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ABSTRACT

Pseudomonas aeruginosa is an environmental bacterium and a frequent nosocomial pathogen
causing a wide range of opportunistic infections, especially in immunocompromised patients.
Clone C is one of the most prevalent groups of closely related strains distributed worldwide
in the environment, such as in natural aquatic habitats, and the clinical settings, such as in
patients with an underlying functional impairment of the cystic fibrosis transmembrane
conductance regulator. Clone C strains specifically harbor the horizontally-transferred
genomic island PACGI-1. One border of the genomic island contains the transmissible locus
of protein quality control (TLPQC), alternatively called the Locus of Heat Resistance (LHR)
in other bacteria, predominantly encoding stress-related gene products such as proteins
involved in proteostasis. Among those gene products is a xenolog of the gene encoding the
AAA+ (ATPase associated with diverse cellular activities) membrane-bound protease FtsH
termed FtsH2 and the AAA+ disaggregase ClpG termed ClpGar. In clone C isolates, fisH?2
and c/pGgr encoded on TLPQC exist in addition to the core genome homologs fisH1 and
clpG. This thesis investigates the divergent and convergent roles of the genomic island and
core genome copies of fisH and c/pG in fitness and prevalence of the aquatic clone C isolate
P. aeruginosa SG17M.

Paper I identifies fisH1 as a pleiotropic gene in P. aeruginosa SG17M, affecting a multitude
of phenotypes related to fitness and adaptation such as growth, motility, biofilm formation,
antibiotic resistance, autolysis, secondary metabolite secretion and oxidative and heat shock
stress. In the absence of fisH1, the TLPQC locus copy fisH2 backs up fisHI functionality.
FtsH1 and FtsH2 share highly conserved functional AAA+ ATPase and protease domains
and form homo- and hetero-oligomers with FtsH2 distinctively produced in the late stationary
phase. However, mainly FtsH1 controls the levels of the heat-shock transcription factor RpoH
(62). Using FtsH trap variants in an in vivo crosslinking/in vitro pull-down experiment shows
that the phenazine biosynthesis protein PhzC is a novel substrate for FtsH1 in P. aeruginosa
SG17M.

Paper II investigates the molecular basis of the differential in vivo functionality of FtsH1 and
FtsH2 in P. aeruginosa SG17M. We show that the N-terminal 151 amino acids of FtsHI1 are
required for FtsH1 functionality and, consequently, optimal growth of P. aeruginosa SG17M.
The periplasmic domain and the short glycine-rich cytoplasmic linker connecting the N-
terminus to the AAA+ module are particularly crucial for the optimal functionality of FtsH1.
Moreover, in vitro biochemical analysis of the purified FtsH proteases shows that FtsH1 and
FtsH2 are homo-hexamers and active ATPases with differential degradation activity towards
model substrates such as FITC-casein and Arc-stl1-ssrA.

Paper III studies the role of the ClpG/ClpGar disaggregases in protein quality control and
thermotolerance of P. aeruginosa SG17M. ClpG-type disaggregases confer superior heat
tolerance through their high basal ATPase activity coupled to an efficient disaggregase
activity. In addition, ClpG/ClpGai bind aggregates independently without the involvement of
the co-chaperone system via a unique N-terminal extension, which contrasts the established
ClpB/DnaK co-chaperone system.

Paper IV describes the role of the TLPQC/LHR encoding dna-shsp20c-clpGer operon in
thermotolerance in the human commensal E. coli Fec10 isolate, a close homolog of E. coli K-
12. The horizontally acquired heat tolerance locus, in particular ClpGgi, is a major



determinant of tolerance to a lethal temperature upshift to 65 °C. Biochemically, ClpGai
robustly disaggregates heat-denatured model substrates such as malate dehydrogenase
(MDH) and firefly luciferase without the aid of co-chaperone factors. Moreover, ClpGai
shows high intrinsic basal ATPase activity and superior thermal stability compared to the
ClpB disaggregase.

Paper V reports on the instant double crossover recombination frequencies upon suicide
vector integration into chromosomes of the most prevalent P. aeruginosa clone C and PA14
strains. As a result, the genomic engineering of these prevalent clones can be facilitated by
omitting the counterselection step.

Altogether, two AAA+ proteins, the FtsH protease and the ClpG disaggregases, encoded on
the clone C specific genomic island PACGI-1/TLPQC and the core genome, contribute to
proteostasis and confer general fitness advantages to the worldwide prevalent P. aeruginosa
clone C.



POPULAR SCIENCE SUMMARY

Pseudomonas aeruginosa 1s a bacterium found almost everywhere in the environment, such
as aquatic habitats and soil, but also can cause severe infections, especially in individuals
with a compromised immune system. Patients suffering from Cystic Fibrosis (CF), a genetic
disorder that affects, for example, the lungs, are especially susceptible to P. aeruginosa
chronic lung infections that eventually lead to a respiratory system failure. P. aeruginosa is
notorious for being a multi-drug resistant bacterium that is classified by the World Health
Organization (WHO) as a critical priority I. The WHO goal of this classification is to raise
awareness about bacteria that we are unable to treat with the currently available antibiotics
and therefore urge the necessity of finding new drugs and innovative interventions. The
ability of P. aeruginosa to form biofilms excellently makes them successful pathogens and,
consequently, problematic in health care settings. The biofilm lifestyle is characterized by
a multicellular aggregative form attachment to a living (e.g., lung or wound tissues) or a non-
living (e.g., catheters or surgical implants) surface, and multiply to form biomass enclosed in
exopolymeric substances. This extracellular matrix physically and chemically shields the
bacteria from antibiotics and the host’s immune cells (see Figure 2). P. aeruginosa is often
used as a model organism to study the biofilm lifestyle of bacteria.

One distinct sub-group of closely related P. aeruginosa strains called clone C is globally
distributed in clinical and environmental settings. To understand the spread and eventually
combat successful sub-groups of pathogens, it is necessary to look for fitness traits
contributing to the adaptation of strains to different niches. These fitness traits can arise from
specific genes that get translated into proteins with certain physiological advantages. During
their evolution, P. aeruginosa clone C strains acquired a particular genomic island, i.e.,
a foreign DNA fragment of more than 100 genes from other bacteria. This foreign genomic
island called PACGI-1 encodes genes that had been predicted to be involved in stress
tolerance and quality control of other cellular proteins. Consequently, a major question then
was whether, and to which extent, this genomic island confers fitness advantages to one of
the most prevalent sub-groups of P. aeruginosa.

The purpose and the physiology of any living cell are shaped by its genomic makeup that
translates into the proteins with diverse functions. One important class of proteins are the
proteases (the scissor proteins) specialized in chopping off aging or unwanted proteins into
smaller pieces. The proteases keep the cells free from unneeded debris that can only be
harmful upon accumulation. In paper I, we found one membrane-bound protease called
FtsH2 encoded on the genomic island of P. aeruginosa clone C and another, highly similar
but not identical, protease on the core genome called FtsHI. We found that these two
proteases provided P. aeruginosa clone C with several fitness advantages such as proper
growth and movement characteristics, intrinsic antibiotic resistance, biofilm formation and
secretion of molecules needed for virulence and cell-cell communication. However, the major
fitness contribution was provided by FtsH1, while the genomic island copy FtsH2 showed an
additive marginal functionality to FtsH1. In paper II, we investigated the molecular basis
behind the different degrees of the contribution of FtsH1 and FtsH2 to optimal growth of
P. aeruginosa clone C. We found that the first 24% of the amino acid sequence of the FtsH1
protease is essential for optimal growth. On the other hand, this sequence is somewhat
different in FtsH2, which explains the minor contribution of FtsH2 to fitness.



