the genetically identical population (90). 

 

Figure 5. The complex of HipA-HipB-DNA operator in E. coli. Two HipA monomers (in blue) interact 
with the HipB dimer (in orange and yellow). The HTH domain of HipB interacts with DNA in the operator 
region of the promoter of the hipBA operon (shown in sticks). HipB binds to the region of HipA away from 
the active site. This figure was taken from Schumacher et al. 2009 (87). 
 

The HipA7 mutant, a gain-of-function variant, contains two amino acid substitutions at 

G22S and D291A that weaken its interaction with HipB, resulting in higher kinase activity 

and increased persistence (87, 91). Clinically, hipA7-like mutations such as P86L have 

been linked to recurrent urinary tract infections (UTIs) caused by E. coli, highlighting the 

importance of HipA-mediated persistence in antibiotic resistance (88). Overexpression 

of HipA in the absence of HipB causes growth arrest by shutting down macromolecular 

synthesis, without causing cell death, also supporting that HipB forms a complex with 

HipA to keep it inactive (91). This enables persister cells to escape antibiotics, 

particularly β-lactams, and survive until conditions become favorable to resume growth. 
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The kinase activity of HipA is essential to prevent bacterial growth and to confer 

multidrug tolerance against antibiotics such as cefotaxime, ofloxacin and mitomycin C. 

Mutants of HipA showed that conserved Asp309 in the kinase active site and Asp332 in 

the Mg2+-binding site are essential for the activity of HipA. Replacing these residues with 

glutamine, resulted in an inactive HipA protein, leading to a loss of both growth arrest 

and antibiotic tolerance phenotypes (92). The mechanism of action of HipA has been 

extensively studied. HipA autophosphorylates itself on Ser150, a modification essential 

for its toxicity and the antibiotic resistance it confers. This phosphorylation is unusual 

because Ser150 is located in the catalytic core ATP-binding P-loop motif of the protein 

and not in a solvent-accessible loop, as seen in other kinases. Phosphorylation of 

Ser150 triggers a transition from an <in-state= to an <out-state=, where the p-Ser residue 

becomes solvent-exposed, thereby inactivating the kinase by disrupting its ATP-binding 

pocket (93). A phospho-ablative mutant of autophosphorylation site Ser150, with 

the replacement of serine to alanine, also resulted in the loss of toxic phenotype and 

antibiotic tolerance by HipA (92). Structural analysis of the S150A mutant revealed that 

this mutation also results in an <out-state= conformation of HipA. This is probably due to 

the lack of interaction between Ser150 and Leu64, which forms a hydrogen bond that 

stabilizes the <in-bound= active kinase state (93).  

One of the most important phosphorylation targets of HipA is GltX (GluSR, glutamyl-

tRNA synthetase), particularly at the conserved Ser239 residue in its ATP-binding site 

(94, 95). This phosphorylation inhibits the aminoacylation of tRNAGlu, leading to an 

increase in the concentrations of uncharged tRNAGlu, which goes and binds to 

the ribosomal A-site. This results in stalling of the ribosome, where RelA gets recruited. 

RelA interacts with the uncharged tRNA and ribosome to become active and synthesize 

(p)ppGpp, which subsequently leads to the activation of stringent response and 

persistence (Figure 6) (96). HipA expression also directly activates (p)ppGpp synthesis 

through the RelA enzyme, further inhibiting macromolecular synthesis and driving the 

bacterial cell into a dormant state, which is resistant to β-lactam antibiotics (97). 

Quantitative phosphoproteomics revealed many additional substrates of HipA and 

HipA7 mutant, including GltX as the main target in both wild-type and mutant HipA (98). 

Initial studies have shown that deletion of both hipA and hipB in E. coli resulted in normal 
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growth and a similar frequency of persistence to the parental strain, highlighting no 

direct phenotype associated with the deletion of hipA (86). However, HipA has been 

linked to the long-term survival of bacteria as it was shown to be highly expressed 

throughout the stationary phase (99). 

 

Figure 6. Overview of HipBA-mediated persistence in E. coli. The hipBA operon encodes for toxin-
antitoxin HipA and HipB that form an inactive protein complex containing HipB-HipA-HipA-HipB. This 
complex can also bind to the promoter region and autoregulate the transcription (shown by the dashed 
line). Upon degradation of HipB by Lon proteases, HipA becomes active and phosphorylates GltX 
(Glutamate tRNA synthetase) to inhibit its aminoacylation activity. This results in the accumulation of 
uncharged Glu tRNA, which blocks the translation by stalling the ribosome. The stalled ribosome provides 
a platform for RelA binding and activation leading to (p)ppGpp synthesis and initiation of stringent 
response that ultimately increases persistence. This figure was adapted from Kaspy et al. 2013 (95) and 
Gerdes et al. 2021 (100) and created with BioRender.com. 
 

Deletion of the hipBA locus resulted in a prolonged lifespan and higher levels of 

macromolecular synthesis than wild-type cells at the stationary phase. This implies that 

HipA induces a dormant state that helps E. coli cells survive under stress by slowing 

down macromolecular synthesis and metabolic activity, whereas, in its absence, cells 

remain more metabolically active and maintain their ability to produce macromolecules, 

resulting in prolonged survival during stationary phase (99). Deletion of hipBA also leads 

to a decrease in the formation of persister cells in both stationary phase and biofilm 

populations upon antibiotic exposure. This reduction in persister cell formation plays a 

critical role in ensuring the survival of bacterial populations under unfavorable conditions 

(101). Additionally, a hipBA mutant has been shown to decrease biofilm formation even 

in the absence of antibiotic stress, indicating that HipA plays an important role in 

regulating biofilm formation (102). The correlation between hipBA expression and 
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persister formation was also studied at the single-cell level. It showed that the 

fluorescently sorted cells with higher levels of chromosomal hipBA expression have 

better survival against antibiotic, ofloxacin compared to the cells with the deletion mutant 

of hipBA operon. This demonstrated that HipA contributes to persister formation in WT 

E. coli (88). Together, these studies highlight that HipA not only plays a role in antibiotic 

persistence but also in the broader context of bacterial survival strategies, including 

biofilm formation.  

In addition to its well-characterized role in persistence, HipA is part of a broader family 

of kinases that are conserved across many bacterial species and can contain mono- 

and tri-cistronic operons in different bacteria (Figure 7). This includes homologs of HipA, 

such as HipT in pathogenic E. coli as part of tricistronic operon hipBST or YjjJ (HipH) in 

E. coli, which is encoded by a monocistronic operon and may have an important role in 

bacterial physiology (100). YjjJ is a HipA-homologous kinase, which is also shown to 

inhibit cell growth upon overproduction (103). In this thesis, Manuscript II includes the 

molecular characterization of YjjJ in E. coli where overexpression of wildtype and kinase 

mutant are studied with a phosphoproteomics approach to identify the targets of this 

kinase and elucidate its role in bacterial cellular processes. 

 

Figure 7. Phylogenetic tree and gene organization for HipA-homologous kinases.  The Hip Tree 
consists of several clades that correspond to different kinase families as depicted by colors. The gene 
organization of TA modules differs between clades with variations in the position of their putative antitoxin-
containing HTH domain (in light green). This figure was adapted from Gerdes et al. 2021 (100). 



 

23 
 

It is important to study HipA homologs to understand their roles in bacterial survival 

mechanisms such as persistence. Characterization of these kinases, especially in 

pathogenic bacteria like K. pneumoniae, may provide new drug targets to combat 

chronic and multidrug-resistant bacterial infections and enhance the efficacy of existing 

antibiotics. Section 3 of this thesis includes a manuscript on hipA-mediated antibiotic 

tolerance in K. pneumoniae. The evolution and functional diversity of these kinases 

provide valuable insights into the molecular basis of bacterial dormancy and survival 

under adverse conditions, thereby contributing to the broader field of bacterial 

pathogenesis and antibiotic resistance. The evolutionary conservation of hipA-like 

kinases across bacterial lineages highlights that persistence is an evolutionarily 

conserved strategy for survival, with potential implications for developing broad-

spectrum antimicrobial therapies targeting these kinases. Overall, the HipBA system, 

particularly the kinase activity of HipA, represents a critical mechanism by which E. coli 

and potentially other bacteria survive antibiotic treatment. Therefore, understanding the 

role of hipA-like kinases and their modulation holds great potential for the development 

of novel therapeutic strategies to eradicate persister cells and combat multidrug-

resistant and recurrent infections. 

1.1.4 Potential applications of studying STK 

STKs have been associated with almost every aspect of bacterial physiology and are 

shown to regulate processes such as metabolism, antibiotic persistence, cell division, 

morphogenesis, and host immune system manipulation (29). This section highlights key 

applications of studying STKs, including the development of novel antibiotics, vaccines, 

biofilm control, and improving therapeutic strategies for bacterial infections. It also 

shows how insights gained from STK studies can contribute to innovative therapeutic 

strategies and improve the management of bacterial infections. 

1.1.4.1 Development of novel antibiotics 

The rise of antibiotic resistance underscores the need for new antibacterial agents. 

STKs regulate critical bacterial functions like growth, signaling, and virulence, making 

them promising targets for new drug development. For instance, inhibitors of STKs such 

as PknB and PknG in M. tuberculosis have shown potential as antibacterial agents (104, 
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105). By targeting these kinases, bacterial pathogenicity can be reduced, and the 

effectiveness of existing antibiotics enhanced. Additionally, broad-spectrum 

antimicrobial agents that inhibit bacterial STKs without affecting human kinases could 

simultaneously target multiple bacterial kinases, reducing drug resistance. (106). 

However, challenges remain in translating in vitro success to in vivo efficacy due to 

issues with drug delivery and intracellular kinase function, necessitating further research 

to optimize drug design (107). 

1.1.4.2 Development of new vaccines and biomarker discovery 

Highly conserved STKs may serve as vaccine targets if they induce a strong, broad 

immune response. For example, the C-terminal PASTA domain of StkP in S. 

pneumoniae shows potential as a vaccine antigen, capable of inducing protective 

immune response in animals. StkP along with the protein PcsB has been shown to 

prevent infections caused by all serotypes of pneumococcus in old and young children 

(108). STKs involved in host immune modulation could also be leveraged to design 

vaccines that elicit robust immune responses. Also, specific STKs may serve as 

biomarkers for bacterial infections, aiding diagnostics by identifying pathogenic strains 

and distinguishing between virulent and non-virulent types, facilitating timely diagnosis 

and more targeted treatments. 

1.1.4.3 Fighting against biofilms and improvement of phage therapy 

Bacterial biofilms are extremely difficult to treat due to their inherent resistance to both 

antibiotics and the host immune system. Phage therapy, which involves using 

bacteriophages to selectively target and kill bacteria, has emerged as an alternative to 

traditional antibiotics, especially for the treatment of resistant bacteria and biofilms. The 

phages tend to effectively kill both antibiotic-sensitive and resistant bacteria and are also 

capable of disrupting bacterial biofilms (109). The effectiveness of phage therapy can 

be greatly improved by comprehending the function of STKs in the regulation of biofilm 

development, its maintenance, and bacterial defense mechanisms against phages. For 

example, the STK Stk2 in S. epidermidis has been involved in abortive infection 

mechanisms that prevent phage propagation (79). Therefore, combining phage therapy 

with inhibitors of STKs can potentially decrease the bacterial interactions to weaken the 
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biofilm architecture and increase the overall efficiency of phage treatments. These 

approaches will provide more robust treatment strategies against multidrug-resistant 

bacterial infections and biofilms. 

1.1.4.4 Understanding pathogenesis and host-pathogen interactions 

Studying STKs can also provide a deeper understanding of bacterial pathogenesis by 

elucidating the molecular mechanisms underlying virulence. Several STKs can control 

the expression of virulence factors, facilitate immune evasion, and promote intracellular 

survival. For instance, the role of PrkX in S. enterica and PknE in M. tuberculosis shows 

the significance of these kinases in mediating pathogenic processes (58, 110). The 

intricate interactions between bacteria and host immune systems can also be studied 

by understanding the role of STKs. The mechanisms by which bacterial STKs enter host 

cells, phosphorylate host proteins, and manipulate host cellular pathways to increase 

intracellular survival, can identify novel therapeutic strategies aimed at countering 

immune evasion strategies employed by pathogens. This understanding can guide the 

development of therapies that specifically target bacterial pathogenicity while 

simultaneously improving human immune responses. 

1.1.4.5 Stress Response and Adaptation 

Bacteria can adapt quickly to different environmental stresses, such as oxidative stress 

or nutrient deprivation for survival. This often requires a quick response to adapt to the 

changed environment using proteins like STKs. This allows pathogens to survive under 

unfavorable conditions. For example, the regulation of stress response pathways by 

kinases like Stk1/PknB in S. aureus highlights their importance in bacterial resilience 

(74). A comprehensive understanding of these adaptive mechanisms may improve the 

treatment strategies that exploit bacterial vulnerabilities, making them more susceptible 

to antibiotics and other treatments. 
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1.2 Antibiotic resistance in pathogenic bacteria 

1.2.1 Antibiotic resistance, tolerance, and persistence 

The failure of antibiotic treatments is a growing concern in modern medicine, primarily 

driven by the rise in antibiotic resistance. This phenomenon is marked by the ability of 

bacteria to withstand the effects of drugs that would normally inhibit their growth or kill 

them. However, antibiotic resistance is not the only factor that complicates the treatment 

strategies. In addition to antibiotic resistance, there are also other mechanisms, such as 

antibiotic tolerance and persistence, that play significant roles in reducing the 

susceptibility of antibiotic therapies (Figure 8). These mechanisms, while distinct, are 

often interrelated and can complicate the management of bacterial infections in clinical 

settings.  

 
Figure 8. Mechanisms of antibiotic resistance in bacteria. Exposure to antibiotic stress rapidly 
eliminates the antibiotic-sensitive population, whereas tolerant cells take longer time than susceptible 
bacteria. In contrast, resistant bacteria can survive antibiotic exposure and continue to proliferate even 
during the antibiotic exposure. Persistent bacteria may remain dormant until the antibiotic stress is 
removed, at which point they either resume growth, restore the sensitive bacterial population, or 
potentially contribute to the emergence of resistant strains. This figure was adapted from Singla et al. 
2022 (111) and re-created with BioRender.com. 
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Antibiotic resistance is the ability of bacteria to survive in the presence of antibiotics and 

replicate. These bacteria are genetically different from sensitive populations and give 

rise to a resistant population of bacteria. Resistant bacteria showed an increased 

minimum inhibitory concentration (MIC) of antibiotics that would otherwise inhibit the 

growth of bacteria or kill it (112). Genetic resistance can occur through mutations, which 

may result in decreased binding of drugs or alteration in the expression of genes for 

drug influx or efflux pumps. It can also be acquired by horizontal gene transfer of 

resistant genes, such as additional efflux pumps or antibiotic-inactivating/degrading 

genes (113).  

Antibiotic tolerance, on the other hand, is the ability of bacteria to survive transient 

exposure to high concentrations of antibiotics without any change in their MIC. Unlike 

resistance, tolerance does not involve genetic changes that permanently alter the 

sensitivity of bacteria to antibiotics, but instead requires longer treatment durations, 

irrespective of the concentration of antibiotics used, to eradicate the bacterial population. 

Antibiotic tolerance is highly relevant in K. pneumoniae, where environmental conditions 

such as slow growth or increased lag phase can induce this phenotype and increase 

the tolerance of bacteria to certain classes of antibiotics, complicating treatment efforts 

(114). Both tolerance and resistance are features of the whole bacterial population.  

A special subset of tolerance is antibiotic persistence. Persistence is the ability of a small 

subpopulation to survive exposure to high concentrations of antibiotics through growth 

arrest. These bacteria are phenotypic variants of normal sensitive populations and can 

give rise to a heterogenous population containing both sensitive and persistent bacteria 

(115). This phenomenon is distinct from antibiotic resistance in several key ways. 

Persistence is characterized by a biphasic killing curve, which shows that within a clonal 

population, not all bacteria are killed at the same rate when exposed to antibiotics (116). 

Unlike resistant bacteria, which can grow and replicate in the presence of antibiotics due 

to genetic adaptations, persister cells enter a non-replicating, dormant/slow-growing 

state that allows them to tolerate antibiotic exposure temporarily (112). In K. 

pneumoniae, biofilm formation further complicates the persistence by protecting these 
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persister bacteria from antibiotic exposure and immune response, which contributes to 

the reoccurrence of infections and makes it difficult to eradicate. 

Antibiotic persistence can be either triggered or spontaneously occur in bacteria. 

Triggered persistence is where bacteria are triggered by unfavorable conditions such as 

starvation, acid stress, antibiotic stress, or immune factors to become a persister. They 

are also called Type I persisters and are typically found in stationary phase cultures or 

after encountering stressful conditions. After the removal of the stress or inoculation into 

a fresh medium, they can revert to normal, active cells but have an extended lag phase. 

An example of this type of persistence is hipA7 persisters. On the other hand, 

spontaneous persisters are the persisters that are formed spontaneously during 

the exponential phase and remain constant throughout the exponential growth and are 

called Type II persisters. These persisters grow and divide at a very slow rate compared 

to non-persisters and are always present in a bacterial population at low levels. hipQ 

persisters are an example of this type of persistence (82, 112). This persister state is 

not permanent and once the antibiotic is removed, these cells can revert to normal 

growing cells. This transient tolerance mechanism and a slower rate of killing compared 

to the rest of the population makes them a significant challenge in the treatment of 

bacterial infections causing the failure of antibiotic treatments and contributing to the 

relapse of chronic infections (117). 