Bacteria are exposed continuously to events that eventually lead to cellular proteins to
become aggregated and tangled, such as exposure to high temperatures. The process of
protein aggregation can be imagined as boiling an egg where the egg proteins aggregate and
solidify upon heat exposure. To prevent the toxic effect of the accumulation of aggregated
proteins in the cells, bacteria developed sophisticated systems of rescuing or removing
aggregates. One component of the complex rescuing system is bacterial refolding factors or
disaggregases that act as officers of protein quality control by ensuring protein aggregates to
be first disassembled and next properly refolded again to restore its functionality in the cell.
In paper III, we identified a novel disaggregase encoded on the clone C specific genomic
island called ClpGai. The high activity of the ClpGar and ClpG core genome disaggregase in
efficiently resolving cellular aggregates provided P. aeruginosa with superior heat tolerance.
Unlike the classical well-studied disaggregase ClpB that requires the help of a co-protein
factor called DnaK for the recruitment of aggregates, ClpGar is fully active on its own.

Similarly, in paper IV, we found that representative strains of the human’s most common
commensal bacterium of the gastrointestinal tract, Escherichia coli, to be thermotolerant up
to temperature as high as 65 °C. The extreme heat tolerance provided by ClpGai in
P. aeruginosa and commensal E. coli strains raises questions about our traditional ways of
using mild heat in processing raw food (e.g., smoking of meat and cheese, production of
sourdough and milk powder) and sterilization below 60 °C for heat-sensitive surgical
equipment (e.g., endoscopes). Furthermore, in paper V, we found that clone C strains can
readily recombine external genomic elements into the chromosome by double crossover
recombination, which might indicate the superior ability to update the genome and acquiring
genes required for survival and rapid adaptation.

In summary, the membrane-bound FtsH protease and ClpGar disaggregase provide fitness
advantages to the worldwide prevalent P. aeruginosa clone C by the degradation of proteins
and dissolution of aggregated proteins and thus offer a glimpse into the molecular
mechanisms of persistence and adaptation. Furthermore, this thesis suggests FtsH and/or
ClpGar to be potential targets to develop new (combinatorial) drugs against P. aeruginosa
infections.
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1 INTRODUCTION

1.1 PSEUDOMONAS AERUGINOSA AS A NOSOCOMIAL PATHOGEN AND
ENVIRONMENTAL BACTERIUM

1.1.1 Disease and habitat spectrum

Pseudomonas aeruginosa is a gram-negative, catalase- and oxidase-positive, non-
fermentative, rod-shaped and monoflagellated bacterium. As an opportunistic pathogen,
P. aeruginosa causes a wide spectrum of diseases, with up to 20% nosocomial infections with
high morbidity and mortality rates (1-3). P. aeruginosa chronically colonizes the airways of
cystic fibrosis (CF), bronchitis and chronic obstructive pulmonary disease (COPD) patients,
progressively causing pulmonary damage (4). Immunocompromised individuals, patients
receiving chemotherapy, intensive care unit (ICU) patients and the elderly are especially
susceptible (5, 6). Other hospital-acquired infections caused by P. aeruginosa include
bacteremia, pneumonia, as well as wound and burn infections (7). Urinary tract infections and
ventilator-associated pneumonia, two of the most frequently acquired nosocomial infections,
are primarily associated with contaminated indwelling devices like catheters and endotracheal
tubes, respectively (2). Of note, this bacterium can also cause superficial community-acquired
infections like folliculitis and the ‘green nail syndrome’ that occur after exposure to
swimming pools or hot tubs contaminated with P. aeruginosa (8). Additional infections are
otitis media and otitis externa (Swimmer’s ear) in healthy individuals that can be, for
example, acquired by diving (8). Because of its metabolic versatility and restricted nutritional
requirements, P. aeruginosa inhabits various environmental niches such as plants, soil and
natural aquatic habitats (e.g., lakes, rivers and oceans) as well as human-made niches
(e.g., sewage, showers, sinks and disinfectants) (9, 10).

1.1.2 Virulence properties of P. aeruginosa

1.1.2.1 Biofilm

P. aeruginosa possesses diverse virulence factors, which enhances its ability to be a
successful pathogen. P. aeruginosa usually forms biofilms in the environment. Nevertheless,
biofilm formation is also a major virulence factor in disease, such as in chronic lung
infections and infections associated with medical implants (11, 12). Biofilms are structured
communities of bacteria enclosed in a hydrated, self-produced extracellular matrix and often
attached to biotic or abiotic surfaces (13-15). Biofilm development can be divided into
distinct steps from the initial attachment of motile bacteria to a biotic or abiotic surface,
microcolony formation, production of extracellular matrix components including
exopolysaccharides, followed by differentiation into the mature biofilm and finally dispersion
of planktonic cells to colonize new territories (Figure 1) (13). The biofilm lifestyle protects
the bacteria against various challenges such as environmental stresses, the host’s immune
response and the action of antibiotics (Figure 2) (11). In addition, in P. aeruginosa, quorum
sensing (QS) molecules produced by the major N-acyl homoserine lactone (AHL) system
(Lasl/LasR) coordinate a type of biofilm formation with virulence factor expression, equally
as the secondary Rhll/RhIR AHL system in combination with the synthase PqsE (16, 17).
Flagella-dependent swimming motility and type IV pili-dependent twitching motility
contribute to biofilm formation by affecting the initial surface sensing and attachment (18), as
well as the mature three-dimensional biofilm structure (Figure 1) (19). For example, type [V



pili and flagella are necessary for forming the cap of the mushroom-like biofilm structure of
P. aeruginosa (19).
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Figure 1. The developmental process of planktonic cells forming a mature biofilm from which active
detachment or dispersion of motile bacteria can occur to form new biofilms.

1.1.2.2 Antibiotic resistance

P. aeruginosa is resistant to a broad spectrum of antimicrobial agents due to the different
intrinsic, acquired and adaptive resistance mechanisms (20-23). The low permeability of its
cell envelope confers high intrinsic resistance against some of the commonly used antibiotics
such as aminoglycosides, fluoroquinolones and B-lactams (24). In addition, P. aeruginosa can
readily acquire resistance through mutations, which lead to, e.g., reduced binding of the
antibiotic to the target and/or upregulation of the efflux pumps (25). The acquired resistance
can also occur via horizontal transfer of new @
genetic material coding, e.g., antibiotic- - oo SIOWPonlisiDn
inactivating enzymes (22). Lastly, adaptive ‘

resistance (tolerance) is acquired through . @" ‘3\ \ @a gl e surface fayers of
biofilm formation that confers reversible { @gi v%é:;a'@c S

resistance  through slow penetration of g %%

antibiotics, an altered microenvironment with @ f?( Resistant phenotype
steep oxygen and nutrient gradients and bl o
transformation of sub-populations into a a protected phenotypic
dormant protective state, called persister cells,
similar to spores (Figure 2) (11). Adaptive
resistance can also be triggered via exposure to a
sub-inhibitory concentration of antibiotics (26).
Among the antibiotics effective against
P. aeruginosa chronic lung infection in CF
patients is the aminoglycoside antibiotic
tobramycin (27).
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Figure 2. Mechanisms of antibiotic resistance in biofiims. The antibiotic is present in the aqueous
phase at the top and the attachment of the biofilm to the substratum is at the bottom (11). Reprinted
from the Lancet, 358, P. S. Stewart, J. William Costerton, Antibiotic resistance of bacteria in biofilm,
153-138, 2001, with permission from Elsevier.



1.1.2.3 Secretion systems

P. aeruginosa releases a broad spectrum of exoproteins due to the possession of diverse
secretion systems (28). To carry out these activities, P. aeruginosa is equipped with five
secretion systems, namely the secretion system(s) type one T1SS, T2SS, T3SS, T5SS and
three T6SSs. These robust nano-machineries transport secreted toxins to the extracellular
environment or inject effectors, in the case of T3SS and T6SS, either directly into the cytosol
of a target eukaryote cell or into a competing prokaryote cell (28). The T3SS apparatus — a
needle-like nano-structure — secretes at least four effector proteins, ExoS, ExoT, ExoY and
ExoU, into the host cell cytosol upon close cell-cell contact (29). The effector proteins ExoS
and ExoT have both GTPase-activating (GAP) and ADP-ribosyltransferase activities, which
cause an antiphagocytic effect through their action on the actin cytoskeleton. ExoY
accumulates cyclic AMP (cAMP) in the host cells, while ExoU is a potent patatin-like
phospholipase causing rapid cell death (30). The exclusive presence of either ExoS or ExoU
classifies P. aeruginosa strains into invasive or cytotoxic strains, respectively. Invasive
strains survive and replicate inside epithelial cells and encode exoS, exoT and often exoY
genes (e.g., PAOI and clone C strain SG17M) (31). Cytotoxic strains, however, cause rapid
cell death and possess the phospholipase encoding exoU and exoT and sometimes exoY genes
(e.g., PA14) (32, 33). Similar to T3SS, T6SS delivers its effector proteins through the
puncturing of other cells. Some of the effector proteins are toxic to eukaryotic cells like the
phospholipase PIdA and P1dB, whereas others, like Tsel, Tse2 and Tse3 are toxic towards
prokaryotes (34).

1.1.2.4 Secondary metabolites

The phenazine pyocyanin (PYO) is a redox-active secondary metabolite strongly associates
with pathogenicity towards humans, bacteria, fungi, insects and plants. For instance, PYO
exerts potent toxicity towards mammalian cells through inhibition of respiration, disruption
of calcium homeostasis, misbalancing protease to antiprotease ratio and blocking epidermal
cell growth (35). PYO biosynthesis is dependent on the accumulation of the QS molecules N-
(3-oxododecanoyl)-L-homoserine lactone and N-butyryl-1- homoserine lactone in case cells
reach a specific density (36). In P. aeruginosa, including clone C strain SG17M, PYO’s
precursor phenazine-1-carboxylic acid (PCA) is produced from two nearly identical phz
operons each consisting of seven genes, phzl (phzA:B:CiD:EFiG;) and phz2
(phzA:2B>C>D:E>F>G>) (Figure 3) (37). Subsequently, PhzM and PhzS catalyze the conversion
of PCA into PYO in a two-step process (Figure 3) (38). The presence of two identical phz
operons that are differently regulated has been suggested to maintain the balance of phenazine
biosynthesis in PAO1 (39). Although phzI and phz2 operons are required in PA14 to produce
phenazines during the logarithmic phase of growth in liquid culture, phz2 alone is sufficient
to produce phenazine in colony biofilm (40). In addition, phz2, but not phzI, is required for
host colonization in a murine model and quinolones were found to preferentially induce
expression of the phz2 operon compared to phzI in biofilms reiterating the necessity of
conserving both operons (40).
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Figure 3. Biosynthesis and signaling system of pyocyanin in P. aeruginosa (37). Reprinted from
P. N. Jimenez et al., 2012, with permission from ASM.

Pyoverdines (PVDs) are a group of green fluorescent molecules, which are siderophores,
powerful iron(IIl) scavengers and transporters, that have a dual-role in iron uptake and
pathogenesis (41, 42). Furthermore, PVDs act as QS molecules that activate — through a
cascade of processes — the production of exotoxin A (ToxA) and other proteases involved in
virulence (43, 44). The PVD structure shows chemical diversity between different
Pseudomonas species and even within a species (45); for example, P. aeruginosa has three
different distinct PVD groups with a conserved fluorescent dihydroxy quinolone
chromophore group (41). PVDs can be identified by their UV spectrum profile due to the
chromophore in their structure; they absorb UV light at 380 nm and emit fluorescence at
447 nm (46).

1.2 POPULATION STRUCTURE OF P. AERUGINOSA

1.2.1 Population structure of P. aeruginosa unraveled by genome
sequencing

Prior to the whole-genome sequencing era, alternative molecular typing approaches were
applied to unravel the population structure of P. aeruginosa. For example, a macrorestriction
fingerprint of the genome of P. aeruginosa strains is obtained by restriction digestion of the
genome with a rare-cutting enzyme, such as Spel. Separation of obtained fragments by
Pulsed-Field Gel Electrophoresis (PFGE) renders a unique pattern of high molecular weight
DNA fragments — a distinct basic fingerprint for each clonal group (47, 48). Other approaches
used are the hybridization of distinctly labeled DNA fragments onto a microarray (49) and
Multilocus Sequence Typing (MLST) by comparing the nucleotide sequences of several
different housekeeping loci (50, 51).



In the post-genomic era, when whole-genome sequencing became more affordable, high-
quality genome sequences of an increasing number of P. aeruginosa isolates of different
origins have been made available. Consequently, refinement of the population structure of
P. aeruginosa by defining, for example, the core genome (genes present in all P. aeruginosa
isolates), the accessory genome (genes present in a fraction of P. aeruginosa isolates) and the
gene reservoir of the species (pan-genome) could be initiated (52). B. Valot et al., (2015)
refined the core genome borders of P. aeruginosa from reanalyzing 17 reference strains (53).
J. Mosquera-Rendén et al., (2016) expanded the pan-genome analysis of the P. aeruginosa
population to include 181 strains to understand the genetic variation and its correlation with
vaccine design against P. aeruginosa (54). Whereas L. Freschi et al., (2019) has updated the
pan-genome of P. aeruginosa to consist of 54,272 genes whereby only 665 genes were found
to be core genes by comparing 1,311 P. aeruginosa isolates (55). On this basis, the
population was classified into two major groups containing most of the isolates and three
smaller groups with the evolution of resistance and virulence genes linked to this
classification (55). Consistently, a recent analysis of 739 P. aeruginosa genomes found the
two largest groups of P. aeruginosa isolates in the population predominantly encoded either
exoS (group A) or exoU (group B), reflecting a restricted gene flow between the two groups,
but not within the groups (Figure 4) (56).
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Figure 4. Population structure of whole-genome sequences of 739 P. aeruginosa isolates from
diverse sources (56). Reprinted from E. A. Ozer et al., 2019, under the terms of the Creative
Commons CC BY license.

1.2.2 Genome plasticity of P. aeruginosa

Evolutionary, bacteria undergo constant genetic modifications to cope with the adaptive
pressure from changing environments. The process of diversification takes place through
different mechanisms, from mutation of single nucleotides, to intragenomic reshuffling,
intergenomic transfer of chromosomal DNA and acquisition of foreign DNA segments from
another organism through a process termed horizontal gene transfer (HGT) (57).



Horizontal transfer of DNA segments results in the integration of ‘so-called’ genomic islets
(<10 kb) or islands (>10 kb) at distinct loci called Region of Genomic Plasticity (RGP) (58).
Genomic islands encode gene products that provide advantageous properties such as elevated
pathogenicity, antibiotic determinants, genes related to metabolism and/or fitness-related
genes (59). For instance, two P. aeruginosa pathogenicity islands (PAPI-1 and PAPI-2) of
108 kb and 11 kb in size, respectively, have been found in the highly virulent PA14 strain that
were absent from the less virulent PAO1 strain (60). The recently performed whole-genome
sequencing initiatives allow a more detailed analysis of changes down to the nucleotide levels
in different P. aeruginosa strains. The accessory genome, on the other hand, evolves faster
than the average genome (61).