1.2.2 Emergence of multidrug resistance and its challenges 

The increase in multidrug-resistant (MDR) bacteria that are resistant to more than three 

antibiotic classes has coincided with a decline in the development of new antibiotics. 

This causes a serious risk to human health where the existing antibiotic treatment 

options are no longer effective against these multidrug-resistant bacteria. These 

antimicrobial-resistant pathogens have been classified as a potential threat to humans 

by World Health Organization (WHO) and Centers for Disease Control and Prevention 

(CDC). At least 1.27 million people have died across the globe due to antimicrobial 

resistance (AMR) in 2019, with nearly 5 million deaths associated with it (118). The main 

reasons behind the development of drug-resistant pathogens are the misuse and/or 

overuse of antibiotics to prevent, treat, or control infections in humans, animals, and 
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plants. It is also affected by poor hygiene and sanitation, inefficient infections and 

disease control, less access to good quality vaccines and antibiotics, poor diagnostics, 

and lack of awareness and surveillance of resistant development (119, 120).  

The phenomenon of AMR has a huge economic burden on the healthcare systems and 

national economies overall in both developed and developing countries (119). However, 

the burden on developing countries is significantly higher due to poor healthcare 

systems, limited access to effective treatments, and higher rates of infection. The lack 

of comprehensive surveillance systems and regulatory mechanisms further intensifies 

the challenge, making it difficult to control the spread of AMR and increasing the 

economic strain on these nations (121).  

Infections caused by MDR bacteria result in a greater number of hospital visits and 

diagnostic tests and longer duration of stay in hospitals, as standard treatments are 

ineffective against these infections and patients require prolonged care. This results in 

reduced productivity and a higher economic burden on families and communities. Since 

first-line antibiotics are not effective against these bacteria, this necessitates the 

requirement of more expensive last-resort antibiotics such as colistin, which are also 

associated with higher toxicity and limited availability. The use of last-resort drugs also 

has the risk of the emergence of resistance against these antibiotics in MDR bacteria. 

The emergence of resistance against last-resort antibiotics will further complicate 

treatment options. The financial burden is also increased by the need for more intensive 

care, especially for immunocompromised patients and those with severe infections 

(122). An estimated cost of 4.6 billion dollars was used in 2017 in the United States for 

the treatment of hospital-onset or community-acquired MDR infections, caused by six 

major antibiotic-resistant pathogens (123). This cost likely reaches hundreds of billions 

globally considering both direct and indirect impacts. This highlights the urgent need for 

the development of new strategies to restore the efficacy of existing antibiotics and 

prevent further resistance.  

The WHO released a list of pathogens that pose a huge threat to hospitals, nursing 

homes, and patients, requiring the urgent need for the development of novel 

antimicrobial strategies including new antibiotics, due to their rising resistance to all 
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antibiotics available. This list included the ESKAPE group of pathogens as top and high 

priority (124). ESKAPE pathogens are a group of pathogenic bacteria that cause 

hospital-acquired (nosocomial) infections due to their ability to escape the lethal effects 

of antibiotics and showcase instances of bacterial pathogenesis, transmission, and 

resistance. It includes Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumanni, Pseudomonas aeruginosa, and Enterobacter 

species (125). These bacteria are highly prevalent in hospitals and are rapidly becoming 

resistant to a wide range of antimicrobial agents, posing a rising threat to public health. 

ESKAPE pathogens exhibit shared characteristics, including their ability to thrive in the 

modern healthcare environment and harboring inherent or acquired mechanisms of 

resistance that have positioned them as a major contributor to resistant infections over 

time (126). These bacteria can have several different mechanisms for antibiotic 

resistance, including, chemically modifying or breaking down the drug, preventing the 

influx of antibiotics, flushing the drug out of the cell via efflux pumps, or modifying the 

targets of antibiotics to prevent its action (127). For example, K. pneumoniae can 

produce inhibitor-resistant β-lactamases that break down β-lactam antibiotics (128), 

while P. aeruginosa employs efflux pumps to pump antibiotics out of the cell (129). 

These are some of the strategies that ESKAPE pathogens use to become drug-resistant 

and escape antibiotic treatment. Among the ESKAPE pathogens, Klebsiella 

pneumoniae is an important pathogenic bacterium due to its rapid acquisition of 

resistance mechanisms and its role in severe infections, making it a significant focus of 

concern in the fight against hospital-acquired infections.  

1.2.3 Klebsiella pneumoniae- pathogenesis and virulence factors 

K. pneumoniae is a gram-negative bacterium, which is generally encapsulated. It 

belongs to the Enterobacteriaceae family and, together with Escherichia coli, is a global 

threat, responsible for hospital- and community-acquired infections (130). This 

opportunistic pathogen mainly affects individuals with compromised immune systems or 

serious underlying conditions such as diabetes or chronic lung obstruction. Additionally, 

K. pneumoniae produces biofilms that are clinically significant due to their formation 

on the inside or the surface of medical devices like catheters and contribute to 

the colonization of bacteria in patients (131). The most frequently occurring nosocomial 
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infections include urinary tract infections, pneumonia, septicemia, and wound or surgical 

site infections (Figure 9). In intensive care units and neonatal settings, K. pneumoniae 

frequently causes infections, often leading to outbreaks that are challenging to treat 

because of increasing multiple-drug resistance in this bacteria (132). In addition to these 

hospital-acquired infections, hypervirulent strains have evolved, that can cause more 

serious and invasive diseases such as liver abscess, bacteremia, meningitis, 

endophthalmitis, and necrotizing fasciitis. These hypervirulent strains are particularly 

concerning because they can affect otherwise healthy individuals, cause multiple sites 

of infection, and are linked with high morbidity and mortality rates (133).  

 

Figure 9. Infections caused by Klebsiella pneumoniae in humans and their associated virulence 
factors. Infections caused by classical K. pneumoniae strains (in blue) and those commonly associated 
with hypervirulent strains of K. pneumoniae (in red). This figure was taken from Assoni et al. 2024 (134). 
 

Numerous species of Klebsiella are observed in the environment and are frequently 

found in soil, water, and a variety of surfaces. In humans, it is frequently found 

in colonizing mucosal surfaces, like the upper respiratory tract and the gut, with 

colonization rates varying widely among people due to their living conditions and 

exposures (135). The transmission of K. pneumoniae occurs primarily through direct or 

indirect contact with contaminated surfaces or materials. In healthcare settings, person-
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to-person transmission is a common way, often mediated by workers or contaminated 

medical equipment such as catheters, ventilators, and endoscopes (136). These 

bacteria are capable of surviving for a long time on surfaces, which makes their spread 

within the healthcare environment easy. After acquiring the bacteria, it colonizes the 

mucosal surfaces in humans, particularly the GI tract or nasopharynx where it can 

persist as part of the normal flora or cause infection if the immune system of the host is 

compromised (137). Colonization of bacteria in the GI tract is concerning as it can serve 

as a major reservoir for subsequent infections and facilitate the spread of antibiotic-

resistant strains (138). 

The molecular pathogenicity of K. pneumoniae can be associated with a variety of 

virulence factors that allow these bacteria to avoid the host immune system and survive 

infections (Figure 9). These include capsule polysaccharide (CPS), lipopolysaccharide 

(LPS), fimbriae/pili, outer membrane proteins (OMP), and factors for iron acquisition and 

nitrogen source utilization (132). The polysaccharide capsule that surrounds the 

bacterial cell is among the most significant virulence factors. This thick capsule can 

prevent the bacteria from being adhered to and internalized, thereby protecting it from 

immune cell opsonization and phagocytosis. It also suppresses early inflammatory 

response by inhibiting cytokines and chemokines, inhibits the maturation of dendritic 

cells, and provides resistance to antimicrobial peptides by acting as a barrier that 

prevents the access of host-derived antimicrobial peptides (138). LPS, also called 

endotoxin, consists of lipid A, oligosaccharide, and O-antigens, which are the first 

molecules that the host immune system encounters. There are different variants of O-

antigens in different strains that are responsible for protecting the pathogen from 

complement-mediated killing. They increase the bacterial virulence and lethality by 

promoting bacteremia (139). In addition to phagocytosis, the host also utilizes serum to 

kill the invading microorganisms. The bactericidal activity of human serum is primarily 

due to complement proteins, which are activated by OMP or LPS (132). These proteins 

either mark the bacteria for phagocytosis or directly kill the bacteria by pore formation. 

However, multidrug-resistant bacteria use several mechanisms such as capsule, LPS, 

and OMP to become resistant to serum (140).  K. pneumoniae also produces several 

fimbriae/pili, for example, type 1, type 3, and Kpc. This facilitates the attachment of 



 

33 
 

bacteria to the host cells and surfaces. Type 1 pili are involved in the initial attachment 

of pathogens to epithelial cells in the urinary tract. Type 3 and Kpc pili, on the other 

hand, are associated with biofilm formation on surfaces such as catheters (138). Outer 

membrane proteins, like porins, which can allow the diffusion of antibiotics into the 

bacteria, can result in increased resistance to phagocytosis by not expressing these 

proteins (141). Efflux pumps, like AcrAB, can resist the innate immune system by 

exporting antibiotics and host antimicrobial peptides, ultimately contributing to multidrug 

resistance phenotype (142). K. pneumoniae can sequester iron, which is essential for 

its growth and metabolism and is also known to contribute to its virulence. The bacterium 

produces siderophores, which are small, high-affinity iron-chelating metabolites that 

chelate iron from the external environment and import it into the cells. This ability to 

sequester iron gives K. pneumoniae a competitive advantage in the iron-limited 

environment of the human body, particularly during infection (143). Hypermucoid 

(hypervirulent) strains of K. pneumoniae can acquire iron more efficiently and increase 

capsule production, which gives the hypermucoviscous phenotype to these bacteria 

(144). 

The hypervirulent bacterial strains have developed two different resistance 

mechanisms: carbapenemases and extended-spectrum β-lactamases (ESBLs). ESBLs 

are enzymes that can hydrolyze many different β-lactam antibiotics, including penicillin, 

monobactams, and cephalosporins, making them ineffective. Carbapenems have been 

used to treat ESBL-producing infections but carbapenemases-producing strains can 

break down carbapenems (145). Since these strains are resistant to almost all available 

antibiotics, they cause treatment failures and higher mortality rates in patients. Novel 

approaches to tackle K. pneumoniae are desperately needed, due to increasing 

resistance in these bacteria. It is crucial to comprehend the resistance mechanisms in 

these bacteria to develop novel antibiotics or alternative therapeutic strategies. 

1.2.4 Antibiotic persistence and its eradication in K. pneumoniae  

The multidrug-tolerant persisters are present in both laboratory and clinical isolates of 

K. pneumoniae (146-148). The degree of persistence varies according to the 

concentration of the drug, its duration, and the type of antibiotics (147). In clinical 

settings, this variability in persistence levels complicates treatment, as standard 
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antibiotic regimens may fail to completely eradicate the infection, leading to the relapse 

of infections. On exposure to high concentrations of antibiotics, high levels of tolerant 

persister cells are formed to help bacteria tolerate these treatments. Even lower doses 

of antibiotics and environmental stimuli during the stationary phase are capable of 

inducing the formation of persister cells in K. pneumoniae (149). In K. pneumoniae, 

extensive studies have shown that different intracellular stress responses, including 

(p)ppGpp, SOS response, and ROS response, which can be induced by subminimal 

concentrations of antibiotics, paraquat, and hydrogen peroxide stress, can promote 

persister cell formation in a subset of K. pneumoniae that can become tolerant to 

antibiotic treatments (150). 

Several mechanisms and pathways have been associated with bacteria that enter a 

persister state and maintain it. For example, the stringent response acts as a global 

regulator of gene expression under starvation conditions and is known to drive persister 

formation. It involves the production of (p)ppGpp that downregulates the essential 

processes and makes the bacterial cells enter a dormant-like state that is less 

susceptible to antibiotics. Other mechanisms such as SOS response (DNA repair 

mechanism), ATP levels in the cell, and toxin-antitoxin systems have also contributed 

to the formation of persisters. These mechanisms shut down bacterial cellular processes 

such as protein synthesis or DNA replication and lead to antibiotic persistence by 

inducing a dormant-like state (151). HipBA was the first toxin-antitoxin module 

associated with persister formation, where the levels of hipA both a certain threshold 

induces the persister cell formation (90). However, many other TA systems have also 

been seen to play a role in enhancing the persistence such as RelBE, which is essential 

for persistence in M. tuberculosis and is up-regulated in K. pneumoniae and S. aureus 

upon high antibiotic exposure. Signaling molecules such as indole or quorum sensing 

are also shown to induce persister formation in many bacteria, highlighting the 

complexity of the persistence mechanism in K. pneumoniae (152). However, HipA-

mediated tolerance has not yet been studied in K. pneumoniae. 

Thus, understanding these mechanisms is important, particularly in K. pneumoniae, 

where these mechanisms contribute not only to treatment failures but also to the 
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potential emergence of resistance. In addition to the clinical burden of persister cells on 

the failure of antibiotic treatments, there is growing evidence that they also contribute to 

the development of resistance or virulence over time. The extended survival of persister 

cells under antibiotic treatment creates a reservoir for the acquisition of resistance-

related genetic mutations (153). This is highly relevant in conditions of long and repeated 

antibiotic exposures, where persister cells get more chances to develop resistance. The 

increased stress response in persisters can also result in a higher mutation rate and 

accelerate the acquisition of resistant traits. This facilitates the genetic changes, 

including horizontal gene transfer associated with resistance, which can stimulate the 

spread of resistance genes in bacterial populations. Thus, while persisters themselves 

are not resistant, under antibiotic pressure, they can indirectly lead to the emergence of 

resistance phenotypes, which critically impairs the strategies for treatment and leads to 

the long-term failure of antibiotic therapies (154). This connection between resistance 

and persistence highlights the importance of targeting persisters to avoid the further 

spread of antibiotic resistance in the pathogenic bacterium K. pneumoniae. 

The current research efforts for the eradication of persisters aim at developing novel 

strategies that specifically target these bacteria. This includes finding novel drugs or 

trying new antibiotic combinations or innovative cocktails with antibiotics and phages to 

fight against multidrug tolerance and resistance such as co-administration of different 

antibiotics increases the killing of a pan-drug resistant K. pneumoniae and suppresses 

the rate of persister formation (155). The antibiotics targeting inactive cells can be used 

for the treatment of these bacteria as persister cells escape antibiotic killing due to their 

metabolically inactive state. Other methods involve targeting the cell membrane with 

small molecules or antimicrobial peptides that can enter the cell and force the persister 

cells to resume their growth or increase their metabolism, which can make them more 

susceptible to antibiotics (156). For instance, the use of saccharides to increase the 

metabolism in E. coli and S. aureus persister cells showed increased uptake of 

aminoglycoside antibiotics (157). Current antibiotics can also be chemically modified to 

enhance entry into the bacterial cells or an antibody-antibiotic conjugate to target cells 

and promote phagocytosis. Phage therapy is also a potential way to kill bacteria in 
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combination with antibiotics can result in the lysis of cells and reduce virulence such as 

biofilm formation (158).  

This highlights the importance of studying antibiotic-tolerant persister cells to develop 

better therapeutic approaches for the eradication of persistence-mediated bacterial 

infections. Especially, understanding the role of HipA-mediated antibiotic persistence in 

K. pneumoniae can provide new insights for targeting and overcoming these bacteria. It 

has been shown that inhibitors of HipA in E. coli have reduced bacterial persistence, 

independent of antibiotic treatment (159). In manuscript III of this thesis, HipA has been 

characterized in K. pneumoniae together with extensive phosphoproteome analysis to 

understand its role in antibiotic tolerance.  

 

1.3 Mass spectrometry-based quantitative (phospho)proteomics 

Mass spectrometry (MS) is a powerful analytical technique for chemical identification 

and quantification of unknown compounds, to elucidate their molecular structure (160). 

MS is mainly used for studying proteomics, metabolomics, and lipidomics. MS-based 

proteomics is an indispensable tool for studying the proteome of a cell or tissue. It can 

be applied for studying the complexity of signal transduction as it allows identification, 

quantification, and characterization of proteins and their PTMs. Proteomics has 

developed as a significant tool in the pharmaceutical industry, clinical settings, and 

molecular biology as it can provide precise identification and quantification of proteins 

and their modifications and interactions (161). Therefore, it has been utilized for 

the early detection of diseases, accurate diagnosis, and discovery of protein biomarkers 

to facilitate faster medical decisions to reduce mortality. Improvements in sensitivity, 

accuracy, and resolution have resulted in the identification of disease-specific 

proteoforms, including PTMs, which can be used for rapid identification of pathogens 

and quantification of therapeutic drugs (161-163). It is also widely used in 

the pharmaceutical industry for chemical proteomics, analysis of protein-protein 

interactions together with protein expression profiling, and targeted protein quantification 

(164). Understanding the bacterial signaling pathways is important for elucidating how 

bacteria sense, respond, and adapt to their environments, particularly in the context of 
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antibiotic resistance and persistence. MS-based proteomics in combination with 

quantitative methods can provide detailed insights into the dynamic changes in the 

protein expression, modification sites, and interaction networks in the cell. 