1.2.3 The most common P. aeruginosa clones — with C strains as the most
common clonal group

Throughout the years, P. aeruginosa strains PAO1 (62) and subsequently, PA14 (63) have
been, and still are, extensively used in molecular and genetic studies and therefore imprinted
our view of the P. aeruginosa species. A clone or a clonal group consists of closely related
isolates of a bacterial species that are significantly more related to each other than to other
isolates, which is reflected by the fact that they group together when using different typing
methods (64, 65). While the PAO1 strain belongs to a more uncommon clonal group, the
PA14 strain belongs to the second most abundant clonal group. The most common clonal
group in the P. aeruginosa population is clone C strains (66, 67).

The dominance of clone C strains has been first recognized by their ability to infect CF
patients worldwide successfully (48, 68). Subsequently, clone C strains have been found to
infect patients with chronic obstructive bronchitis (69), cause urinary tract infections (70) and
a broad spectrum of other diseases. In addition, clone C strains dominate natural and artificial
aquatic habitats (68, 71-73). Their ability to colonize different reservoirs does not only point
towards their ability to tolerate different environments but also to possess and adapt fitness
traits required to thrive in different environmental niches. These fitness traits that enable the
prevalence of clone C worldwide can be encoded on the core genome, on the accessory
genome or both (74).

1.2.4 The accessory genome of P. aeruginosa clone C strains

Chromosomal plasticity of clone C strains of different origin was first discovered when the
genomic fingerprint created by macrorestriction digestion was analyzed by PFGE, followed
by the construction of the physical genome maps of strains of environmental and clinical
origin (67, 75). These analyses showed that clone C strains, through acquisition and deletion
of genetic information (genomic islands and islets), are more variable than strains of clones
that showed a more restricted distribution. As a hallmark of clone C, a 103.5 kb plasmid
called pKLC102 is present in almost all clone C strains and integrated into the chromosome
of cystic fibrosis isolates (76, 77). Other mobile genetic elements have been distinctively
acquired by clone C strains like the genomic island PAGI-2 and PAGI-3 (78).

In order to investigate the successful prevalence and transmission of clone C strains, the
whole-genome sequence was determined for one representative clone C member called
SG17M, isolated from a river in Germany (67, 79, 80). Comparative genome analysis
between SG17M and the well-studied non-clone C strains like PAO1 revealed the acquisition
of a clone C specific genomic island (PACGI-1) of 86 kb with more than 100 genes



integrated into a clustered regularly interspaced short palindromic repeats (CRISPR) locus
(Figure 5) (74). The clone C-specific genomic island PACGI-1 harbors the transmissible
locus of protein quality control (TLPQC), also known as Locus of Heat Resistance (LHR) in
other bacteria (81, 82) (see below). TLPQC encodes stress response and protein quality
control related gene products such as a third homolog of a superoxide dismutase (SOD), a
fourth homolog of thioredoxin (Trx), a DNA damage repair-related protein (RadC) and a
second copy of the essential FtsH protease (74). Most importantly, TLPQC harbors the tri-
gene cluster dna-shsp20ci-clpGar that confers tolerance to lethal heat-shock to clone C
members (74, 83). ClpG (known as ClpK in Klebsiella pneumoniae) is a major determinant
of thermotolerance in K. pneumoniae (81), food-borne E. coli (82) and other bacterial species.
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Figure 5. Integration of clone C specific genomic island (PACGI-1) into the 7t and the
8th palindromic repeat of CRISPR 2 locus of SG17M strain. Figure is adapted from (74) and (84).

1.3 POPULATION STRUCTURE OF ESCHERICHIA COLI

1.3.1 Overview over the population structure of E. coli

E. coli is a gram-negative commensal bacterium that predominantly inhabits the gut of
vertebrates, but is also a pathogen capable of causing intestinal and extraintestinal infections.
The genomic structure of the E. coli population in the pre-sequencing era was classified
according to serotypes using the combined distinction of O (somatic), K (capsular) and H
(flagellar) antigens (85, 86). As the serotype and the pathogenicity were non-randomly
associated, it described the population as stable clones with few genomic recombinations
(87). Subsequently, multilocus enzyme electrophoresis (MLEE) classified the population into
four main groups (A, B1, B2 and D) and two accessory groups (C and E) based on 38
housekeeping enzymes (88, 89). Other techniques extended the MLEE analyses further, such
as the random amplified polymorphic DNA (RAPD) and restriction-fragment-length
polymorphism (RFLP) of the ribosomal RNA genes and PFGE to confirm the clonal concept
of the population (90-92). Three specific gene markers were identified for the four main
phylogroups (A, B1, B2 and D) and a simple combinatorial PCR approach is used until today
to grossly classify strains within the E. coli population (93). With the increased availability of
MLST data of E. coli isolates, the phylogroup classification was revisited and updated to
eight phylogroups, seven belonging to E. coli sensu stricto (A, B1, B2, C, D, E, F) and one to
Escherichia clade 1 (94). A recent study has performed a systematic review on 217 studies
that performed multilocus sequence typing or whole-genome sequencing of E. coli isolates
(95). E. coli 1solates recovered from the gut and extraintestinal infection were classified into
20 major sequence types with the multi-drug resistant ST131 as the most frequent sequence

type (95).



1.3.2 Commensal E. coli strains including the model strain E. coli K-12

E. coli is part of the mammalian gut microbiome and the most common aerobe in the lower
intestine of mammals (96). E. coli grows in the thin layer of the mucus lining in the gut as
a multispecies biofilm (97, 98). Inhabitation of E. coli to the human gut begins at birth when
E. coli colonizes the infant gut epithelium acquired mostly from the mother and the
surroundings (99). The E. coli community colonizing the gut, which is composed of long-
and short-term inhabitants, is shaped by the host’s diet and exposure to antibiotics (100, 101).
The human host aids E. coli establishment in the gut by secreting immunoglobulin A that
promotes the formation of E. coli biofilm on the intestinal mucosa (102). In return, E. coli
provides the host with vitamin K and vitamin B12 (103, 104) as well as excluding
colonization of the gut by pathogens (97). Therefore the relationship between E. coli and the
human host is mutualistic. However, it is worth noting that E. coli can cause intra and
extraintestinal infections like diarrhea, colitis, bacteria and urinary tract infections in
immunocompromised and even in healthy individuals (105, 106).

E. coli K-12 is a commensal strain that belongs to the ST10 MLST type, which has been the
genetic reference strain since 1921 (107). The K-12 strain and its derivatives have been
widely used by scientists as a model organism to deliver groundbreaking discoveries in
bacterial physiology, basic biology and genetics (108). Of note, E. coli K-12 is closely related
to the first commensal E. coli strain NCTC86 discovered by Theodor Escherich in 1886 (109,
110).

1.3.3 The locus of Heat Resistance in bacteria

The Locus of Heat Resistance (LHR), synonym to TLPQC, a genomic island of up to 19 kb
found in several bacteria, encodes gene products that are involved in protein folding and
turnover, thus providing extreme thermotolerance, resistance to pressure and oxidative agents
(82, 83, 111). In several Klebsiella pneumoniae clinical isolates, in particular, the multi-drug
resistance lineage C132-98 isolated from critical ICU infections, the LHR 1is encoded on a
conjugative plasmid. In this context, LHR contains a determinative component ClpK (ClpG)
disaggregase that is responsible for a remarkable thermotolerance, which enables
K. pneumoniae to thrive in the hospital environment through, for example, surviving mild
heat sterilization below 60 °C as used for thermo-labile endoscopes (81). Similarly, some
Enterobacteriaceae ~ family = members, including the  opportunistic = pathogen
Cronobacter sakazakii associated with a severe infection in neonates, were found to harbor
the LHR contributing to a prolonged thermotolerance at 58 °C which can be linked to
contamination of powdered infant milk formula (112). The beef isolate E. coli AW1.7
harbors the LHR locus and therefore surviving the “’well-done’’ temperature of 70 °C (113).
Also, other heat-resistant E. coli isolates from clinical and environmental origins showed the
acquisition of LHR (82). Another food-borne pathogen of economic impact and raising
concern over food safety is Salmonella enterica Serovar Senftenberg ATCC 43845 that
harbors two thermotolerance loci (114). Recently, the thermotolerant raw milk cheese isolate
E. coli FAM21805 was found to harbor two distinct LHR variants, one of them encoded on a
highly transmissible plasmid (115). The two LHR operons were also identified in extended-
spectrum B-lactamase (ESBL)-producing E. coli C604-10 that cooperatively provide thermo-
protection (116). In this thesis, we show that E. coli strains with high thermotolerance, one of
them closely related to E. coli K-12, persist in the human gastrointestinal tract (Kamal ef al.,
manuscript [V, submitted).



1.4 PROTEIN HOMEOSTASIS IN BACTERIA

1.4.1 General molecular mechanisms of protein homeostasis

Bacteria have developed a variety of sophisticated systems to maintain the structure and the
function of all cellular proteins under physiological and stress conditions. Different
chaperones and proteases coordinate their activities to maintain protein homeostasis by
ensuring proper folding of the newly synthesized polypeptides and removing the misfolded
entities. These misfolded polypeptides can be disaggregated and subsequently refolded or
eventually degraded by proteases (117).

Proper folding of the newly synthesized proteins is ensured by the chaperone systems
DnaK/Dnal/GrpE, the chaperonines GroEL/GroES and the chaperone trigger factor (TF)
(118, 119). Upon exposure to environmental stressors such as temperature/pH/oxygen shift,
osmotic shock and exposure to reactive compounds, different chaperones cooperate to
maintain the protein integrity such as small heat-shock proteins (sHsp), the Hsp100 AAA+
(ATPase associated with diverse cellular activities) disaggregase ClpB and Hsp70 (DnaK)
(120-124). Consequently, these chaperone systems form a functional triad of protein
homeostasis maintenance, from holding (e.g., IbpA/sHsp), folding (e.g., DnaK/Dnal/GrpE) to
disaggregating chaperones (e.g., ClpB) in order to efficiently recover aggregated proteins (83,
125). Furthermore, different AAA+ proteases irreversibly degrade misfolded or
misassembled proteins as another way to maintain protein quality when the disaggregation
systems are insufficient (Figure 6) (126, 127).
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Figure 6. Bacterial protein quality control systems during environmental stressors like heat and
oxidative stress (117). Reprinted from A. Mogk et al., Integrating protein homeostasis
strategies, 2011, Vol. 3, 3:a004366, with permission from Cold Spring Harbor Laboratory
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1.4.2 The AAA+ domain

AAA+ superfamily proteins are part of the diverse P-loop NTPases class that is widespread in
all domains of life (128). The hallmark of these proteins is the AAA+ module of 200-250
amino acids that utilizes energy derived from nucleotide hydrolysis for macromolecule
remodeling in target proteins (129, 130). The AAA+ module contains the conserved
nucleotide-phosphate  binding domain referred to as P-loop or Walker A motif
(GX4GK[S/T]), where the lysine binds B- and y-phosphates of bound ATP, while the
threonine/serine coordinates the Mg?* ion (131). Downstream of the Walker A motif locates
the Walker B motif (XXXXDE), where X is any hydrophobic residue (132, 133). The
conserved aspartate residue in the Walker B motif coordinates Mg?* ion binding, whereas the
glutamate residue primes a water molecule for the nucleophilic attack of the y-phosphates of
the bound ATP by proton abstraction (134). The hydrolysis of the ATP leads to a relative
movement of the N- and C- terminus of the AAA+ modules generating a mechanical force
applied to the remodeling of the bound substrates (130).

1.4.3 Disaggregating chaperones

The Hsp100 family member chaperone ClpB is present in most bacteria. ClpB is an AAA+
disaggregase/unfoldase with two ATPase domains involved in energy-driven ATP hydrolysis
necessary for aggregate unfolding. The ClpB chaperone cannot work independently but
requires the DnaKJE co-chaperone system that binds to the aggregates and escorts it to the
ClpB chaperone to stimulate the ATPase activity of ClpB (Figure 7A) (135, 136). The bi-
chaperone system ClpB/DnaKJE, assisted by small Hsps, is considered to be the major
disaggregating chaperone system upon lethal heat stress in E. coli and other bacteria (121-
123, 137).
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Figure 7. Different strategies for aggregate solubilization or degradation in different bacterial species
(137). Reprinted from F. D. Schramm et al., protein aggregation in bacteria, FEMS Microbiol Rev,
2020, Vol 44, Issue 1, with permission from Oxford University Press.
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In addition to the bi-chaperone system ClpB/DnaKJE, P. aeruginosa has a novel, horizontally
transferred Hsp100 chaperone, the ClpG protein, which is highly homologous to ClpB (74).
ClpG is a disaggregating chaperone of the AAA+ protein family that has two potent ATPase
domains flanking a distinct middle domain (M-domain). P. aeruginosa clone C strains have
two copies of ClpG, one encoded on the core genome (ClpG) and one encoded by the
TLPQC locus on the genomic island PACGI-1 (ClpGar) with 76% sequence homology. ClpB
protein, related to ClpG/ClpGar in the primary sequence and structure, requires the Hsp70
protein DnaK for aggregated protein binding and ATPase activation. Whereas, ClpG/ClpGar
have high basal ATPase activity and do not require DnaK for aggregate delivery. Instead, the
ClpG class disaggregases bind aggregates via a unique N-terminal extension that is absent in
ClpB, conferring superior heat tolerance (Figure 7B) (138). Furthermore, ClpG uniquely
recognizes ‘tighter’ aggregates formed at higher temperatures and protein concentrations,
which are only poorly processed by the ClpB/DnaK system (139).

Some gram-positive bacteria (e.g., Bacillus subtilis) lack ClpB and ClpG homologs and
instead depend on Hsp100 unfoldases like ClpC containing a ClpP interacting loop (140,
141). Similar to ClpB, the activity of ClpC essentially requires adaptor proteins such as
MecA that binds to the aggregates and escorting it to ClpC while stimulating its activity
(142). Although the ClpC/MecA system displays unfoldase activity in vitro, the ClpP
interacting loop in ClpC allows docking of ClpP that leads to disaggregation directly coupled
to ATP-dependent proteolysis (Figure 7C) (137, 142).

1.4.4 AAA+proteases

As exemplified by ClpC, other components involved in protein homeostasis are the AAA+
proteases that contain one or more ATPase domains involved in energy-driven ATP
hydrolysis, required for substrate unfolding (the AAA+ disaggregase/unfoldase domain such
as ClpA or ClpX) and subsequent translocation to a protease domain. For example, E. coli
encodes five AAA+ proteases Lon, ClpXP, ClpAP, HslUV and FtsH (126), whereby the Lon
protease is responsible for approximately 50% of in-vivo proteolysis (127, 143). The AAA+
disaggregase/unfoldase domain can be covalently coupled to the protease domain, as in FtsH
and Lon. Alternatively, AAA+ disaggregase/unfoldase and protease can be two distinct
proteins, such as HsIUV, ClpXP, ClpAP and ClpCP (Figure 8) (127, 144).
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Figure 8. The domain structure of AAA+ proteases in bacteria (144). Reprinted from L. M. Bittner
et al., ATP-dependent proteases in bacteria, Biopolymers, 2016, Vol 105, Issue 8, with permission
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Some of these proteases play a role in antibiotic resistance, motility, biofilm formation and
metabolism. For example, Lon and ClpP are involved in P. aeruginosa tolerance against the
fluoroquinolone ciprofloxacin (145, 146) as well as motility (147, 148). In addition, the Lon
protease negatively regulates the QS system RhII/RhIR that is linked to pyocyanin
biosynthesis by degrading Lasl, leading to repression of LasR/Lasl. Therefore, the deletion of
the Lon protease leads to the accumulation of pyocyanin (149).