1.3.1 Top-down and Bottom-up proteomics 

Mass spectrometry-based on intact proteins is called top-down proteomics. This 

approach utilizes measurement of whole proteins without their digestion into peptides 

and provides more comprehensive information about individual proteins, including high 

sequence coverage, PTMs, and protein isoforms, but is limited to smaller proteins and 

has lower sensitivity due to difficulty in ionizing large intact proteins (165). In bottom-up 

proteomics, proteins are characterized after their digestion into peptides by specific 

proteases. Shotgun proteomics is the method that utilizes a bottom-up approach to a 

complex mixture of proteins rather than a single protein. This involves the digestion of 

proteins into peptides that are fractionated and measured by LC-MS/MS (Liquid 

chromatography-tandem mass spectrometry) analysis (166). It is the most widely used 

method that possesses certain advantages over the top-down method as peptides are 

easier to handle, more soluble, and generate better MS spectra compared to intact 

proteins, which can be difficult to solubilize and yield lower sensitivity. In addition, the 

mass spectrometers are more efficient in sequencing peptides that are around 20 amino 

acids long rather than whole proteins (167). The workflow of shotgun proteomics 

involves protein extraction from cells followed by its digestion (Figure 10). Many 

proteolytic enzymes can be used to digest proteins into peptides. Trypsin is one of the 

most commonly and extensively used proteases as it cleaves proteins very specifically 

on the C-terminus of basic amino acids, Arg and Lys to form peptides that are 7-20 

amino acids long with molecular mass between 0.8 to 2 kDa. Other proteolytic enzymes 

such as chymotrypsin, Lys-C, Glu-C, or Asp-N can be utilized to get specific peptides 

that are usually not obtained from typical trypsin digestion (167). This can sometimes 

help in generating peptides that are not covered in trypsin digestion.  

A new approach involves limited proteolysis to have longer peptides with molecular 

mass between 2.5 to 8 kDa and is called middle-down proteomics. This approach 

reduces the overall number of peptides compared to a bottom-up approach and 
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increases the chances of detecting unique peptides that are longer thereby increasing 

the overall sequence coverage (168). 

 
Figure 10. General workflow of a shotgun proteomics experiment. Sample preparation involves 
the fractionation or isolation of proteins from biological sources followed by their digestion into peptides. 
The generated peptide mixture is separated via liquid chromatography. Peptides eluted after separation 
are ionized and can be analyzed by many different mass analyzers. Finally, the obtained mass spectrum 
data is searched against protein databases to get information about peptides and proteins. This figure 
was taken from Steen & Mann 2004 (167). 
 

1.3.2 LC-MS/MS instrumentation 

To simplify the complex analytes entering the MS, peptides can be pre-fractionated 

based on their charge, polarity, size, or hydrophobicity. This can be achieved by 

separating peptides using high-pressure liquid chromatography (HPLC) coupled to MS 

or a pre-fractionation using high-pH reverse-phased fractionation or strong cation 

exchange (SCX) chromatography or hydrophilic interaction liquid chromatography 

(HILIC), and affinity- or gel-based separation of peptides. These techniques can simplify 

the complex peptide mixtures that can be further fractionated by liquid chromatography. 

HPLC includes loading of peptides onto a microcapillary chromatographic column 

containing C18 beads, which are later eluted to enter the MS. Acidified peptides get 

attached to the column and are eluted using a gradient of organic solvent such that very 

hydrophilic peptides are poorly attached to the column and are eluted first, followed by 

more hydrophobic peptides elution at high concentrations of organic solvent. The 

peptides come out of the column through the tip of the column, where the elution solution 

gets vaporized and the peptides get ionized and enter the MS (167).  

A typical mass spectrometer consists of an ion source, a single or multiple mass 

analyzer, and a detector. It carries out measurements on ionized analytes in the gaseous 

phase and with high vacuum. The analytes can be volatilized and ionized for mass 

spectrometric analysis by two soft analyzation techniques, namely Matrix-assisted laser 

desorption/ionization (MALDI) and Electrospray Ionization (ESI) (169). The former 
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utilizes the desorption of ions from the solid phase, resulting in singly charged ions and 

it is used for relatively simple peptide mixtures or proteins (170). The latter involves 

the application of a high voltage (2kV) to a liquid sample to produce charged droplets 

that evaporate and release multiple charged ions for analysis. The analytes are 

dispersed as a fine spray of charged droplets, that are subjected to solvent evaporation 

and final ejection of ions, which enter MS for measurements (171). Therefore, it is 

coupled with liquid chromatography to measure complex mixtures of peptides. 

Mass analyzers separate charged ions based on their mass-to-charge (m/z) values. 

They determine the resolution, mass accuracy, and sensitivity of mass spectrometric 

analysis. Different mass analyzers are used in proteomics, which vary in their resolution 

power, mass accuracy, and sensitivity based on their range of m/z measurements, 

amount of ions that will reach the detector, and their ability to separate two m/z that are 

similar or identical (172). Quadrupole mass analyzers use oscillating electric fields to 

selectively stabilize or destabilize the path of ions passing through it (173). It consists of 

four parallel electrical rods arranged in a square. With the help of variations in the radio 

frequency and direct current, only ions with specific m/z values are passed through the 

quadrupole to reach the detector while the other ions will collide with the rods and get 

ejected. On the other hand, time of flight (ToF) analyzers measure the time taken by 

ions to travel a certain distance as ions with different m/z will travel at different velocities 

and take different times to reach detectors. The main advantage of using a ToF analyzer 

is that all the ions will be reaching the detector (174). In ion trap mass analyzers, ions 

are trapped in a dynamic electric field and sequentially ejected based on their m/z 

values. It can be used to perform multi-dimensional tandem MS experiments that are 

not possible with a single quadrupole (175). Orbitrap and ion cyclotron resonance (ICR) 

mass analyzers incorporate Fourier transform (FT) mathematical operation for data 

processing to get high resolution and increased sensitivity and mass accuracy. FT-ICR 

mass spectrometry involves the trapping of ions in a strong magnetic field and a weak 

electric field. The Fourier transformation is used to detect, digitize, and convert 

coherently excited trapped ions into the frequency domain and later mass spectra (176). 

Orbitrap analyzers operate by trapping ions in an electrostatic field between a spindle-

like central electrode and two outer cup-shaped electrodes. When a voltage is applied, 
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the ions oscillate harmonically along the axial directions, and their frequencies are 

measured to determine their mass-to-charge ratio (177). The Orbitrap is attached with 

a nitrogen-filled C-trap, where ions are trapped and pulsed into the mass analyzer by 

high voltages resulting in a very high mass accuracy and resolution. 

Hybrid mass spectrometers are instruments that combine two or three mass analyzers 

to allow the analysis of both analytes and their fragments. Quadrupole and ion trap mass 

analyzers can also function as a mass filter for precursor ion selection and high-

resolution mass analyzers such as orbitrap and ICR based on FT can be used for 

analysis of fragment or product ions. Tandem mass spectrometry (MS/MS or MS2) 

facilitates the fragmentation of proteins and peptides to determine their amino acid 

sequence along with identification of PTMs on proteins and peptides and overall improve 

the performance of mass spectrometers (178). Tandem MS requires the selection or 

isolation of precursor ions followed by the fragmentation of those ions to produce 

fragments that are detected to plot the MS/MS spectrum.  

MS/MS fragmentation of selected precursor ions is performed in a fragmentation 

chamber that is interposed of the two mass analyzers, which can result in a series of ion 

fragments. The most commonly used MS/MS fragmentation technique is collision-

induced dissociation (CID), which involves the breakdown of precursor ions by the 

energy imparted by collisions with an inert gas such as nitrogen, argon, or helium. This 

leads to the breakage of the peptide at the C-N bond resulting in the formation of b- and 

y- ions. Another fragmentation method is higher-energy collisional dissociation (HCD), 

which uses higher energy than CID to have more extensive fragmentation. In addition 

to the formation of b- and y- ions, HCD also generates a- ions. HCD results in improved 

identification of peptides with modifications and isobaric labeling such as TMT or iTRAQ 

(179). Electron transfer dissociation (ETD) is another fragmentation method that breaks 

the peptide backbone at N-Cα bond resulting in c- and z- ions (180).  

Current state-of-the-art MS methodology provides super high resolution, sensitivity, and 

MS/MS speed, which help in measuring low amounts of sample proteins with high 

accuracy and robustness. Q-Exactive and Orbitrap Exploris mass spectrometers from 

Thermo Fischer Scientific are hybrid systems with a quadrupole as the mass filter and 
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an orbitrap as the mass analyzer (Figure 11A). These instruments have high accuracy 

and resolving power up to 240,000 at m/z 200 for Q-Exactive and 480,000 at m/z 200 

for Exploris. The newly available mass spectrometer Orbitrap Astral (Asymmetric Track 

Lossless analyzer) comprises of quadrupole-Orbitrap coupled to Astral analyzer (Figure 

11B). Astral analyzer reduces the loss of low ions and improves single ion detection to 

produce 200 MS/MS spectra per second and the Orbitrap slowly produces high-

resolution MS data with high dynamic range (181). Together, it provides faster 

throughput, deeper coverage, higher sensitivity, and accuracy.  

 

Figure 11. Schematic representation of current state-of-the-art mass spectrometers. The primary 
components of mass spectrometers are marked here. A. Orbitrap Exploris 480. It is a hybrid mass 
spectrometer with advanced quadrupole and ultra-high field orbitrap together with a C-trap and HCD for 
fragmentation of precursor ions. B. Orbitrap Astral. It combines quadrupole, Orbitrap, and Astral 
analyzers. This figure was adapted from Stewart et al. 2021 (181) and Denison et al. 2021 (182). 

 
The mass spectrometry data from tandem mass spectrometry can be acquired in a non-

targeted (global) proteomics strategy by two different approaches: data-dependent 

acquisition (DDA) and data-independent acquisition (DIA). In DDA mode, a full scan of 

MS1 is followed by MS2 analysis of only the most intense precursor ions selected from 

the full scan (Figure 12A) (183). The 8Top n9 value specifies the number of the most 

intense precursor ions that will be selected from each full scan for further fragmentation. 

Since only the most intense peaks are chosen for fragmentation, this can result in a lack 

of analysis of low-abundance peptides. The dynamic exclusion strategy can be 

employed to prevent fragmentation of the same m/z ratio multiple times to increase the 

fragmentation of low-abundance precursor ions (184). DDA provides high specificity and 

high-quality MS/MS spectra that can be used to obtain detailed information about the 

sequence of the fragmented ions. It also allows for relative quantification based on 

A. B. 
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precursor ion intensities in the MS1 scan. As a downside, it provides less control over 

the selection of ions for fragmentation concerning order, retention time, and abundance 

of ions.  

 

Figure 12. Schematic depiction of data acquisition modes in mass spectrometry. A) In DDA-MS, the 
8Top n9 number of most intense peaks as shown in colors are selected for further fragmentation in MS2. 
B) In DIA-MS, pre-defined isolation windows cover the complete range of m/z and fragment all the 
precursor ions in each window. This figure was taken from Krasny & Huang 2021 (185). 
 

In DIA mode, the m/z range of precursors is divided into multiple overlapping or 

sequential windows, and all the ions within each window are fragmented at once in each 

MS/MS cycle (Figure 12B) (186). DIA enables comprehensive analysis of both high- 

and low-abundance precursor ions, making it useful in large-scale quantitative 

proteomics. It also provides a more complete dataset, improves reproducibility between 

the replicates, and reduces the missing value problem. However, it results in more 

complex data from the MS/MS spectrum, which are more difficult to analyze and require 

spectral libraries and advanced bioinformatics tools for data analysis (187). For 

quantification and identification in DIA, DIA spectra are compared with a library 

generated from a well-annotated MS2 spectrum from a DDA experiment or a spectral in 

silico library generated from the same DIA experiment (188). In DDA mode, the isolation 

window is typically narrow around 1-2 Th, allowing for precise selection of individual 

precursor ions for fragmentation whereas in DIA mode, isolation windows are wider 

around 10-25 Th to simultaneously fragment all precursor ions within the window. 
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However, advancements in faster mass spectrometers with high-speed acquisition can 

enable DIA to utilize isolation windows as narrow as DDA. This can allow DIA to achieve 

high sensitivity and precision as DDA, for more complex samples while still fragmenting 

all precursor ions in the sample, thereby providing comprehensive coverage with high-

quality MS data (188). 

1.3.3 Quantitative proteomics 

Besides the identification of the proteins present in a biological sample, there is also a 

need to quantify their abundance to assess changes in protein expression under 

different conditions. For quantification of peptides, each peptide is compared individually 

between different experiments or conditions, which can result in variability due to sample 

handling and measurement between experiments. To minimize the technical variability, 

labeling techniques were developed to have more accurate and reliable quantification 

of proteins (189).  

Protein quantification can be categorized as absolute and relative quantification. In 

absolute quantification (AQUA), an internal standard is used to determine the exact 

amounts of the target protein or peptide. This involves spiking a standard isotopically 

labeled peptide with a known concentration into the sample and comparing its intensity 

with the target protein (190). It is relatively more expensive and can only quantify a few 

proteins. On the other hand, relative abundance involves the addition of a chemically 

equivalent differential mass tag, which enables quantitative comparison of proteins 

between different samples with one another. The tags change the mass of protein 

without altering its analytical or biochemical properties (191). It is used to measure 

changes in protein or its abundance between samples or conditions, providing 

information on the up- or down-regulation of proteins. In this approach, the intensity of 

peptides is compared across different conditions. Techniques such as metabolic 

labeling, chemical labeling, enzymatic labeling, or label-free quantification (LFQ) are 

used to generate information about fold changes (Figure 13) (192). 

LFQ can compare the results of two or more conditions by comparing the signal intensity 

of a peptide and the number of acquired spectra identifying that peptide/protein as an 

indication of their respective amounts in a sample (193). Another approach for LFQ is 
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spectral counting, which counts the number of MS/MS spectra assigned to a protein. It 

assumes that more abundant proteins will generate more tandem MS spectra and this 

number can be compared between experiments to get relative quantification. Intensity-

based absolute quantification (iBAQ) can provide more accurate quantification than 

AQUA as it calculates the intensity of a protein by dividing the summed intensity of 

measured peptides by the theoretical number of peptides that could exist from the 

protein of interest (194). A significant advantage of the LFQ method lies in its capacity 

to compare an extensive number of samples and experimental conditions without the 

limitations imposed by labeling strategies. Unlike labeling techniques, which are 

restricted by the number of available labels, LFQ provides greater flexibility, making it 

particularly well-suited for large-scale proteomic studies that require comprehensive, 

unbiased comparison across diverse conditions.  However, LFQ data measured by 

the DDA approach results in a large number of missing values, especially for low-

abundance proteins (195). This can be solved by utilizing the DIA acquisition strategy.  

In the label-based approaches, a label can be incorporated at the protein or peptide 

level using isotopes such as H3, C13, N15, and O18. In metabolic labeling, the stable 

isotopes are incorporated during protein synthesis in a metabolically active cell. A widely 

used method for metabolic labeling is SILAC (stable isotope labeling by amino acids in 

cell culture), where cells are cultured with different isotopes of amino acids to directly 

incorporate labeled amino acids into the newly synthesized proteins (196, 197). It allows 

for direct comparison of protein abundance between different conditions as the proteins 

are mixed before MS sample preparation and therefore minimizes the sample handling 

variability and missing values. The most commonly used amino acids are lysine and 

arginine. These proteins can be digested with trypsin to generate each peptide 

containing at least one labeled amino acid (198). Cells grown in SILAC light and heavy 

medium can be differentiated at the MS1 level based on specific mass differences 

introduced by the SILAC amino acid. It can be applied to study protein turnover with a 

dynamic SILAC or pulsed SILAC approach (199). 
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Figure 13. Mass spectrometry-based quantitative proteomics. The samples can be quantified using 
either a label-free approach or a label-based. In label-based quantification, the samples can be relatively 
quantified based on their labeling using metabolic or chemical methods and are mixed before MS 
measurements. Labeled synthetic peptides can also be used for absolute quantification in different 
samples. This figure was adapted from Käll & Vitek 2011 (200). 
 

In chemical labeling, isotopic tags are covalently attached to peptides or proteins after 

protein extraction. The samples are mixed after the labeling. This involves the addition 

of small isotopic tags chemically such as dimethyl labeling (DML), ICAT (Isotope Coded 

Affinity Tag), TMT (Tandem Mass Tag), or iTRAQ (isobaric tags for relative and absolute 

quantification) (191). In DML, quantification occurs at MS1 levels whereas in TMT, the 

quantification of the peptides is at MS2 level (201). In DML, all primary amines such as 

the N-terminus and the side chain of Lys are converted into dimethylamines in a peptide 

mixture using isotopomers of formaldehyde and cyanoborohydride (202). On the other 

hand, in TMT each variant of the isobaric tag has an equal total mass, which results in 

a single peak at the MS1 level. This tag gets fragmented during MS2 fragmentation and 

is used for the relative quantification of peptides across samples (187). The recent 

advances in TMT reagents have led to the development of TMTpro reagents that can 

provide multiplexing of up to 35 different samples (203). These tags can also be used 

for single-cell proteomics (SCoPE) where two channels contain a carrier and a reference 

sample while other channels have single cells. These carrier and reference channels 
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contain a relatively larger number of cells. This can increase the overall amount of 

peptide from all channels in MS1 and enhance the peptide identification and 

quantification in MS2 (204). 