1.4.5 Mechanism of action of AAA+ proteases

Degradation by AAA+ proteases takes place through four consecutive steps. The first step is
the recognition of the substrate by the ATPase domain directly or indirectly. Direct
recognition is based on a short recognition motif (degron) in the substrate with a specific
sequence and/or length and/or chemical property (150). For example, ClpXP and FtsH
identify the ssrA tag, a C-terminal polypeptide of 11 amino acid residues (151, 152), while
Lon protease recognizes a degron, rich in hydrophobic residues in unfolded proteins, but also
specific motifs in stable native proteins (153). Substrate recognition by AAA+ proteases can
also occur through adaptor proteins (154). For example, the adaptor protein ClpS binds to
specific amino acids at the N-terminus of a substrate and delivers it towards CIpAP for
degradation (155, 156). The second and third steps are unfolding and translocation of the
linear substrate into the proteolytic chamber that is constituted of hexamers as a barrel-like
structure of disaggregase/protease monomers; these two steps require energy, driven by ATP
hydrolysis of the AAA+ disaggregase/unfoldase domain. The last step involves ATP-
independent degradation at the active site of the protease (Figure 9) (127, 144, 157).
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Figure 9. Degradation process by AAA+ proteases. AAA+ unfoldase and peptidase domains are
indicated (127). Reprinted from R. T. Sauer, T. A. Baker, AAA+ Proteases: ATPFueled Machines of
Protein Destruction, Annu Rev Biochem, 2011, Vol 80, with permission from Annual Review.

1.5 FTSH PROTEASE

1.5.1 Features of the FtsH protease

The FtsH protease belongs to the AAA+ protease family and is universally conserved
between eubacteria, mitochondria and chloroplasts, indicating the functional importance of
this protein (158, 159). Among the five AAA+ proteases in E. coli, FtsH is the only
membrane-bound protein and is required for viability (160). Inactivation of fisH in
Bacillus subtilis and yeast AAA protease causes pleiotropic phenotypes (161, 162), whereas
mutations in the human mitochondrial AAA proteases leads to Hereditary Spastic Paraplegia
(HSP) (163).
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FtsH is anchored to the inner cell membrane via the N-terminal domain as homo-hexameric
complexes (164-169). The cytosolic part of the protease contains two conserved active
domains, the AAA+ ATPase and the Zn**-dependent metalloprotease domain (Figure 10)
(170).

AAA ATPase domain

Protease domain

Figure 10. Structural model of the E. coli AAA+ protease FtsH (171). Reprinted from
F. Scharfenberg et al., 2015, under the terms of the Creative Commons CC BY license.

The ATPase domain hydrolyzes ATP to unfold and translocate the substrates through the
central pore into the proteolytic chamber (127). Accordingly, the AAA+ ATPase domain
contains the Walker A/Walker B motifs that are required for nucleotide binding, metal ion
coordination and ATP hydrolysis (172) and the pore motif that is necessary for coupling
unfolding with translocation (167). Furthermore, the AAA+ ATPase contains the second
region of homology (SRH) that is critical for ATPase activity and to distinguish AAA family
members from other Walker A/B motif-containing ATPases (Figure 11) (159, 173, 174).
FtsH 1s an M41 metallopeptidase that requires a divalent metal cation (zinc) for peptidase
activity (170). The zinc ion is held in place by two conserved histidine residues in the
HEXXH motif (X: any amino acid) and a downstream aspartate residue as a third
coordinating residue. The ionization of the zinc-bound water leads to the nucleophilic attack
on the peptide bonds of the substrates via zinc hydroxide (169, 175).

Protease

100 200 300 400 500 600

Figure 11. Horizontal representation of P. aeruginosa FtsH1 from N-terminal (left) to C-terminal
(right). The transmembranes, periplasmic and cytoplasmic domains are shown in different colors. The
functional motifs are indicated. The figure is created based on (159).
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1.5.2 The N-terminal domain of FtsH

The N-terminal domain is essential for the topology and functionality of FtsH proteases (176,
177). It consists of two transmembrane helices flanking a periplasmic domain followed by a
glycine-rich cytoplasmic linker connecting the N-terminal domain to the AAA+ ATPase
domain (159). Structurally, the two transmembrane helices anchor FtsH to the inner cell
membrane and drive homo-oligomerization together with the periplasmic domain (165, 166,
178). Functionally, the transmembrane helices of the N-terminal domain contribute to the
proper ATPase and peptidase activity of FtsH in vivo and in vitro (176-179). Two membrane-
anchored periplasmically-exposed proteins called HfIK and HfIC interact with FtsH via its
periplasmic domain, forming a large holoenzyme complex in the inner membrane that
modulates substrate specificity (166, 180, 181). Unlike the AAA+ ATPase and peptidase
domain of the AAA+ metalloprotease core domains, the N-terminal region of the FtsH
protease seems to diverge substantially (171, 182).

1.5.3 Functions of the FtsH protease

1.5.3.1 Membrane- and periplasm-related functions/properties

The unique location of FtsH in the inner cell membrane allows interaction with periplasmic,
membrane-standing and cytoplasmic substrates. FtsH controls the membrane protein quality
by degrading uncomplexed membrane proteins such as the T2SS translocon protein SecY in
case of failed pairing with the SecE to form a translocase (183, 184). Similarly, FtsH
degrades the subunit alpha of the F1Fo ATP synthase complex (184). Besides its function as a
protease, FtsH in concert with HfIK, HfIC and YidC, acts as a chaperone to maintain the
integration of inner membrane proteins (Figure 12) (185-187). In addition to its regulatory
and proteolytical properties in the cell membrane, FtsH processes and translocates the
cytotoxic C-terminal domain of the tRNAase toxin colicin D from the periplasm into the
cytoplasm in collaboration with LepB (Signal peptidase I), an essential element of cellular
secretion machinery (188-190) (Figure 12). Furthermore, in Salmonella typhimurium, FtsH
negatively regulates the virulence factor membrane protein MgtC required for survival inside
macrophages (191).

1.5.3.2 Cytoplasmic-related functions/substrates

FtsH protease can act on soluble substrates in the cytoplasm. FtsH degrades the LpxC and
WaaA (KdtA) enzymes that are involved in the biosynthesis of the hydrophobic anchor of the
LPS called lipid A (160, 192, 193). Consequently, FtsH controls the balance between
lipopolysaccharide (LPS) and phospholipids — key components of the outer membrane and
crucial for cell survival. In addition, together with the ClpAP and ClpXP proteases, FtsH
clears the cytoplasm from abnormal polypeptides tagged with the degradation signal ssrA
added to truncated mRNAs (151, 152). FtsH is also involved in regulating gene expression
linked to heat-stress through rapid degradation of the heat-shock transcription factor
o*2 (RpoH) at non-stress temperatures (194-196). FtsH also plays an indispensable role in
targeting crucial viral proteins. For example, during bacteriophage infection, FtsH contributes
to the decision between lysis and lysogeny through keeping the balance of the transcriptional
activator of bacteriophage A protein clI (Figure 12) (197, 198).
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Figure 12. Overview of the diverse functions of the FtsH protease in E. coli. The figure is adapted and

modified from (199).

1.5.4 Regulatory

proteins of the FtsH protease

Proteases often use accessory/adaptor proteins to aid in the degradation of substrates (154).
The substrate specificity and the catalytic activity of FtsH towards some substrates are fine-
tuned by regulatory proteins and substrate-specific modulators, as summarized in Table 1.

Table 1. List of regulatory and substrate-specific proteins of FtsH proteases.

Regulatory
protein/substrate-
specific modulator

Function

Organism Reference(s)

HfIK/HfIC Negative regulation of proteolysis of the E. coli (184, 197)
membrane substrate SecY in vivo and in
vitro and the cytoplasmic substrate cll in
vitro
HfID Sequestering and presenting cll for E. coli (200)
degradation
DnaK chaperone Escorting the cytoplasmic regulatory E. coli (201, 202)
system and Signal transcription factor RpoH (a32) for
Recognition particle  degradation
LapB (YciM) and Stimulate the rapid turnover of LpxC E. coli (192, 203, 204)
WaaH
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LepB (Signal Required for processing and translocation of  E. coli (190)

peptidase I) colicin D across the membrane

MgtR Promotes the degradation of the virulence Salmonella (191)
factor MgtC enterica

YqgP Serves as an adaptor for FtsH to cleave the  Bacillus (205)
major magnesium transporter MgtE subtilis

YidC/HfIK/HfIC Act as a chaperone with FtsH for membrane  E. coli (185-187)

protein integration

While the FtsH protease has been extensively characterized in E. coli, it remains poorly
investigated in P. aeruginosa (206-208). Of note, P. aeruginosa clone C strains have two
homologous copies of fisH, one on the core chromosome and another one on the genomic
island PACGI-1, namely fisH1 and fisH2, respectively. Also, other organisms have more than
one FtsH copy, like the cyanobacterium Syrnechocystis, which has four copies (209) and
Arabidopsis chloroplasts having nine copies involved in photosynthesis (210).

1.5.5 Substrate recognition mechanisms by FtsH

FtsH is involved in processing a variety of diverse substrates and is thus involved in various
cellular activities, yet the recognition logic of the substrates is not fully understood (150).
Even for the sole FtsH protease of E. coli, there is no universal degron sequence that is
recognized by the FtsH protease. For example, the general recognition C-terminal ssrA-tag
(AANDENYALAA) directs the mistranslated proteins to AAA+ proteases including FtsH
(151, 211). Also, the degron of LpxC, LAXXXXXAVLA (X: any amino acid), contains
several non-polar residues (and thus resembles the ssrA-tag sequence) and is located at the C-
terminus (212, 213). The degron, however, can also be located at the N-terminus as in the
case of YfgM, where the degron consists of the first 14 N-terminal amino acids
(MEIYENENDQVEAV-) (214). The N- and C-terminal ends of RpoH, however, are not
necessary for degradation as the degron is located internally in the protein (Figure 13) (215).

A N-terminal motif B C-terminal motif C Internal motifs

R

Figure 13. Degron diversity of selected FtsH substrates. The substitution of the amino acids in red
leads to the stabilization of the substrates (150). Reprinted from L. M. Bittner et al., 2017, under the
terms of the Creative Commons CC BY license.
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1.5.6 Hypothesis-independent approaches to identify FtsH substrates and
interacting proteins

Most of the substrates known for E. coli FtsH have been identified using a trapping approach
with catalytically inactive FtsH trapping variants (150, 216, 217). A mutation in the FtsH
Walker motifs (Walker'™P) inactivates the AAA+ ATPase domain needed for unfolding and
translocation of substrates. Another FtsH variant with a mutation in the zinc-binding motif of
the protease domain (Protease"™) inactivates the proteolytic site of FtsH (144). Both variants
are, therefore, compromised in the degradation of the trapped substrates (Figure 14). The
trapped substrates can be crosslinked to FtsH variants and pulled-down via the C- or N-
terminal tag of the FtsH variant. The identity of the candidate substrates (and interacting
proteins) can be revealed by mass spectrometry. Putative substrates can be confirmed by
assessment of their in-vivo degradation assay in the presence and absence of the FtsH
protease (84, 216, 218).

Walker™ wild type protease"™

unfoldase

protease

Figure 14. The principle of FtsH trap variants used for substrate identification (144). Reprinted from
L. M. Bittner et al., ATP-dependent proteases in bacteria, Biopolymers, 2016, Vol 105, Issue 8, with
permission from John Wiley and Sons.

1.6 SIGNIFICANCE

FtsH proteases play an important role in the cellular physiology of different organisms,
including contribution to persistence under resource-limited conditions (206, 207).
P. aeruginosa possesses one FtsH protease, which has not been extensively characterized
(207, 208). Unlike most P. aeruginosa strains, including PA14 and PAOI1, P. aeruginosa
clone C contains an additional FtsH protease located on the mobile genetic element PACGI-
I/TLPQC. Studying FtsH proteases in the worldwide successful P. aeruginosa clone C will
enhance our understanding of the function of FtsH protease(s) in P. aeruginosa physiology
and successful adaptation of prevalent strains.

17






2 AIMS

The thesis aims to investigate genetic fitness determinants encoded on the TLPQC locus. In
particular, the role of the protein quality control components, such as the membrane-bound
protease FtsH, the stand-alone disaggregase ClpG and their core genome homologs in
P. aeruginosa clone C strains and E. coli strain Fecl0.

Paper I — To define the role of the membrane-bound protease FtsHI1 encoded on the core
genome and its horizontally-acquired xenolog FtsH2 encoded on the clone C specific TLPQC
locus in fitness and adaptation of the environmental P. aeruginosa clone C strain SG17M

Paper II — To investigate the molecular basis for the differential in vivo functionality of FtsH1
and FtsH2 in P. aeruginosa clone C member SG17M by genetic and biochemical approaches

Paper III — To study the role of the core genome ClpG disaggregase and the homologous
genomic island disaggregase ClpGagr in protein quality control and thermotolerance of
P. aeruginosa clone C

Paper IV — To study the role of the dna-shsp20c-clpGar core thermotolerance operon located
on the TLPQC/LHR locus in the human commensal E. coli Fecl0 isolate and to initially
characterize the ST10 type E. coli Fecl0 strain, a close homolog of E. coli K-12

Paper V — To study the frequency of instant double crossover upon homologous recombination
of a suicide plasmid designed for gene deletion on the genome of P. aeruginosa clone C and
other reference strains
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3 METHODOLOGICAL CONSIDERATIONS

This chapter provides an overview of the principles and protocols of main laboratory methods
that have been applied in this thesis. Detailed protocols can be found in the Materials and
Methods section of the respective papers.