1.3.4 Phosphoproteomics 

Phosphoproteomics involves studying all the proteins that are phosphorylated in a cell 

at a particular time point. Phosphoproteins can be studied using various techniques like 

Sodium Dodecyl Sulfate- Polyacrylamide Gel Electrophoresis (SDS-PAGE), Two-

Dimensional Gel Electrophoresis (2-DE), Western blotting, and mass spectrometry. 

These techniques can provide varying degrees of information about the presence, 

abundance, and specific position of phosphorylation on proteins. 

Mass spectrometry-based phosphoproteomics provides precise identification and 

mapping of phosphorylation sites, making it a key method for studying the entire 

phosphoproteome under specific conditions. Due to the low abundance of 

phosphorylated peptides in the pool of all the peptides, phosphorylated peptides need 

to be enriched before mass spectrometry-based phosphoproteomics measurements. 

PTMs also need to remain stable during sample preparation and data acquisition for 

their accurate identification. Frequently used techniques for phosphopeptide enrichment 

include immunoaffinity chromatography, metal oxide affinity chromatography (MOAC) 

using titanium dioxide or zirconium dioxide beads (205, 206), and immobilized metal 

affinity chromatography (IMAC) using metal ions of iron, zirconium, gallium, aluminum 

or titanium (207-211). IMAC and MOAC techniques are based on the interaction 

between the negative charge on the phosphate group and the positive charge on metal 

ions or metal oxides bound to a stationary phase, which results in the enrichment of 

phosphopeptides. However, IMAC can also bind non-phosphorylated peptides due to 

the presence of negative charge on acidic amino acids such as aspartate and glutamate. 

This leads to the enrichment of non-phosphorylated peptides alongside phosphorylated 

peptides (212). Immunoaffinity chromatography utilizes antibodies such as phospho-

tyrosine antibodies to immunoprecipitate tyrosine-phosphorylated peptides. 

Esterification of carboxyl groups or non-phosphopeptide excluders like organic acids 

can be utilized to selectively eliminate the binding of non-phosphorylated peptides. 
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MOAC is more stable, more selective, and resistant to interfering agents such as salts 

or detergents (213). TiO2 enrichment has been shown to have a better selection for 

multiply phosphorylated peptides whereas ZiO2 performs better for singly 

phosphorylated peptides (214). The workflow of phosphopeptide enrichment involves 

acidification of all digested peptides to ensure deprotonation of the phosphate group and 

protonation of acidic amino acids to prevent binding of non-phosphorylated peptides to 

the metal. This is followed by washing to remove any non-specific peptides. Finally, the 

phosphorylated peptides are eluted using alkaline buffers with pH 10-11 (215). 

1.3.5 Applications of phosphoproteomics to pathogenic bacteria 

To identify and study the substrates and functional roles of Ser/Thr kinases, various 

strategies can be employed that will provide unique insights into kinase activity, their 

substrate specificity, and the physiological role of the kinase. This includes genetic 

manipulation and affinity purification of kinases and substrates followed by mass 

spectrometry-based phosphoproteomics and computational analysis. Kinase knockout 

mutants and overexpression can be studied to help determine their physiological role in 

bacteria. These physiological changes can be associated with specific signaling 

pathways affected by the absence or overproduction of the kinase. This approach allows 

for identification of critical pathways and processes affected by the kinase such as 

overproduction of a kinase YjjJ led to longer cell type, indicating its potential role in 

regulating cell division pathways.  

Screenings for genes that can suppress or mimic the kinase mutant phenotype help 

identify functionally interacting genes. However, this requires further testing using 

biochemical approaches to establish a direct association as they may be directly 

interacting with the kinase or participating in the same signaling pathway. Site-directed 

mutagenesis can be used to modify specific regions on the kinase or substrate to 

precisely identify the site of phosphorylation and the functional consequence of 

phosphorylation in regulating protein activity. 

Global proteome and phosphoproteome profiling of kinase knockout and overexpression 

strains under specific conditions can help in understanding their overall impact on the 

proteome. Changes in protein levels or their phosphorylation state can indicate a direct 
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or indirect association with the overexpression or absence of kinase. This technique is 

highly useful in identifying potential substrates of a kinase and its impact on cellular 

processes. Many studies have been done in different bacteria where a kinase is 

overexpressed and then phosphoproteome has been measured to identify their 

substrates such as Ser/Thr kinases HipA and YeaG in E. coli (98, 216). Affinity 

purification can be combined with mass spectrometry to identify proteins directly 

interacting with the kinase. This can provide insights into the protein-protein and protein-

gene interactions to map out the interactome of a kinase and identify its substrates and 

regulatory proteins. High-throughput screening methods can be applied to identify 

the substrates of a kinase and its interaction partners. Computational analysis can also 

be used to predict kinase recognition motifs and substrate specificity, offering an initial 

screening for potential substrates. These predictions offer a faster screening of a large 

number of substrates to narrow down the list of candidates for further testing with wet 

lab experiments. Bioinformatics and machine learning approaches can be used to model 

and predict interactions between the kinase and substrate, providing a better 

understanding of signaling pathway. 
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2. Aims and Objectives 

Ser/Thr kinases have been shown to play a crucial role in bacterial survival and 

adaptation, regulating key processes such as virulence, dormancy, spore formation, 

metabolism, and antibiotic persistence. With the growing problem of antibiotic resistance 

in pathogenic bacteria, novel therapeutic strategies are urgently needed to eradicate 

these resistant strains. Persister cells, which are associated with the relapse of chronic 

infections and the emergence of antibiotic resistance, are of particular concern. 

Therefore, understanding the genes involved in inducing bacterial persistence is 

essential. The Ser/Thr kinase HipA from E. coli has been extensively studied for its role 

in bacterial persistence. The aim of my thesis was to characterize HipA-like Ser/Thr 

kinases in E. coli and K. pneumoniae using quantitative phosphoproteomics to identify 

their substrates and examine their impact on the proteome and regulation of key 

bacterial cellular pathways. To achieve this, I studied the overexpression of these 

kinases and kinase mutants in bacterial cells to assess their effects on bacterial growth, 

both in the presence and absence of antibiotic exposure. Following this, I conducted 

quantitative mass spectrometry analysis to measure the bacterial phosphoproteome, 

followed by extensive data analysis to identify putative kinase substrates and their 

functional roles. Specific aims and objectives for each chapter were as follows: 

1. E. coli Toxin YjjJ (HipH) Is a Ser/Thr Protein Kinase That Impacts Cell 

Division, Carbon Metabolism, and Ribosome Assembly 

The main objective was to validate the substrates of Ser/Thr kinase YjjJ in E. 

coli and identify its direct targets. 

a) Proteome and phosphoproteome analysis of ∆hipBA E. coli cells 

overexpressing YjjJ and kinase-dead YjjJ to identify its direct substrates. 

b) In vitro kinase assay with purified proteins followed by mass spectrometry 

to confirm direct phosphorylation of putative substrates by YjjJ. 

c) Analysis of the effect of phosphorylation by YjjJ on the substrate CsrA. 

d) Phenotypic characterization of ∆yjjJ E. coli mutant. 
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2. Deep phosphoproteomics of Klebsiella pneumoniae reveals HipA-

mediated tolerance to ciprofloxacin 

The main objective was to characterize the Ser/Thr kinase HipA in K. 

pneumoniae and identify its phosphorylation targets. 

a) Comparison of sequence and structure of HipA and HipB in E. coli and K. 

pneumoniae. 

b) Bioinformatic sequence analysis of the HipA gene in different bacteria. 

c) Phenotypic characterization of overexpression of hipAkp in E. coli and K. 

pneumoniae to study its effect on bacterial growth. 

d) Proteome and phosphoproteome analysis of overproduced HipAkp to 

identify its putative substrates in E. coli and K. pneumoniae 

e) Evaluation of the effect of overproduced HipAkp on antibiotic tolerance to 

gentamicin and ciprofloxacin to study its effect on bacterial growth and 

phosphoproteome. 

f) Comparison of different K. pneumoniae phosphoproteome datasets. 
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3. Results 

3.1 Manuscript I 

Recent progress in quantitative phosphoproteomics (Published) 

 

Expert Review of Proteomics. 2023 Dec 2;20(12):469-82.  

DOI: 10.1080/14789450.2023.2295872 
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3.2 Manuscript II 

E. coli Toxin YjjJ (HipH) is a Ser/Thr protein kinase that impacts cell 

division, carbon metabolism, and ribosome assembly (Published) 

 

mSystems. 2023 Feb 23;8(1):e01043-22.  

DOI: 10.1128/msystems.00549-21 
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3.3 Manuscript III 

Deep phosphoproteomics of Klebsiella pneumoniae reveals HipA-

mediated tolerance to ciprofloxacin (Under Revision) 
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Abstract 

Klebsiella pneumoniae belongs to the group of bacterial pathogens causing the majority 

of antibiotic-resistant nosocomial infections worldwide; however, the molecular 

mechanisms underlying post-translational regulation of its physiology are poorly 

understood. Here we perform a comprehensive analysis of Klebsiella 

phosphoproteome, focusing on HipA, a Ser/Thr kinase involved in antibiotic tolerance in 

Escherichia coli. We show that overproduced K. pneumoniae HipA (HipAkp) is toxic to 

both E. coli and K. pneumoniae and its toxicity can be rescued by overproduction of the 

antitoxin HipBkp. Importantly, HipAkp overproduction leads to increased tolerance against 

ciprofloxacin, a commonly used antibiotic in the treatment of K. pneumoniae infections. 

Proteome and phosphoproteome analyses in the absence and presence of ciprofloxacin 

confirm that HipAkp has Ser/Thr kinase activity, auto-phosphorylates at S150 and shares 

multiple substrates with HipAec, thereby providing a valuable resource to clarify the 

molecular basis of tolerance and the role of Ser/Thr phosphorylation in this human 

pathogen. 

Author Summary 

Klebsiella pneumoniae is a bacterial pathogen that causes hospital-acquired infections 

in immuno-compromised patients, often becoming resistant or tolerant to multiple 

antibiotics. These bacteria are becoming increasingly difficult to treat due to the relapse 

of infection by multidrug tolerant persister cells. These bacteria are a huge burden to 

healthcare systems and are becoming increasingly resistant to all available antibiotics. 

Our research focuses on characterizing HipA in K. pneumoniae, an E. coli kinase known 

to be involved in persistence. We studied HipA-dependent protein phosphorylation in K. 

pneumoniae to understand the mechanism of persistence. We also found HipA induces 

antibiotic tolerance, where HipA-induced K. pneumoniae persister cells survived 

ciprofloxacin treatment but not gentamicin. To the best of our knowledge, this is the first 

study that addresses post-translational regulation in K. pneumoniae and connects 

protein phosphorylation with drug tolerance in this important human pathogen. This 

study will be a valuable resource for both microbiologists and systems biologists in better 

understanding of persister infections. 
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Introduction 

Klebsiella pneumoniae is a Gram-negative, extended-spectrum β-lactamase (ESBL)-

producing, pathogenic bacterium that causes hospital-acquired infections in 

immunocompromised patients but also community-acquired infections in healthy 

individuals (1). K. pneumoniae poses a severe risk, causing potentially deadly infections 

like bloodstream infections and pneumonia, especially in healthcare environments with 

vulnerable patients and medical devices. The bacteria belong to the <ESKAPE= group 

of antimicrobial resistant and virulent pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, Enterobacter spp.), causing the majority of nosocomial 

infections worldwide (2). Furthermore, the WHO considers K. pneumoniae as a Priority 

I pathogen for the development of novel antibiotics due to the escalating resistance 

against antibiotics including last-resort antimicrobials (3, 4).  

Antibiotic tolerance, defined as the ability of a whole bacterial population to survive a 

transient antibiotic exposure to concentrations much higher than the minimum inhibitory 

concentration (MIC) is an alternative mechanism enabling evasion of antibiotic therapy 

and causing relapse of infections. Extended exposure to an antibiotic, as opposed to a 

higher dosage of the drug, can cause the same amount of killing in tolerant and sensitive 

cells (5). Antibiotic tolerance plays a significant role in shaping the evolutionary 

dynamics of bacterial populations subjected to repeated antibiotic treatments. Notably, 

it was reported that antibiotic tolerance promotes the subsequent emergence of 

antibiotic resistance (6, 7). The molecular mechanisms of tolerance are also linked with 

the time-dependent antibiotic persistence, which emerges in a heterogenous population 

of clonal bacteria when only a subpopulation develops tolerance. These time-dependent 

persisters exhibit a biphasic killing curve characterized by slow growth and are 

insensitive to substantially high concentrations of antibiotics (5). Therefore, persister 

cells are phenotypic variants of the normal sensitive population of cells with the ability 

to survive high concentrations of antibiotic exposure (8, 9).  

K. pneumoniae has the ability to produce persister cells, and their development was 

shown to be strongly stimulated by stationary-phase related environmental cues and 
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sublethal concentrations of antibiotics (10). Exposure to various bactericidal antibiotics 

commonly employed in the treatment of K. pneumoniae infections has revealed the 

presence of multidrug-tolerant persister cells in both laboratory and clinical strains, as 

determined through time-dependent killing curves (11). Additionally, persister cells have 

been identified in clinical isolates from individuals experiencing recurring bloodstream 

infections, demonstrating genomic alterations in relapsed isolates that evolved within 

the host (12). However, the mechanisms underlying the formation of these multidrug-

tolerant persister cells in K. pneumoniae are understudied, although this knowledge 

could be important for managing chronic infections more efficiently and devising 

strategies to eliminate persisters.  

HipA is a well-characterized protein in Escherichia coli (HipAec) that was previously 

shown to induce persistence and be involved in antibiotic tolerance (13, 14). Acting as 

its antitoxin, HipB, a DNA-binding transcriptional regulator, binds to HipA, forming a 

HipBA protein complex that represses its own operon under normal conditions (15). 

Degradation of HipB by Lon proteases, upregulated during stress conditions, results in 

the release and activation of HipA (16). HipAec is a Ser/Thr kinase that phosphorylates 

glutamyl-tRNA synthetase (GltX) causing accumulation of uncharged Glu-tRNA. This in 

turn halts translation, leading to the activation of the stringent response and induction of 

persistence by RelA-mediated synthesis of the alarmone ppGpp (17, 18). 

Phosphoproteomic study based on over-expression of hipAec has shown that HipAec 

phosphorylates multiple proteins in addition to the well-described substrate GltX (19). A 

more recent bioinformatics study showed that HipA-like kinases are abundant across 

different bacterial species, and revealed the presence of a homolog in K. pneumoniae 

(20). Due to the association of hipA-related genes to antibiotic tolerance and 

persistence, we hypothesized that the HipA-homolog in K. pneumoniae may have a 

similar function to HipAec and set out to investigate its activity and targets in this 

important human pathogen. 

For the molecular characterization of the HipA-homolog in K. pneumoniae, we designed 

a series of experiments to analyze the effect of hipAkp overexpression in E. coli and K. 

pneumoniae cells. Using quantitative mass spectrometry-based phosphoproteomics 
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(21), we measured and analyzed the phosphoproteome of HipAkp- overproducing cells 

to identify the potential substrates of HipAkp and also assessed its effect on antibiotic 

tolerance. Here we show that hipAkp overexpression is toxic to the cells and toxicity can 

be partially rescued by hipBkp overexpression. We confirmed that HipAkp is a Ser/Thr 

kinase that autophosphorylates at S150 and T158 and also phosphorylates GltX at S239 

in both E. coli and K. pneumoniae. In addition to GltX, we discovered numerous 

additional putative substrates of the kinase, involved in translation, transcription, cell 

division and central metabolism. Finally, we found that overexpression of hipAkp leads 

to tolerance against the fluoroquinolone antibiotic ciprofloxacin, thereby connecting the 

function of this kinase with antibiotic tolerance in Klebsiella.  

Results 

1.1 hipB/A operon is conserved across Klebsiella and other bacteria  

The hipB/A operon is established as one of the main drivers of antibiotic tolerance in E. 

coli; therefore, we first compared the amino acid sequence of HipB/A with its putative 

homolog in K. pneumoniae. Pairwise sequence alignment using pBLAST showed that 

HipAkp and HipBkp shared 69% and 56% of sequence identity with HipAec and HipBec, 

respectively (Fig. 1A, figs. S1A and S1B). The alignment of the HipAkp structure as 

predicted by AlphaFold (22, 23) with the experimentally determined HipAec structure (24) 

showed a high degree of conservation (RMSD 0.444 Å), including within the ATP and 

Mg2+ ion binding pockets important for kinase activity (Fig. 1B). Furthermore, several 

residues known to be essential for kinase activity were conserved between HipAkp and 

HipAec, such as the autophosphorylation site S150, the catalytic residue D309, the 

residue L181 involved in ATP-binding, and the residues N314 and D332 involved in Mg2+ 

binding (13) (fig. S1A). Alignment of the AlphaFold-predicted structure of HipBkp with 

the experimentally determined structure of HipBkp (24) showed a similar degree of 

conservation (RMSD 0.405 Å) (fig. S1C).  

Protein BLAST analysis showed that the HipAkp is conserved and present in different 

species of Klebsiella, with the mean percent identity varying from 95% to 99% in different 

isolates of the same genus, species and subspecies (Fig. 1C). For further visualization 

of the presence of HipAkp across all organisms, we plotted the percentage of sequence 
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identity of HipAkp homologs from the top 5,000 protein BLAST hits and determined that 

the sequence identity reaches up to 70% in many Gram-negative bacteria such as E. 

coli and bacteria belonging to the genus Shigella, Serratia and Salmonella. Some of the 

genera were under-represented due to the large number of hits originating from 

Klebsiella and E. coli (fig. S1D). Combined, these results showed high structural 

similarity of HipB/A between K. pneumoniae and E. coli, as well as conservation of HipA 

among many Gram-negative bacteria. 

 

Fig. 1 Bioinformatic analysis of hipAkp and hipBkp. A) Schematic representation of the hipB/A 
operon in K. pneumoniae and E. coli. The numbers indicate the percent identity of HipA and 
HipB between the species. B) Alignment of AlphaFold predicted structure of HipAkp, UniProt ID: 
A6T928 (cyan), with the experimentally determined structure of HipAec, PDB ID: 3DNT (orange), 
together with ATP (sticks), and Mg2+ molecules (yellow spheres), in the conserved pocket. C) 
Distribution of percentage of sequence identity of HipAkp homologs within the Klebsiella genus 
and the number of hits obtained upon analyzing the top 1,000 results from protein BLAST of 
HipAkp protein with all the default settings except limiting the organism search to <Klebsiella 
(taxid:570)= as <Organism= in Standard settings. 

 

1.2 Overproduction of HipAkp in E. coli is toxic to the cells and can 

be counteracted by HipBkp  

To investigate the role of hipAkp, we first analyzed its effect on growth and viability of E. 

coli cells in LB medium. As previously reported for hipAec, overexpression of hipAkp was 

expected to be toxic to the cells. Therefore, we ectopically expressed hipAkp in E. coli 

under the control of an arabinose-inducible promoter with optimized Shine-Dalgarno 



 

95 
 

sequence (25). We observed that overexpression of hipAkp was highly toxic to E. coli 

cells, resulting in reduction of their growth after 1 h post-induction by three-fold and 

survival by 2.5-fold, as measured by optical density (OD600nm) and colony forming units 

(CFU), respectively (Fig. 2A). To determine whether the overproduction of HipBkp 

counteracted the activity of hipAkp in E. coli, we simultaneously overexpressed hipAkp 

and hipBkp from different plasmids. Compared to the growth of E. coli overexpressing 

only hipAkp, simultaneous overproduction of hipBkp restored the growth of hipAkp-

overexpressing E. coli + hipAkp + hipBkp and therefore reversed the hipAkp-related toxic 

phenotype (Fig. 2B). We therefore concluded that overproduced HipAkp and HipBkp act 

as a canonical toxin/antitoxin pair in E. coli.   

1.3 HipAkp has Ser/Thr kinase activity in E. coli and phosphorylates 

multiple substrates  

Based on the sequence homology of HipAec and conserved kinase and ATP-binding 

domains (fig. S1A), we postulated that HipAkp has kinase activity. In order to identify its 

putative substrates, we overexpressed hipAkp in E. coli and performed quantitative 

phosphoproteome analysis using liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS). At the proteome level, we measured more than eight-fold 

increase in HipAkp in the cells upon hipAkp overexpression for 1 h in comparison with the 

empty pBAD33 vector control. These results confirmed the efficiency of the hipAkp 

overexpression strategy (Fig. 2C, Dataset S1 Table T1).  

At the phosphoproteome level, we identified 317 phosphorylation sites on 189 proteins 

in E. coli + hipAkp 1 h post-induction, with an excellent correlation between the replicates 

(Fig. 2D, Dataset S1 Table T2). Upon HipAkp overproduction, we reproducibly detected 

increased phosphorylation of multiple substrates; among them was phosphorylation of 

GltX at position S239, which showed more than 16-fold increase in all replicates (figs. 

S2A and S2B, Dataset S1 Table T2). Importantly, the level of GltX protein did not 

significantly change upon HipAkp overproduction (Dataset S1 Table T1), which 

attributed the observed increase in phosphorylation to HipAkp kinase activity. In addition, 

we also detected autophosphorylation of HipAkp at S150 and T158 (the former with 
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significantly higher abundance). These measurements indicated that overproduced 

HipAkp has kinase activity and identified GltX as its major substrate in E. coli. 

 

Fig. 2 Effect of overexpression of hipAkp in WT E. coli cells. A) Growth curves of E. coli 
containing the empty pBAD33 vector and pBAD33::hipAkp. The expression of hipAkp is under the 
control of the arabinose-inducible promoter. After the cells reached an OD600nm of 0.3, 
expression of hipAkp was induced with 0.2% arabinose for 1 h. Growth was monitored by 
absorbance measurements at OD600nm and viability was determined by CFU quantification. Data 
shown are mean values ± SD of three independent biological replicates. Bacteria were 
harvested at 1 h post-induction for proteome and phosphoproteome analysis. B) Growth curves 
of E. coli carrying pBAD33::hipAkp alone or together with plasmid pGOOD::hipBkp , in which 
hipBkp is under the control of an IPTG-inducible promoter. Overnight cultures of the bacteria 
were used to inoculate the cultures for the assay at 0.08 OD600nm in medium containing 0.2% 
arabinose and 1 mM IPTG. As a control, one set of samples was left uninduced and one strain 
carrying and expressing only hipAkp. The growth was followed via OD600nm measurements for 5 
h in a plate reader (Tecan). The growth curve is based on mean values ± SD of three 
independent biological replicates. C) The same strains from growth experiment were labeled by 
dimethyl labeling for quantitative analysis as follows: WT E. coli with empty vector was labeled 
as <Light=, whereas WT E. coli with hipAkp- expressing plasmid was labeled as <Medium=. 
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Quantified proteins represented as log2 ratio between WT E. coli pBAD33::hipAkp and WT empty 
vector strain showing significant up-regulation of hipAkp as marked in red. D) Distribution of 
quantified phosphorylation sites upon hipAkp overexpression in WT E. coli background, based 
on log2 ratio between WT pBAD33::hipAkp and WT empty vector, showed high correlation 
between the two replicates. The phosphorylation sites changing at least four-fold in 
phosphorylation upon hipAkp overexpression were numbered and listed in the graph. The name 
of the phosphorylated protein and the amino acid phosphorylated and the position of the amino 
acid within the protein sequence are indicated. The size of each phosphorylation site in the 
scatter plot corresponds to its respective peptide score and scale is provided on the top left 
corner of the plot. Color scale at the bottom of graph is indicative of density to two points in 
plane, with values closer to 1 not changing their ratio and closer to 0 changing the ratios in both 
replicates. 

 

1.4 HipAkp activity is toxic to K. pneumoniae cells and partially 

counteracted by HipBkp  

We next overexpressed hipAkp in K. pneumoniae. To this end, we used the K. 

pneumoniae isolate ATCC13883 (wild type, WT), which harbors the hipB/A operon on 

the chromosome. First, we generated a deletion mutant of the hipAkp gene (∆hipA) and 

assessed the impact of the deletion on growth and viability of K. pneumoniae by 

measuring the optical density (OD600nm) and CFU levels. We observed that growth of 

the ∆hipA mutant was almost identical to that of the WT in LB over a 24 h incubation 

period. Likewise, the deletion of hipA did not affect survival of K. pneumoniae in 

exponential phase and resulted in a slight reduction of CFU/ml in stationary phase (fig. 

S3A). We next overexpressed hipAkp from the pBAD33 vector in both WT and ∆hipA K. 

pneumoniae. The overproduction of HipAkp decreased growth and viability by a three-

fold at 1 h post-induction (Fig. 3A). We tested if the overexpression of hipBkp in K. 

pneumoniae WT + hipAkp and ∆hipA + hipAkp could counter the toxic effect of hipAkp 

expression. We observed that bacteria expressing both hipAkp and hipBkp grew better 

than ∆hipA + hipAkp indicating that HipBkp partially rescued the toxic effect of HipAkp (Fig. 

3B). These results point to a similar role of the antitoxin HipB in K. pneumoniae and E. 

coli cells. 
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Fig. 3 Effect of overexpression of hipAkp in K. pneumoniae. A) Growth curves of WT K. 
pneumoniae harboring the empty pBAD33 plasmid and pBAD33::hipAkp and ∆hipA containing 
pBAD33::hipAkp with expression under the control of arabinose-inducible promoter. The strains 
were grown in LB Lennox and induced with 0.2% arabinose at OD600nm 0.3 for 1 h and growth 
was followed by optical density at OD600nm and CFU for viability on plate. The plots are 
representative of mean values ± SD of three independent biological replicates. Samples were 
harvested at 1 h post-induction for proteome and phosphoproteome analysis. B) Growth curves 
of ∆hipA K. pneumoniae carrying pBAD33::hipAkp and pGOOD::hipBkp in which expression of 
hipAkp and hipBkp is under the control of arabinose-inducible and IPTG-inducible promoters, 
respectively. Cultures were started at 0.05 OD600nm and grown till OD600nm of 0.3 and induced 
with 0.2% arabinose and 1 mM IPTG. Uninduced conditions served as controls. The growth was 
followed via optical density for approximately 5 h in a plate reader. Mean values ± SD of three 
independent experiments are shown. C) The following strains were compared quantitatively by 
chemical labeling: WT with empty vector (labeled <Light=), WT with hipAkp- expressing plasmid 
(labeled <Medium=) and ∆hipA with hipAkp- expressing plasmid (labeled <Heavy=). Quantified 
proteins represented as log2 ratio between ∆hipA K. pneumoniae pBAD33::hipAkp and WT empty 
vector with good correlation between two independent replicates, showing significant increase 
in HipAkp levels, marked in red. D) Distribution of quantified phosphorylation sites upon hipAkp 

overexpression in WT and ∆hipA background, based on log2 ratio between WT K. pneumoniae 
pBAD33::hipAkp and WT empty vector vs ∆hipA K. pneumoniae pBAD33::hipAkp and WT empty 
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vector showed good correlation between these two backgrounds. The phosphorylation sites 
changing at least four-fold in phosphorylation upon hipAkp overexpression have been numbered 
and listed here. 

 

1.5 HipAkp phosphorylates itself, GltX and additional substrates in K. 

pneumoniae 

To investigate in vivo HipAkp activity and identify its potential targets in K. pneumoniae, 

we used a quantitative phosphoproteomics approach. We induced expression of hipAkp 

from pBAD33 in WT and ∆hipA K. pneumoniae in LB medium for 1 h and performed LC-

MS/MS analysis. The results revealed a 16-fold increase in HipAkp levels in the ∆hipA 

(Fig. 3C) and WT background (fig. S3B) as compared to the empty vector (Dataset S1 

Table T3). Reproducibility between the proteome and phosphoproteome of three 

replicates in both WT and ∆hipA background with HipAkp overproduction was high (fig. 

S3B). At the phosphoproteome level, we identified a total of 747 phosphorylation sites, 

belonging to 417 phosphoproteins (Dataset S1 Table T4). Upon HipAkp overproduction, 

we reproducibly detected increased autophosphorylation of HipA on S150 and T158 by 

more than 16-fold, as well as phosphorylation of GltX on S239, also by 16-fold, in both 

WT and ∆hipA K. pneumoniae backgrounds (Fig. 3D). Several additional 

phosphorylation sites in other proteins were up-regulated compared to bacteria 

harboring the empty pBAD33 vector, indicating that HipAkp acts on multiple substrates 

that may play a role in the toxic phenotype (figs. S3C and S3D). 

1.6 HipAkp overproduction in K. pneumoniae leads to increased 

tolerance to ciprofloxacin, but not to gentamicin  

We next investigated the effect of HipAkp overproduction on growth and survival of K. 

pneumoniae in the presence of gentamicin or ciprofloxacin, antibiotics commonly used 

in treatments of K. pneumoniae infections. We first determined the susceptibility of the 

K. pneumoniae isolate ATCC13883 to gentamicin, an aminoglycoside that inhibits 

protein synthesis, and found that a concentration above 3 µg/mL led to complete growth 

inhibition after 24 h of exposure. We then exposed the cells with and without hipAkp 

overexpression to 4 µg/mL gentamicin and did not observe any influence of hipAkp on 



 

100 
 

survival of K. pneumoniae cells (Fig. 4A, fig. S4A). These results were in agreement 

with a previously published antibiotic tolerance test where it was shown that HipAec 

conferred protection against several different classes of antibiotics but not against the 

aminoglycoside tobramycin (13). We next focused on ciprofloxacin, a fluoroquinolone 

antibiotic that inhibits DNA replication in growing cells. Ciprofloxacin was shown to be 

effective in the treatment of K. pneumoniae infections (26) and was previously used for 

testing antibiotic tolerance in E. coli (27). We determined the susceptibility of the K. 

pneumoniae isolate ATCC13883 against ciprofloxacin and found that concentration 

above 0.5 µg/mL led to complete growth inhibition after 24 h of exposure (fig. S4B). K. 

pneumoniae WT and ∆hipA expressing hipAkp from pBAD33 were exposed to 1 µg/mL 

ciprofloxacin for 2 h. Bacteria under uninduced conditions and bacteria harboring the 

empty pBAD33 vector were used as negative controls. The proteome measurement 

confirmed the overproduction of HipAkp in the induced strains after 2 h of ciprofloxacin 

treatment. Importantly, only cells expressing hipAkp showed survival after 2 h of 

ciprofloxacin treatment with mean log10 CFU/ml value of 8. In contrast, the viability of 

the negative controls was six orders of magnitude lower (log10 CFU/ml value of 2) (Fig. 

4B). We therefore conclude that HipAkp has a clear impact on antibiotic tolerance against 

ciprofloxacin in K. pneumoniae under the tested conditions, as also previously observed 

for hipAec in E. coli (13).  

1.7 Phosphoproteome analysis reveals potential HipAkp substrates in 

ciprofloxacin-treated K. pneumoniae 

In order to detect the hipAkp targets potentially involved in the antibiotic survival, we 

overexpressed hipAkp in ∆hipA K. pneumoniae strain, treated the culture with 

ciprofloxacin for 2 h and compared the phosphoproteome results with uninduced and 

empty vector controls. At the proteome level, we identified a total of 1,889 proteins and 

confirmed HipAkp overproduction upon induction (Fig. 4C, fig. S4C, Dataset S1 Table 

T5). It should be noted that we also observed a slight increase in HipAkp levels in the 

uninduced cells, indicating leaky expression of hipAkp from the pBAD33 plasmid without 

induction by arabinose and absence of glucose (fig. S4D, Dataset S1 Table T5). 
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At the phosphoproteome level, we identified 547 phosphorylation sites that showed a 

high correlation between biological replicates (Fig. 4D, Dataset S1 Table T6). After 2 h 

of ciprofloxacin treatment we observed a similar set of phosphorylation sites upregulated 

in hipAkp overexpressing cells, including the autophosphorylation and phosphorylation 

of GltX at S239, as compared to untreated hipAkp overexpressing cells (Fig. 4D, figs. 

S4E and S4F, Dataset S1 Table T5). These results indicate that overproduction of 

HipAkp induced tolerance to ciprofloxacin by phosphorylating target proteins. All the 

putative phosphorylation sites of HipAkp have been listed in Table T4 with the frequency 

of their occurrence to be more than four-fold increased or only identified upon hipAkp 

overexpression (Datasheet S1 Tables T4, T6 and T8).  

 

Fig. 4 Effect of over-expression of hipAkp on antibiotic tolerance in K. pneumoniae. A) 
Growth curve of WT and ∆hipA K. pneumoniae strains transformed with pBAD33 and 
pBAD33::hipAkp, respectively in which hipAkp expression was driven by the arabinose-inducible 
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promoter. Strains were grown in LB Lennox medium and expression was induced at OD600nm of 
0.3 for 1 h followed by treatment with 4 µg/mL gentamicin for 2 h. Growth was followed via optical 
density and viability by measuring colony forming units. B) Growth curve of K. pneumoniae WT 
and ∆hipA strains transformed with pBAD33 and pBAD33::hipAkp with hipAkp expression driven 
by the arabinose-inducible promoter. Strains were grown in LB Lennox medium and expression 
was induced at OD600nm of 0.3 for 1 h followed by treatment with 1 µg/mL ciprofloxacin for 2 h. 
Growth was followed via optical density and viability by measuring colony forming units. The 
plots are representative of mean values ± SD of three independent biological replicates. C) The 
three strains were labeled as: WT with empty vector (<Light=), ∆hipA with hipAkp- expressing 
plasmid uninduced (<Medium=) and ∆hipA with hipAkp- expressing plasmid induced (<Heavy=). 
Quantified proteins after 2 h of ciprofloxacin treatment represented as log2 ratio between ∆hipA 
K. pneumoniae pBAD33::hipAkp and WT empty vector strain with good correlation between two 
independent replicates, showing significant up-regulation of HipAkp as marked in red. D) 
Distribution of quantified phosphorylation sites after 2 h of ciprofloxacin treatment upon hipAkp 

overexpression, based on log2 ratio between the two independent replicates of ∆hipA K. 
pneumoniae pBAD33::hipAkp and WT empty vector shows good correlation. The 
phosphorylation sites changing at least four-fold in phosphorylation upon hipAkp overexpression 
and ciprofloxacin treatment have been highlighted and listed here. 

 

1.8 K. pneumoniae phosphoproteome reveals numerous pathways 

that are potentially regulated at the post-translational level  

Our study provided the most comprehensive phosphoproteome dataset for K. 

pneumoniae so far (28-31), containing a total of 1439 phosphorylation sites from 741 

proteins and a total of 2128 proteins from all experiments (Table S3 and S4, Dataset 

S1 Tables T9 and T10). 37% phosphoproteins and 27% phosphopeptides occurred in 

multiple sets of independent experiments (Fig. 5A and 5B). Further analysis revealed 

the distribution of phosphorylated serine, threonine and tyrosine was 46.2%, 39.7% and 

14.0%, respectively (Fig. 5C) Functional enrichment analysis performed on all identified 

phosphoproteins revealed the cellular processes potentially regulated by 

phosphorylation (Fig. 5D, Dataset S1 Table T11). Phosphoproteins were distributed 

across numerous cellular functions, with a significant proportion implicated in translation 

and RNA-binding. Additionally, many were associated with glycolysis, purine and 

pyrimidine biosynthesis and DNA repair. The comparison of all previously published K. 

pneumoniae phosphoproteomics datasets (28-30) with our combined dataset (Dataset 

S1 Table T9) revealed a large number of novel phosphoproteins and phosphopeptides 

that were previously unreported (Fig. 5E and 5F). This dataset will serve as a valuable 
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resource for researchers interested in studying protein phosphorylation in K. 

pneumoniae. 

 

Fig. 5 Overview of the K. pneumoniae phosphoproteome datasets. A) and B) Venn diagram 
comparing the three phosphoproteome datasets of K. pneumoniae obtained in our study 
showing the overlap between phosphoproteins (A) and phosphopeptides (B) between them. C) 
Distribution of all phosphorylated serine (pS), threonine (pT) and tyrosine (pY) identified in the 
combined dataset from three experiments, showing the number of phosphorylation sites of each 
amino acid in bracket. D) Functional enrichment of phosphorylated proteins showing the fold 
enrichment and number of proteins phosphorylated in that pathway. E) Comparison of all 
previously published phosphoproteome datasets for K. pneumoniae with our dataset for the 
number of phosphoproteins and phosphopeptides identified. F) Analysis of the overlap between 
the number of phosphopeptides identified in K. pneumoniae in our study and those in published 
K. pneumoniae phosphoproteome (28-31). 



 

104 
 

Discussion 

K. pneumoniae is a leading cause of nosocomial infections able to cause invasive 

infections and outbreaks in hospitals (32-34). A particular threat to human health is the 

emergence of carbapenem resistant strains that are associated with a high mortality rate 

and limited therapeutic options (35). Moreover, there are increasing reports of 

carbapenem resistant hypervirulent strains of K. pneumoniae (36-38). Protein post-

translational modifications (PTMs) play a vital role in regulating the function of various 

cellular processes, which can either lead to the activation or inactivation of the protein 

activity (39). Protein phosphorylation is one of the major PTMs that provides a universal 

mechanism to regulate a large variety of process and several recent quantitative 

phosphoproteomics studies have focused on the molecular function of Ser/Thr kinases, 

such has HipA, HipA7 and YjjJ (HipH) in E. coli (19, 40). Due to the limited number of 

studies addressing antibiotic tolerance of K. pneumoniae at the molecular level, we 

investigated the phosphoproteome of K. pneumoniae cells after the overproduction of 

the kinase HipA. We hypothesized that the hipB/A operon from K. pneumoniae 

(hipB/Akp) has similar functions to the well-characterized hipB/A operon from E. coli 

(hipB/Aec), which is implicated in antibiotic tolerance and persistence. Although the 

primary sequence identity was lower than 70%, structural regions and residues essential 

for HipA kinase activity were conserved in both organisms. In addition, alignment of 

predicted and experimentally determined 3D-structures revealed a high level of 

conservation of the overall structure with a low RMSD value of 0.4 Å (41).  

Using MS-based proteomics, we first showed that overexpression of hipAkp in E. coli led 

to the inhibition of growth, which could be restored upon simultaneous hipBkp induction. 

These experiments indicated the in vivo kinase activity of the HipAkp and its interplay 

with HipBkp. Phosphoproteome analysis upon hipAkp induction in E. coli showed a variety 

of potential substrates of HipAkp including the well-known target of hipAec, GltX at S239. 

Since K. pneumoniae and E. coli have different genetic backgrounds, we expected 

different HipA substrate pools in the two organisms. Therefore, we next analyzed HipAkp 

activity in K. pneumoniae. Upon deletion of hipAkp in K. pneumoniae (∆hipA) we 

observed no significant difference in growth and viability in comparison with the WT, 
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indicating that hipAkp is not an essential gene in the exponential phase, although we 

observed some reduction in viability in the late stationary phase which might suggest its 

role in stationary phase or non-growing cells. We performed further experiments in WT 

and ∆hipA background to rule out the possibility of any potential effect of native hipA 

gene on the phosphoproteome. As expected, overexpression of hipAkp in both WT and 

∆hipA Klebsiella background was toxic to the cells and this could be partially rescued 

with hipBkp overexpression. In E. coli with hipAkp overexpression, we observed almost 

complete complementation with overproduction of HipBkp but in Klebsiella, the 

complementation was only partial. The reason for this is at present unclear, however we 

note that overexpression of hipAkp and hipBkp in E. coli point to a canonical toxin/antitoxin 

pair. 

Phosphoproteomics analysis upon hipAkp induction in K. pneumoniae showed a total of 

63 common phosphoproteins between E. coli and K. pneumoniae datasets. Among 

them was GltX, which appears to be a prominent target in both organisms. Several 

additional proteins were detected as potential targets of HipAkp, most of them associated 

with essential biological processes. In our K. pneumoniae phosphoproteomics datasets, 

we observed 34 putative HipAkp substrates to be either exclusively phosphorylated upon 

hipAkp overexpression or more than four-fold increased in this condition, including hipA, 

gltX, rcsB, tsf, ybiT and ycjI (Table S5). These sites should be prioritized as the most 

likely HipAkp targets for future biological follow-up experiments. A majority of these 

substrates are phosphorylated at either N- or C-termini in the regions that binds DNA or 

RNA or other proteins, hinting towards the function of these phosphorylation events in 

modulating processes dependent on protein/protein or protein/nucleic acid interactions 

(fig. S5). For example, SeqA phosphorylation at S36 and S46 occurs in N-terminal 

region, essential for self-association (42), Tig phosphorylation at S4 is present in the N-

terminal ribosome-binding region (43) and CueR phosphorylation at S4 is located in the 

N-terminal DNA-binding region of the protein (44). Conversely, proteins RbfA, BipA, 

FtsK, Hns, Rne, RpsA and Tsf are phosphorylated close to their C-termini. RbfA 

phosphorylation at S110 is in the region required for stable 30S ribosomal association 

in vitro and efficient 16S rRNA processing (45). BipA phosphorylation at S490 is in the 

region that binds to the A-site of tRNA in E. coli (46, 47), FtsK phosphorylation at S1373 
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is in the region essentially involved in chromosome segregation (48), whereas Hns at 

S98 in the DNA-binding region (49).  

Interestingly, several of the observed phosphoproteins were previously reported to be 

phosphorylated or involved in phage infection. The ribonuclease E Rne, is a component 

of the RNA degradosome interacting with proteins such as RhlB helicase, enolase and 

PNPase via its C-terminal RNA-binding domain (50). Rne has been shown to be 

phosphorylated by the T7 phage kinase gp-0.7 (PK) to inhibit its activity upon phage 

infection (51). Similarly, small ribosomal subunit protein S1 RpsA, is also known to be 

phosphorylated by PK to enhance phage protein production (52). The elongation factor-

Ts (Tsf), along with elongation factor-Tu (Tuf) and RpsA, form a complex and be part of 

the host-provided phage Qbeta RNA polymerase complex (53). The phosphorylation of 

a similar set of proteins by hipA and T7 phage kinase 0.7 suggests a potential link 

between these kinases, requiring further investigation.  

The role of wild type and kinase-dead variants of HipAec in tolerance has been studied 

against many antibiotics, resulting in no or limited tolerance in the absence of HipA 

activity against ofloxacin, mitomycin C and cefotaxime but not against tobramycin (13). 

Antibiotic tolerance observed in the K. pneumoniae strains overexpressing hipAkp 

seemed to be also specific to certain classes of antibiotics. We observed that K. 

pneumoniae cells overexpressing hipAkp showed increased survival after treatment with 

ciprofloxacin, but not against gentamicin. Although this is in agreement with earlier 

results from hipAec (13), the reason for this is currently unclear. It is conceivable that cell 

growth inhibition due to overproduced HipAkp can provide the survival benefit during 

treatment with ciprofloxacin, which acts on dividing cells and inhibits their cell cycle. 

Gentamicin, on the other hand, inhibits protein synthesis by binding to 30S ribosomes. 

As already reported for hipAec, persistent cells have a basal level of protein synthesis 

which is potentially essential for their survival (27). Therefore, complete inhibition of the 

protein synthesis by gentamicin can lead to the killing of the cells expressing hipAkp. 

However, further experiments are needed to address this. More than half of the 

phosphorylation sites obtained in ciprofloxacin-treated hipAkp-overexpressing K. 

pneumoniae cells were identical with the phosphorylation sites in hipAkp-overexpressing 
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K. pneumoniae cells in absence of antibiotic. This revealed that the tolerance 

mechanism is likely based on GltX-mediated activation of the stringent response, 

although many of the above-mentioned substrates also act on other levels of cellular 

processes to ensure survival.  

Finally, our study provides a basis for the comparison of the molecular phenotype of the 

ciprofloxacin treatment in E. coli and K. pneumoniae. Among 821 phosphoproteins 

detected in a recent study of ciprofloxacin-treated E. coli cells (54), 100 phosphoproteins 

were also detected in our ciprofloxacin-treated hipAkp-overexpressing K. pneumoniae 

cells. This indicates that numerous proteins are phosphorylated in both organisms in 

response to ciprofloxacin treatment. Autophosphorylation on HipAec at S150 was up-

regulated during ciprofloxacin treatment in E. coli cells even without any overproduction 

of HipAec indicating that ciprofloxacin-treatment promotes the activity of this protein in 

E. coli. This also implies that this site may have a role in the regulation of kinase activity 

during antibiotic treatment (54). Combined, our results provide a rare insight into 

molecular mechanisms of post-translational regulation of antibiotic tolerance in K. 

pneumoniae and provide a resource for further studies on this important human 

pathogen.   

 

Materials and Methods 

1. Bacterial strains and plasmids 

All strains, primers and plasmids used in this work are listed in the table below (Table 

S1, S2). Due to the high homology of hipAkp with hipAec, the hipAkp gene was cloned 

with the same Shine-Dalgarno sequence containing the alternative starting codon GTG 

as used in previous work (19). hipAkp and hipBkp genes were amplified from the 

Klebsiella pneumoniae subsp. pneumoniae reference strain ATCC13883 with primers 

HipA.kpn.SD8.GTG.pBAD33-for and HipA.kpn.pBAD33-rev, and hipBkp.pGOOD-for 

and hipBkp.pGOOD-rev, respectively. The pBAD33 vector and pGOOD vector were 

digested with XbaI and BglII restriction enzymes, respectively and finally pBAD33 was 

ligated with hipAkp and pGOOD with hipBkp amplified PCR product using Gibson 
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assembly mix (55). The resulting plasmids were transformed into Top10 E. coli 

competent cells and confirmed by PCR for the presence of the gene of interest and 

sequenced before transforming them into final working strains in both E. coli and K. 

pneumoniae.  

Generation of K. pneumoniae ∆hipA mutant 

A markerless in-frame deletion of hipA was generated by amplifying approximately 600 

bp up- and down-stream of hipA. PCR products were fused with SOE-PCR and cloned 

with In-Fusion cloning (TakaraBio) into the suicide vector pKNOCK-Km, a gift from 

Mikhail Alexeyev (Addgene #46262). The sacB gene including its promoter was 

amplified from the plasmid pEXG2 and cloned into pKNOCK-Km to introduce a counter 

selection marker. Plasmid inserts were verified by Sanger sequencing. The resulting 

plasmids were transferred into E. coli S17λpir for the transformation of K. pneumoniae 

ATCC13883 by conjugation. K. pneumoniae merodiploids were selected on LB agar 

plates supplemented with 100 µg/ml kanamycin, streaked for single colony isolation and 

then incubated in LB without selection overnight. Counter selection was performed with 

15% sucrose, and kanamycin sensitive colonies were tested for the deletion of hipA by 

PCR. 

2. Bioinformatic analysis 

The sequence of HipAkp from Klebsiella pneumoniae subsp. pneumoniae ATCC13883 

was analyzed for its identity within Klebsiella genus and other organisms using protein 

BLAST at the NCBI server (https://blast.ncbi.nlm.nih.gov/Blast.cgi). For the initial 

pBLAST search, the search was limited to Klebsiella (taxid:570) as the organism and 

1,000 maximum target sequences in the algorithm parameters. Percent identity and 

number of hits per species and subspecies were extracted from the pBLAST result. For 

the analysis of HipAkp identity across all organism without limiting the search to 

Klebsiella, we performed the pBLAST search for top 5,000 hits and plotted the results. 

Both the graphs were generated using the online tool, Shiny BoxPlotR 

(http://shiny.chemgrid.org/boxplotr/). The pairwise sequence alignment between HipAkp 

and HiAec, or HipBkp and HipBec proteins was performed with EMBOSS Needle (56) 

using the default settings. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3. Growth Experiments 

Growth of WT E. coli cells overexpressing hipAkp 

Overnight pre-cultures of WT E. coli MG1655, containing pBAD33 empty vector and 

pBAD33::hipAkp, were prepared in liquid medium (Luria-Bertani medium from Roth) 

supplemented with 0.4% (w/v) glucose, 25 µg/mL chloramphenicol for the maintenance 

of pBAD33 plasmid. The next day cultures were started at an OD600nm of 0.08 and 

induced with 0.2% arabinose for pBAD33 plasmid upon reaching an OD600 of 0.3 for 1 

h and harvested afterwards for (phospho)proteome analysis. The OD600nm and number 

of CFU were measured and calculated before and after 1 h of induction. The experiment 

was performed in 3 biological replicates and results were visualized using GraphPad 

Prism 8.0.1. 

Growth of WT E. coli cells overexpressing hipAkp and hipBkp 

Overnight pre-cultures of WT E. coli MG1655, containing only pBAD33::hipAkp, and both 

pBAD33::hipAkp + pGOOD::hipBkp were prepared in liquid medium (Luria-Bertani 

medium from Roth) supplemented with 0.4% (w/v) glucose along with 25 µg/mL 

chloramphenicol and 10 µg/ml tetracycline for the maintenance of pBAD33 and pGOOD 

plasmid, respectively. The following day, cultures were initiated at a starting OD600 of 

0.08 with the control samples left uninduced and the others were induced with 0.2% 

arabinose for pBAD33 plasmid and 1 mM IPTG for pGOOD plasmid in a 24-well plate 

(Greiner) and incubated at 37°C and 300 rpm in a plate reader (Tecan). Three biological 

replicates were performed. 

Growth and survival of K. pneumoniae ∆hipA 

LB Lennox was inoculated to an OD600nm of 0.05 with overnight cultures of K. 

pneumoniae wild type and ∆hipA. A 1 mL aliquot of the cultures was transferred to a 24-

well plate (Greiner) and incubated at 37°C and 300 rpm in a plate reader (Tecan). The 

OD600nm was measured every 30 mins for 24 h with four reads per well and the medium 

blank value was subtracted from the experimental values. Three independent 

experiments in triplicate were performed. 

  



 

110 
 

Growth and survival of K. pneumoniae overexpressing hipA  

LB Lennox supplemented with 0.4% glucose and 50 µg/ml chloramphenicol was 

inoculated with K. pneumoniae wild type pBAD33, wild type pBAD33::hipAkp and ∆hipA 

pBAD33::hipAkp and incubated overnight. The next day, 250 ml LB Lennox was 

inoculated for each strain to an OD600nm of 0.05 and incubated until an OD600nm of 

approximately 0.3 was reached. Aliquots were taken to determine the number of 

CFU/mL by plating serial dilutions. Each culture was split into two. One fraction was 

induced with 0.2% arabinose and the other one was left uninduced. At 1 and 2 h post-

induction, the OD600nm and CFU/mL was determined. Three independent experiments 

were performed.  

Growth of K. pneumoniae overexpressing hipA and hipB  

K. pneumoniae ∆hipA harboring pBAD33::hipAkp alone or together with pGOOD::hipBkp 

were grown overnight in LB Lennox supplemented with 0.4% glucose and where 

necessary with 50 µg/ml chloramphenicol and 10 µg/ml tetracycline. The bacteria were 

used to start cultures at an OD600nm of 0.05 in LB Lennox without supplements and grown 

to early exponential phase. The OD600nm was adjusted to 0.3 and two fractions per strain 

were prepared, one for inducing conditions and the other one was left uninduced. 

Expression of hipAkp and hipBkp was induced with 0.2% arabinose and 1 mM IPTG, 

respectively. 1 ml of each culture was added to a 24-well plate (Greiner) and the OD600 

was recorded every 15 mins for 5.5 h at 37°C and 300 rpm in a plate reader (Tecan). 

The average blank absorbance was subtracted from the sample values. Three 

independent experiments were performed in triplicate.  

4. Antibiotic tolerance test of K. pneumoniae overexpressing 

hipAkp 

Gentamicin and Ciprofloxacin sensitivity of K. pneumoniae ATCC13883 

Antibiotic resistance of the wild type K. pneumoniae ATCC13883 was tested by 

inoculating 2 mL LB Lennox supplemented with gentamicin (Sigma Aldrich) at 

concentrations ranging from 0 to 4 µg/ml and ciprofloxacin (Sigma Aldrich) at 
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concentrations ranging from 0 to 5 µg/ml to an OD600nm of 0.05. The cultures were 

incubated at 200 rpm and 37°C for 24 h and the OD600nm was measured. 

Gentamicin and Ciprofloxacin tolerance test of K. pneumoniae with hipAkp 

overexpression 

K. pneumoniae wild type pBAD33, WT pBAD33::hipAkp and ∆hipA pBAD33::hipAkp were 

grown overnight in LB Lennox supplemented with 0.4% glucose and 50 µg/ml 

chloramphenicol. 200 mL LB Lennox was inoculated with the overnight cultures to an 

initial OD600nm of 0.05 and incubated until an OD600nm of approximately 0.3 was reached. 

Each culture was split into two subcultures, one was treated with 0.2% arabinose and 

the other one was left untreated. Following arabinose induction for 1 h, 4 µg/ml of 

gentamicin or 1 µg/ml ciprofloxacin was added. Immediately before induction, at 1 h 

post-induction and 2 h post-antibiotic treatment, the absorbance and colony forming 

units were determined. Three independent experiments were performed. Graphs were 

generated using GraphPad Prism 8.0.15.  

5. Cell lysis and protein precipitation 

Harvested cells were centrifuged at 4,000 g and the pellet was stored at -80°C. The 

pellet was then resuspended in an SDS lysis buffer containing 40 mg/ml SDS (sodium 

dodecyl sulfate), 100 mM Tris-HCl pH 8.6, 10 mM EDTA, 5 mM glycerol-2-phosphate, 5 

mM sodium fluoride, 1 mM sodium orthovanadate and 1 tablet of complete protease 

inhibitors (Roche). The cell lysate was sonicated at 40% amplitude for 30 sec cycle at 

least five times or until a transparent, non-viscous lysate was obtained. The cell debris 

was pelleted by centrifugation at 13,000 g for 30 mins and the supernatant was collected 

for protein precipitation using methanol and chloroform method. The obtained protein 

pellet was air-dried and dissolved in denaturation buffer (6 M urea, 2 M thiourea and 10 

mM Tris pH 8.0). The protein concentration was determined by using standard Bradford 

assay (Bio-Rad). 

6. Protein in-solution digestion 

For each phosphoproteomics experiment, 3-6 mg protein per sample (strain/condition) 

was used. Briefly, precipitated proteins were reduced by using 1 mM dithiothreitol (DTT) 
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for 1 h and then alkylated using 5.5 mM iodoacetamide (IAA) for an additional 1 h in the 

dark with constant shaking at 700 rpm. Half of the protein from each sample was diluted 

with four times volume of 62.5 mM Tris pH 8.0 and 12.5 mM CaCl2 and digested with 

the enzyme chymotrypsin (1:100 w/w) overnight at room temperature (RT) in a shaker. 

The other half of the protein was pre-digested with the endoproteinase LysC (1:100 w/w) 

for 3 h and then diluted with four times volume of milli-Q water, adjusted to a pH higher 

than 8.0 and supplemented with the enzyme LysC (1:100 w/w) (for E. coli samples) and 

trypsin (1:100 w/w) (for K. pneumoniae samples) for overnight digestion at RT and 

shaking. The reaction was then stopped by acidification with trifluoroacetic acid (TFA) 

to pH 2.0 and centrifuged to get rid of precipitates.  

7. Solid phase extraction and Dimethyl labeling 

Acidified peptides were then purified by solid phase extraction on Sep-Pak C18 

cartridges (Waters, Milford, MA) and labeled using triplex stable isotope dimethyl 

labeling as previously described (57). Briefly, C18 columns were activated with methanol 

and equilibrated with Solvent A* [2% (v/v) acetonitrile (AcN) and 1% (v/v) formic acid 

(FA)]. The digested and acidified peptide samples were loaded and later, the column 

was washed with HPLC Solvent A [0.1% (v/v) FA]. These samples were then labeled 

with 2.5 ml of the respective labeling solutions: CH2O (Sigma-Aldrich) and NaBH3CN 

(Fluka) for Light label, and CD2O (Sigma-Aldrich) and NaBH3CN for Medium label, and 

C13D2O (Sigma-Aldrich) and NaBD3CN (96% D, Isotec) for Heavy label. The labeling 

solutions were flushed with approximately 10-15 mins contact time through with the 

column. Labeled peptides were washed again with HPLC Solvent A on the column and 

eluted with 600 µl HPLC Solvent B [80% (v/v) AcN in 0.5% (v/v) FA].  

8. Labeling efficiency and mixing check 

For the validation of labeling efficiency and accurate mixing of the labeled peptides, two 

sets of 5 µg of each eluted labeled sample was used for LC-MS/MS measurements, 

separately (for labeling efficiency) and mixed in 1:1:1 ratio for a pilot mixing check 

measurement. Adjustments were made based on the mixing ratios to achieve a target 
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ratio close to 1 to ensure optimal quantification. The labeling efficiency, for all labels, 

was >=95%. 

9. Phosphopeptide enrichment 

Phosphopeptides were enriched by titanium dioxide (TiO2) beads with a ratio of 1:10 

(beads: protein ratio) for five consecutive rounds of enrichment for 10 mins each. After 

mixing the labeled samples together and taking out an aliquot of 10 µg for proteome 

analysis, the peptides were acidified. TiO2 beads were washed with 80% (v/v) AcN and 

6% (v/v) TFA and incubated with the samples with constant mixing. The beads with 

bound phosphopeptides were washed again to remove any unbound or acidified 

peptides using 80% AcN and 6% TFA. These beads were then loaded onto C8 (Empore) 

StageTips and further washed with a wash buffer [80% AcN and 1% TFA] and Solvent 

B [80% AcN and 0.1% FA]. Phosphopeptides were eluted with 30 µl of elution solution 

I [1.25% (v/v) ammonium hydroxide of pH>10.5 into a tube containing 20 µl of 20% (v/v) 

TFA. This was followed by 70 µl elution solution II [5% (v/v) ammonium hydroxide in 

60% (v/v) AcN (pH>10.5)] and finally with 20 µl of elution solution III [60% (v/v) AcN, 1% 

(v/v) TFA]. Each elution solution took at least 15 mins, at 1000-1500 rpm to elute. 

Acetonitrile was evaporated from eluates by vacuum centrifugation and samples were 

acidified to pH 2.0, and purified by StageTips. 

10. Peptide purification by StageTips 

Before LC-MS/MS measurements, sample for proteome analysis and eluted 

phosphopeptides were desalted and purified on C18 StageTips (58). Briefly, reverse-

phase chromatography was applied using C18 discs (Empore). The discs were activated 

with methanol and equilibrated with Solvent A*. The acidified peptides were loaded onto 

the discs and washed with Solvent A. Peptides were eluted with 50 µl of Solvent B and 

vacuum centrifuged to evaporate AcN. Final sample volume was adjusted with Solvent 

A and final 10% (v/v) of Solvent A*. 

11. LC-MS/MS measurement 
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Purified peptides were separated by an online coupled EASY-nLC 1200 system 

(Thermo Fischer Scientific) to an Orbitrap Exploris 480 spectrometer (Thermo Fischer 

Scientific) through a nano-electrospray ion source (Thermo Fischer Scientific). 

Chromatographic separation was performed on a 20 cm long and 75 µm inner diameter 

analytical column packed in-house with reversed-phase ReproSil-Pur C18-AQ 1.9 µm 

particles (Dr. Maisch GmbH). Peptides were loaded onto the column at 40°C, with 1 

µl/min flow rate under maximum backpressure of 850 bar. Gradient was applied using 

HPLC Solvent A and 10 to 50% Solvent B at a 200nl/min constant flow rate. Labeling 

efficiency samples were eluted using 36 mins, mixing check using 60 mins, 

phosphopeptides using 60 mins and proteome samples using 130 mins or 230 mins 

gradients. Mass spectrometer was operated in positive ion and data-dependent 

acquisition mode. The acquisition of all full MS was in the scan range 300-1750 m/z at 

a resolution of 60k. For proteome measurements, 20 most intense peptides were picked 

for HCD fragmentation at 15k resolution and for phosphoproteome at 30k resolution. 

The normalized collision energy was set to 28% and dynamically excluded the mass of 

sequenced precursors for 30 secs from repeated fragmentation. The ions with single, 

unassigned or charge higher than six were also excluded from selection for 

fragmentation. 

12. MS data processing with MaxQuant 

The acquired raw files were processed using the MaxQuant software (version 2.2.0.0) 

(59). Raw files from each set of experiment were processed separately in a similar 

manner (Table S3). In total, we used 130 files of which 110 were files from 

phosphopeptide enrichment fractions. The obtained peak list was searched using 

Andromeda search engine integrated in MaxQuant (60) against E. coli K-12 MG1655 

proteome (Taxonomy ID 83333) (released 30.01.2024, 4416 entries), and Klebsiella 

pneumoniae subsp. pneumoniae MGH78578/ ATCC700721 (Taxonomy ID 272620) 

(released 10.11.2022, 5127 entries), and common potential contaminants list. All search 

parameters were kept to default except the ones mentioned here. Labeling was set to 

three multiplicity, with Light: DimethylLys0 and DimethylNter0, Medium: DimethylLys4 

and DimethylNter4 and Heavy: DimethylLys8 and DimethylNter8. Phospho (STY) was 
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added as a variable modification for phosphopeptide enriched files. Proteome and 

phosphoproteome files were grouped in separately to only look for Phospho (STY) 

modification in phospho-files. For Lys-C digestion, Lys-C enzyme was selected with a 

maximum of two missed cleavages allowed, similarly for trypsin with two missed 

cleavages allowed and for chymotrypsin five missed cleavages allowed. To increase the 

number of quantified features, <match between runs= was enabled. Re-quantify was also 

enabled to allow quantification of dimethyl-labeled pairs. Different experiments were 

processed separately for individual analysis and also together for the final set of 

phosphoproteome data.  

13. Data analysis with Perseus 

For the statistical analysis of MaxQuant output data, we used Perseus software (version 

1.6.5.0.) (61) and the figures were edited using Adobe Illustrator. All contaminants, 

reverse hits and diagnostic peaks were filtered out from the Phospho (STY) table. 

Phosphorylation site ratios were log2 transformed and plotted against log10 transformed 

sum of the intensities of phosphopeptide. Significantly regulated sites were determined 

by applying a threshold of 2 in log2 scale (four-fold). Correlation between the two 

replicates was plotted with the density estimation feature in Perseus and plotted log2 

ratio of two replicates and calculated Pearson9s correlation value. Likewise, for the 

Protein groups files, contaminants, reverse hits and only identified by sites proteins were 

filtered. After log2 transformation of ratios, density estimation was performed. Scatter 

plots were prepared for the reproducibility between the replicates and Pearson9s 

correlation was calculated. Functional enrichment analysis of the final phosphoproteome 

dataset was performed using the online tool ShinyGO 0.77 

(http://bioinformatics.sdstate.edu/go/) (62). All Protein IDs from the combined Phospho 

(STY) table (Dataset S1 Table T9) were added to the list and species was selected as 

<Klebsiella pneumoniae=. Using default values with FDR cut off of 0.05, we performed 

the enrichment analysis and obtained a table containing results of all enriched pathways, 

149 pathways in total (Dataset S1 Table T11). The data was further filtered using MS 

Excel for the number of genes per pathway g4, fold enrichment g4 and enrichment FDR 

http://bioinformatics.sdstate.edu/go/
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f0.01. This resulted in 23 pathways that were used for plotting the highly enriched 

phosphorylated proteins in our dataset (Fig. 5D). 
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Supplementary figures 

 

fig. S1 Additional bioinformatic analysis of hipBA from K. pneumoniae. A) Pairwise 
sequence alignment of HipAkp and HipAec protein sequences. The boxes represent the 
conserved amino acid positions essential for kinase activity. B) Pairwise sequence alignment 
between HipBkp and HipBec proteins. C) Alignment of the AlphaFold predicted structure of HipBkp, 
UniProt ID: A6T947 (yellow), with the experimentally determined structure of HipBec, PDB ID: 
3DNV (red), and their positioning with DNA molecule. D) Distribution of percentage of sequence 
identity of HipAkp homologs among different bacteria and the number of hits obtained upon 
analyzing the top 5,000 results from protein BLAST without limiting the search to any specific 
organism. 
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fig. S2 Additional analysis of phosphoproteome data from hipAkp overexpression in E. 
coli. A) and B) Distribution of phosphorylation sites showing log2 ratio of hipAkp overexpression 
in WT E. coli with empty vector control for two replicates and the sum of intensities. 
Phosphorylation sites with at least a four-fold increase in phosphorylation are highlighted in red 
and listed here. 
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fig. S3 Additional analysis of proteomics and phosphoproteomics data from hipAkp 
overexpression in K. pneumoniae. A) Growth curves of WT and ∆hipA K. pneumoniae. 
Overnight cultures were diluted to OD600nm of 0.05 and growth was followed by optical density 
measurements in a plate reader for 24 h. Mean values ± SD of three independent experiments 
are shown here. B) Pearson correlation between the proteome and phosphoproteome, of three 
independent replicates, based on log2 ratio values showing high correlation between the 
replicates and WT and ∆hipA backgrounds. L is WT Kpn with pBAD33, M is WT Kpn with 
pBAD33::hipAkp induced and H is ∆hipA with pBAD33::hipAkp induced. C) and D) Distribution of 
phosphorylation sites showing log2 ratio of hipAkp overexpression in ∆hipA (C) and WT (D) K. 
pneumoniae with empty vector control. Phosphorylation sites with at least a four-fold increase 
in phosphorylation are highlighted in red and listed here. 
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fig. S4 Additional analysis of proteomics and phosphoproteomics data from hipAkp 
overexpression in K. pneumoniae after antibiotic treatment. A) and B) Susceptibility of K. 
pneumoniae ATCC13883 WT against gentamicin and ciprofloxacin. The strains were grown in 
LB Lennox medium diluted from an overnight culture to OD600nm of 0.05 and grown for 24 h in 
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the presence of indicated antibiotics and concentrations. C) Quantified proteins after 2 h of 
ciprofloxacin treatment represented as log2 ratio between ∆hipA K. pneumoniae pBAD33::hipAkp 
induced and uninduced. D) Quantified proteins after 2 h of ciprofloxacin treatment represented 
as log2 ratio between ∆hipA K. pneumoniae pBAD33::hipAkp induced and WT empty vector strain 
which shows slight increase in hipAkp levels. E) Distribution of quantified phosphorylation sites 
after 2 h of ciprofloxacin treatment upon hipAkp overexpression, based on log2 ratio between the 
two replicates of ∆hipA K. pneumoniae pBAD33::hipAkp induced and uninduced showing 
significant correlation. F) Distribution of quantified phosphorylation sites after 2 h of ciprofloxacin 
treatment in control samples, based on log2 ratio between the two replicates of ∆hipA K. 
pneumoniae pBAD33::hipAkp uninduced and WT empty vector. All the phosphorylation sites 
changing significantly and at least four-fold in phosphorylation upon hipAkp overexpression, have 
been highlighted and listed here.  

 

 

 

fig. S5 Localization and putative role of phosphorylation in potential substrates of HipAkp. 
Schematic illustration of phosphorylated proteins by HipAkp. The position of phosphorylation and 
corresponding amino acid are marked. The function of protein regions marked in green are 
explained on the right side. 
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4. Discussion 

This chapter represents an extension of discussions from the manuscripts. 

The HipA-like kinases are shown to be particularly responsible for modulating responses 

to environmental stress such as antibiotic exposure, which can result in bacteria entering 

a metabolically inactive, dormant-like state. While HipA has been extensively 

characterized in E. coli, HipA-homologous kinases such as HipH (YjjJ) in E. coli or HipA 

in K. pneumoniae are so far only poorly investigated. The work presented in this thesis 

aims to elucidate the role of HipA-like Ser/Thr kinases in these bacteria, with a specific 

focus on understanding their involvement in regulating key biological processes. They 

employed mass spectrometry-based quantitative phosphoproteomics to identify novel 

phosphorylation targets of these kinases and investigate their influence on phenotype, 

phosphoproteome, antibiotic tolerance, and protein function with over-expression of 

kinase from a plasmid. Given the low basal expression levels of HipA-like kinases and 

their likely induction only under specific stress conditions, we employed an 

overexpression system to study the impact of these kinases on bacterial physiology. 

This strategy has been successfully used in prior studies, such as HipA overexpression 

in E. coli (92), or PknI overexpression in M. tuberculosis (217). Here, the overproduction 

of HipH and HipAkp allowed for a detailed analysis of their effects on bacterial growth, 

antibiotic tolerance, cell division, and other cellular processes like metabolism, ribosome 

assembly, and DNA segregation. 

4.1 Phenotypic effect of STKs in bacteria 

Upon comparison of protein sequences, HipH showed very low sequence similarity to 

HipA in E. coli, although conserved kinase motifs, such as ATP-binding, Mg2+ binding, 

or autophosphorylation sites were present in HipH (103). Overproduction of HipH in E. 

coli resulted in cell toxicity where cell viability decreased despite an increase in optical 

density (OD) at high induction levels. Further analysis revealed that these cells adopted 

an elongated cell phenotype, characterized by improper chromosome segregation and 

failure of division septa formation, leading to defective cell division. This could have 

resulted in a drop in CFU while OD levels and overall biomass continued to increase. 

Additionally, HipH-overproducing cells exhibited increased glycogen levels, which could 
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be explained by the misregulation of CsrA, carbon storage regulator, which is one of the 

main phosphorylation targets of HipH. Proteome analysis revealed changes in levels of 

cell division proteins such as MinCDE and DNA repair protein RecA, which could also 

explain the effect of HipH on cell elongation and DNA segregation. This suggests that 

HipH negatively impacts cell division and DNA segregation in E. coli. 

In contrast, HipAkp shared a relatively higher sequence similarity to HipAec, and its 

overproduction had a different phenotype on growth. Structural analysis of HipA and 

HipB from both E. coli and K. pneumoniae revealed a higher degree of conservation 

between their structures. Overproduction of HipAkp in both E. coli and K. pneumoniae 

resulted in a toxic phenotype, with decreased growth observed at both absorbance and 

viability levels. However, this inhibited growth was reversed by the simultaneous 

overproduction of HipBkp, confirming that the hipBA operon in K. pneumoniae also 

functions as a toxin-antitoxin system. While the complementation in E. coli was 

complete, in K. pneumoniae, HipBkp overproduction could only partially complement the 

HipAkp toxicity. The reason behind this is currently unclear but one can suspect that it 

could be due to lower levels of HipB compared to HipA or higher proteolytic cleavage of 

HipB in K. pneumoniae, which could have resulted in only partial complementation. 

4.2 Antibiotic tolerance in bacteria by STKs 

Previous studies in bacteria, such as S. aureus have shown that the Ser/Thr kinase 

PknB along with its cognate phosphatase Stp can regulate antibiotic tolerance, where 

in the absence of Stp, the bacteria were able to tolerate higher concentrations of 

antibiotics due to the missing ability to dephosphorylate targets of PknB (73). Higher 

amounts of PknB have shown increased autophosphorylation and phosphorylation of its 

target protein, which are involved in cellular processes such as glycolysis, synthesis of 

cell walls, and protein biosynthesis (218-220). This leads to a decrease in ATP 

concentrations, changed cell wall synthesis, and reduced protein synthesis. 

Overproduction of HipAec has been shown to confer antibiotic tolerance to certain 

antibiotics (92). Unlike HipAec, overproduction of the kinase HipH in E. coli did not confer 

tolerance to antibiotics like ciprofloxacin and ampicillin, suggesting that HipH may not 

regulate cellular processes linked to antibiotic tolerance, as HipAec does. This indicates 
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that HipH and HipAec likely have distinct physiological roles despite both belonging to 

the HipA-family of Ser/Thr kinases. 

In contrast, when HipAkp was overproduced in K. pneumoniae, it provided tolerance 

against ciprofloxacin but not against gentamicin, indicating that HipAkp confers antibiotic 

tolerance selectively, depending on the antibiotic class. A similar observation has been 

made with HipAec, where tolerance was observed against fluoroquinolones and beta-

lactams such as ofloxacin, and cefotaxime but not aminoglycosides like tobramycin (92). 

Aminoglycosides, such as gentamicin and tobramycin, exert their antibacterial effect by 

binding to the A-site of the 30S ribosomal subunit, causing mistranslation and the 

production of misfolded proteins, which can damage bacterial membranes and other 

cellular structures (221). While HipA overproduction induces a dormant-like state where 

key processes like metabolism, cell division, and replication are slowed down or halted, 

a recent study suggests that basal level of protein synthesis continues in these bacteria 

(222). If aminoglycosides target this residual protein synthesis, leading to the production 

of erroneous proteins even in the dormant cells, this could explain why HipA-

overproducing bacteria are not tolerant to aminoglycosides.  

On the other hand, fluoroquinolones like ciprofloxacin target rapidly dividing bacteria by 

inhibiting type II topoisomerases (e.g., DNA gyrase and topoisomerase IV), leading to 

disrupted DNA replication and repair (223). Since HipA-overproducing bacteria enter a 

dormant-like state with halted DNA replication, they become less susceptible to 

ciprofloxacin-induced killing, thereby exhibiting tolerance. This suggests that the 

dormant state induced by HipAkp protects the bacteria against certain classes of 

antibiotics, that kill actively growing cells, but not others, which aligns well with the 

observations from HipAec-mediated persistence. 

4.3 Phosphoproteomics approach to study STKs in bacteria 

The overexpression of a kinase results in increased phosphorylation on numerous 

proteins, enabling the identification of potential substrates. This can be used for 

determining the role of kinases in regulating proteins involved in specific cellular 

pathways. However, not all the up-regulated phosphorylation sites are direct targets of 

the overexpressed kinase, as overexpression can lead to unspecific phosphorylation or 
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activation of other kinases, which can influence the overall phosphoproteome. To 

distinguish direct substrates, additional biological assays such as mutant analysis or in 

vitro kinase assay are required.  

4.3.1 Phosphorylation targets of HipH in E. coli 

Phosphoproteomic analysis following the overexpression of hipH in E. coli revealed that 

HipH autophosphorylates at Ser200, Ser201, and Ser217. Additionally, increased 

phosphorylation levels were observed on proteins such as RpmE, CsrA, and GltX. 

Interestingly, GltX, a known substrate of kinase HipA in E. coli (94, 95), also exhibited 

upregulated phosphorylation.  

To confirm whether GltX is a shared substrate of both HipH and HipA, 

phosphoproteomic analysis was performed in a ∆hipBA E. coli strain overproducing 

HipH. The absence of upregulated phosphorylation at GltX Ser239 in the mutant strain 

suggested that the phosphorylation of GltX by HipH was indirect, indicating cross-talk 

between HipH and HipA in E. coli. The other lines of connection between HipH and 

HipAec include upregulation of HipH phosphorylation at Ser200 in cells overexpressing 

high persistence variant HipA7 (98) and rescue from HipH toxicity by HipB 

overproduction, as shown previously by Semanjski et al. 2018 (98) and this study. 

Using in vitro kinase assays, RpmE and CsrA were confirmed as direct substrates of 

HipH. To investigate the functional consequences of their phosphorylation, 

overexpression of wild-type and phospho-mimetic mutants of CsrA and RpmE were 

studied. This revealed that HipH-mediated phosphorylation inhibits the activity of CsrA, 

a global regulator of carbon metabolism (224). This would also explain the increased 

glycogen levels observed in HipH-overproducing cells, as CsrA normally represses 

glycogen synthesis (225, 226). Overexpression of the phospho-mimetic mutant CsrAS56E 

did not have any effect on bacterial growth, while overexpression of the wild-type CsrA 

led to a reduced growth rate. This suggests that phosphorylation at Ser56 by HipH 

inhibited CsrA activity, potentially explaining the increased glycogen levels observed 

upon HipH overexpression.  

Moreover, phosphorylation on RpmE (L31a) at S69, a small ribosomal protein that 

facilitates the association of 50S and 30S ribosomal subunits (227), disrupted the 
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ribosome assembly. Similar defects were also observed in the ∆rpmE strain suggesting 

that the phosphorylation of RpmE by HipH inhibits its activity and negatively affects 

ribosome function and assembly. Ribosomal protein RpmE (L31a) has a paralog YkgM 

(L31b), which replaces it during the transition from the exponential phase to 

the stationary phase (228) and HipH levels are also seen to increase in the stationary 

phase (229). This suggests that HipH might be involved in this post-translational 

regulation of proteins such as ribosomal proteins to transit bacteria into the stationary 

phase. 

4.3.2 Phosphorylation targets of HipAkp in K. pneumoniae 

Phosphoproteomic analysis of K. pneumoniae overproducing HipAkp with and without 

antibiotic treatment identified several phospho-sites to be up-regulated, some of which 

were consistently observed across multiple experiments. Several targets overlapped 

with those known to be phosphorylated by HipAec in E. coli, such as the auto-

phosphorylation site on HipA at Ser150 or GltX at Ser239. Phosphorylation at GltX 

Ser239 inhibits the charging of glutamate tRNA, leading to ribosome stalling and 

recruitment of RelA. Activated RelA increases the (p)ppGpp synthesis leading to the 

activation of stringent response, a key mechanism in persistence (94, 95). In general, 

inhibition of translation has been shown to increase persister cell formation in E. coli 

(230, 231).  

Beyond the findings presented in the final manuscript, the broader consequences of 

HipAkp-mediated phosphorylation in K. pneumoniae provide multiple avenues for 

a deeper understanding of bacterial regulatory mechanisms. For instance, 34 potential 

substrates of HipAkp, which regulate different basic biological processes highlight the 

involvement of this kinase in many other cellular processes besides antibiotic tolerance. 

While the phosphoproteomic data highlighted specific phosphorylation events on 

different proteins, the biological impact of these modifications requires further 

elucidation. Notably, many of these identified phosphorylation sites on potential 

substrates are clustered at the terminal regions of the proteins that are often involved in 

protein-protein or protein-nucleic acid interactions, which suggests the role of HipAkp in 

regulating transcriptional and translational networks through post-translational 
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modifications. Further investigation using phospho-mimetic and -ablative mutants, could 

shed light on how phosphorylation influences the binding affinity of these proteins to 

their substrates, potentially altering their regulatory roles.  

The phosphorylation on Rne, RpsA, and Tsf by HipAkp also increases the possibility of 

cross-talk between HipA and phage-induced phosphorylation pathways, as suggested 

by the overlap with phosphorylation substrates of the T7 phage kinase gp-0.7 (232-234). 

This similarity may indicate a common approach between bacterial persistence 

mechanisms and phage-driven regulatory pathways. For instance, phosphorylation of 

Rne by T7 kinase disrupts the RNA degradosome, thereby preventing the degradation 

of phage mRNA synthesized by T7 RNA polymerase (235, 236). Since phosphorylation 

by HipAkp is also located in the C-terminal region where the components of RNA 

degradosome bind, it may indicate that it is a bacterial strategy to shut off normal cellular 

functions to help bacteria survive under stress conditions. The identification of 

phosphorylation sites that coincide with previously known phage infection processes 

opens an exciting area of research into bacterial responses to phage infection. This may 

suggest a broader evolutionary approach where bacteria hijack phage mechanisms of 

infection to control their persistence. Elucidation of this connection is now enlightening 

into novel approaches that bacteria use to survive phage infection and perhaps to 

develop novel therapeutic approaches based on bacterial vulnerabilities in these 

pathways.  

Although this work lays the groundwork for understanding HipAkp-mediated 

phosphorylation in K. pneumoniae, there is still much to be understood regarding the 

biological significance of these kinases in bacteria. Indeed, the functional consequences 

of such HipAkp phosphorylation events on bacterial transcription, translation, and 

replication processes-especially regarding stress responses and persistence-require 

further studies. In this regard, direct interaction between the kinase and substrate and 

how HipAkp coordinates in such complex networks to promote bacterial survival will 

require substrate confirmation by in vitro kinase assays, structural modeling, and genetic 

manipulations of key substrates. 
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The findings in this thesis advance our understanding of Ser/Thr kinases in modulating 

important bacterial functions and open up avenues for future research on bacterial 

stress responses and persistence mechanisms, with potential applications in the 

development of new therapeutic strategies targeting bacterial persistence. 
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5. Conclusion and Future Perspectives 

Mass spectrometry-based quantitative phosphoproteomics has been an excellent tool 

for studying Ser/Thr kinases in bacteria to gain insights into their physiological role and 

functional relevance. Due to increasing antibiotic resistance, it is of utmost importance 

to study these STKS in relation to antibiotic tolerance and persistence as these 

mechanisms can ultimately lead to antibiotic resistance and are frequently responsible 

for causing relapse of infections. In this work, two Ser/Thr kinases, namely HipH (YjjJ) 

in E. coli and HipA in K. pneumoniae are characterized for their effect on the growth, 

antibiotic exposure, proteome, and phosphoproteome of bacteria. Results obtained in 

this study have led to the following conclusions: 

1. E. coli toxin YjjJ (HipH) is a Ser/Thr protein kinase that impacts cell 

division, carbon metabolism, and ribosome assembly 

a) Phosphoproteome analysis of ∆hipBA E. coli cells overexpressing yjjJ and 

kinase-dead yjjJ confirmed that RpmE and CsrA are direct substrates of 

YjjJ whereas GltX phosphorylation was not directly phosphorylated by YjjJ, 

instead was a result of cross-talk between HipA and YjjJ kinases. 

b) In vitro kinase assay confirmed that RpmE is phosphorylated at Ser69 and 

CsrA is phosphorylated at Ser56 by purified YjjJ kinase, CsrA even more 

profoundly in the presence of an mRNA CsrB. It also confirmed that YjjJ 

autophosphorylates at Ser200. 

c) Overexpression of wildtype and phospho-mimetic mutants of CsrA 

revealed that CsrA phosphorylation inhibits its activity and YjjJ negatively 

regulates its function. 

d) ∆yjjJ E. coli analysis revealed that YjjJ does not have any effect on the 

growth of exponential phase bacteria at absorbance or viability. The 

absence of YjjJ was confirmed by proteome analysis. 

2. Deep phosphoproteomics of Klebsiella pneumoniae reveals HipA-

mediated tolerance to ciprofloxacin 

a) Sequence analysis of HipA and HipB in E. coli and K. pneumoniae 

revealed that these proteins have around 55 to 70% identity between the 
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genes from two bacteria with conserved kinase domain in HipA. On the 

other hand, structure analysis showed that the overall structure is highly 

conserved. 

b) Sequence comparison of HipA from K. pneumoniae revealed that it is 

present in other species of Klebsiella with relatively high sequence identity 

and in many other gram-negative bacteria with around 70% identity. 

c) Overexpression of hipAkp leads to inhibited growth in both E. coli and K. 

pneumoniae. This growth was complemented by the overproduction of 

HipBkp in E. coli and partially in K. pneumoniae. 

d) Phosphoproteome analysis showed up-regulation of GltX phosphorylation 

in addition to several other phospho-sites in hipAkp-overexpressing 

bacteria in both E. coli and K. pneumoniae, which will need further 

validation. 

e) Overproduced HipAkp conferred antibiotic tolerance to ciprofloxacin and 

not against gentamicin in K. pneumoniae. Phosphoproteome results 

showed a similar set of sites to be phosphorylated. 

f) Comparison of my phosphoproteome dataset with the previously 

published datasets for K. pneumoniae revealed a large number of novel 

phosphorylations that were previously not reported in this bacterium. 

This thesis has provided a comprehensive exploration of the biological processes 

regulated by serine/threonine kinases (STKs) in bacteria, particularly focusing on the 

HipA-family of kinases. The proteome and phosphoproteome datasets generated for E. 

coli and K. pneumoniae offer valuable insights into the post-translational regulation of a 

variety of proteins in response to STK overexpression. However, the overexpression 

system employed represents an artificial condition, which does not fully mimic the 

endogenous kinase levels present under physiological conditions. To gain a deeper 

understanding of the natural role of these kinases, it is essential to identify the 

environmental or stress conditions under which these kinases are naturally activated 

and expressed. Previous studies have indicated that STK levels, including those of HipH 

(YjjJ), HipA, and YeaG in E. coli, increase during the stationary phase. Therefore, a 

logical next step would be to investigate the activity of these kinases during the 
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stationary phase in comparison to the log phase, which was the focus of this study. This 

would provide insight into their role in bacterial survival strategies under nutrient-limiting 

or stressful conditions. Additionally, the presence of a helix-turn-helix (HTH) domain in 

the N-terminal region of HipH, similar to the DNA-binding motif in HipB of the hipBA 

operon, presents a compelling avenue for future research. Exploring the function of this 

domain could reveal whether HipH directly influences transcriptional regulation, 

potentially through promoter binding of specific genes via the HTH domain. Such a 

regulatory role could offer new perspectives on the connection between kinase activity 

and transcriptional control. Another aspect that might be important to explore is the 

possible cross-talk between different E. coli kinases. The likelihood of some substrates 

being common between these kinases or if these kinases can activate other kinases will 

probably further reveal regulatory complexities and give more insight into the kinase 

signaling networks in control of critical bacterial processes. Besides this, the similarity 

between the phosphorylation targets of HipA in K. pneumoniae and those observed 

upon T7 phage infection in E. coli suggests a possible evolutionary link between 

bacterial and phage kinase. Both appear to inhibit similar pathways, such as translation 

and RNA degradation. Phylogenetic and structural analyses could help identify a 

common link between them, shedding light on how they both have adapted similar 

pathways to modulate cells into a dormant-like state or takeover cell machinery for 

phage propagation. With all of these clarifications and analyses, a more complete 

understanding of the physiological role of STKs and their interplay in bacteria can be 

achieved. 
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Final figure: Word cloud of frequently used terms in this thesis. This word cloud illustrates the most 
frequently occurring words in the thesis, with the size and color intensity of each word corresponding to 
its frequency. Larger and darker words appear more often throughout the text. The word cloud was 
created using TagCrowd.com to compile word frequencies, with an AI-assisted R-script used for 
generating the final plot, which was then refined using Adobe Illustrator. 

 

    

 