3.1 CONSTRUCTION OF CHROMOSOMAL DELETION MUTANTS IN
P. AERUGINOSA

A chromosomal deletion mutant in P. aeruginosa can be readily constructed by the
replacement of the target open reading frame by an antibiotic resistance cassette (219). This
procedure requires the construction of a suicide plasmid with a ‘deletion cassette’ which
consists of FLP-excisable gentamicin (Gm) resistance cassette flanked by >1 kb DNA
fragments corresponding to the nucleotide sequences immediately up- and down-stream of
the target gene. The deletion cassette was cloned into the suicide plasmid pEX18Tc, which
encodes a tetracycline (Tc) resistance cassette as a selectable marker (219) and is transformed
into the cloning host E. coli Topl0. Subsequently, the recombinant suicide plasmid was
conjugated into the recipient P. aeruginosa strain(s) to replace the target gene by triparental
mating with the aid of E. coli Topl0 harboring the suicide plasmid and E. coli HB101
harboring the helper plasmid pRK2013 (Figure 15) (220). Selection on Vogel-Bonner
Minimal Medium (VBMM) supplemented with Gm ensures the selection of P. aeruginosa
conjugates that integrated the suicide plasmid into the chromosome and does not support the
growth of the E. coli strains (221). Typically, integration of the suicide plasmid into the
chromosome occurs through a single crossover recombination event, generating
P. aeruginosa merodiploid that are Gm'/Tc". A sucrose counterselection step is subsequently
required to induce second crossover recombination to excise the suicide plasmid to replace
the target gene with a Gm cassette and generate recombinants that are Gm'/Tc®.

We observed that P. aeruginosa clone C and PA14 strains performed instant double
crossover recombination upon plasmid conjugation (findings are described in paper V).
Antibiotic sensitivity testing, as well as PCR, were used to distinguish between P. aeruginosa
recombinants with single and double crossover and to verify the correct deletion mutants
(Figure 15). To excise the Gm cassette, the pFLP2 plasmid expressing the FLP recombinase
was introduced. The pFLP2 plasmid also bears the sacB gene enabling counterselection on
sucrose-containing medium and ampicillin (Ap; mediating carbenicillin resistance in
P. aeruginosa) resistance (219). To subsequently cure the marker-free gene deletion mutant
of the pFLP2 plasmid, colonies were grown twice on LB agar supplemented with 5% sucrose
and without antibiotics. The excision of the antibiotic cassette was verified by PCR and
sensitivity of the colony towards Gm and carbenicillin was confirmed.
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Figure 15. The workflow of the construction of chromosomal deletion mutants in P. aeruginosa via
homologous recombination and distinguishing recombinants with single versus double crossover
recombination events.

3.2 DETECTION OF FTSH1 AND FTSH2 EXPRESSION PATTERN

To determine the relative level of expression of a protein, conventionally Western blot
analysis is used for proteins separated according to their molecular weight by SDS-PAGE
protein gel electrophoresis. The protein is thereby detected by specific antibodies. To
determine the level of expression of FtsH1 and FtsH2 proteins, Myc and 3xFLAG, were
introduced into the protein on the C-terminus, respectively, with the respective nucleotide
sequences inserted just before the stop codon of the native genes on the chromosome
(Figure 16). To construct a tagged gene on the chromosome, the approx. 1 kb DNA fragment
containing the sequences upstream of the stop codon of the gene plus the respective tag
sequences (including the stop codon) and the 1 kb fragment downstream of the stop codon
flanking an FLP-excisable Gm marker were cloned into the suicide vector pEX18Tc.
Subsequent conjugal transfer of the recombinant suicide plasmid, selection of conjugants,
marker excision and curing, were performed as described for the construction of the
chromosomal deletion mentioned above. The native protein production of FtsH1 and FtsH2
was tested in LB and M63 minimal medium at 37 °C and 20 °C in logarithmic, stationary and
late stationary phases. Using a proven tag for protein detection has advantages, such as the
commercial availability of well-characterized antibodies, high specificity and applicability to
different proteins. On the other hand, the tag may interfere with the protein structure, stability
and function. Indeed, we observed slight growth retardation of the cells producing FtsH1 with
the Myc-tag at the C-terminal end (84).
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3.3 FORMATION OF HETERO-OLIGOMERS BY FTSH1 AND FTSH2

Hetero-oligomerization of different FtsH homologs has been observed in cyanobacteria,
which can lead to novel functionality (222, 223). Homo- and hetero-oligomerization between
FtsH1 and FtsH2 were tested by constructing open reading frames encoding bait proteins of
wild type FtsH1-Strep and FtsH2-Strep, which were cloned into the L-arabinose-inducible
pJN105 vector. The bait proteins were introduced into P. aeruginosa SG17M strain
containing fisHI-myc at the native chromosomal locus (Figure 16A) and vice versa, the
SG17M strain with fisH2-3xFLAG on the chromosome (Figure 16B). Bait protein expression
was induced by 0.05% L-arabinose at ODsoo = 0.4 and cells were harvested around 2 h post-
induction at ODsoo = 0.8. Proteins were crosslinked by adding 1% formaldehyde and
incubated for 10 min. Afterward, the crosslinker was quenched with 1 M glycine and the cells
were lysed by sonication. Subsequently, the bait protein was purified using the Strep tag,
which leads to stable co-purification of the associated proteins. Crosslinking was reversed by
boiling for 20 min and the co-purified chromosomally encoded Myc and 3xFLAG tagged
proteins were detected by immunoblotting.
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Vector
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2 Q @- Strep
()

Figure 16. Schematic representation of the experimental strategy to assess FtsH1/FtsH2 protein-
protein interactions. Bait proteins FtsH1-Strep and FtsH2-Strep cloned into an expression vector were
expressed in P. aeruginosa SG17M encoding (A) chromosomal ftsH1-myc or (B) chromosomal ftsH2-
3XFLAG.

3.4 THE TRAP-BASED SUBSTRATE IDENTIFICATION APPROACH

Substrate identification of the FtsH protease has been mainly performed in E. coli (144, 216,
224) but also in cyanobacteria (225, 226). To identify novel substrates for the FtsH1 and
FtsH2 proteases in P. aeruginosa SG17M, a variant of the above-described pull-down assay
was applied. In this case, the trap proteins (FtsH"™P) FtsH1"™ and FtsH2"* with an amino
acid exchange in the first histidine in the conserved zinc-binding motif HEXXH, H416Y and
H429Y, respectively, were constructed to serve as bait (Figure 17). Thereby, the protease
activity of the FtsH" variant proteins is compromised, while substrate binding, ATP
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hydrolysis and subsequent substrate unfolding and translocation are retained (Figure 17)
((216, 218)). The principle of trap proteins, consisting of a catalytically inactivated protease
domain while maintaining the AAA+ ATPase domain activity, has been previously applied
for Lon and ClpXP (227, 228). The trap variant proteins with a C-terminal Strep tag cloned in
the pJN105 plasmid were induced with 0.05% L-arabinose in the respective fisH single
deletion mutant background of P. aeruginosa SG17M. Cells were harvested at ODgoo = 1
followed by crosslinking, quenching, cell lysis, purification of variant proteins, reversal of
crosslinking and separation and analysis by SDS-PAGE gels as described above. Distinct
candidate protein bands were selectively and reproducibly co-purified with the trap proteins,
then cut from the SDS-PAGE gel, and identified by mass spectrometry. Cells harboring
empty vectors were used as the Streptavidin resin control, while gel bands of crosslinked
lysate that were not reversed, were used to identify potential transient protein candidates.
Candidate substrates were verified by in vivo degradation in the wild type and fisH single and
double deletion strains.
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Figure 17. Principle of the trapping approach for the AAA+ protease FtsH. The active AAA+ ATPase
domain hydrolyzes ATP to unfold and translocate the substrate into the proteolytic chamber. The
substrate is trapped by the FtsHtar construct (shown on the right), where the zinc ion can no longer
bind to the mutated zinc-binding motif of the protease domain, resulting in disruption/termination of the
proteolytic activity. In contrast, the substrate is degraded by FtsHWT (shown on the left), where zinc
can bind to the intact zinc-binding motif.

The substrate trapping approach used for FtsH was validated by the co-purification of known
FtsH substrate and modulator proteins. However, the experimental method used has some
limitations. For example, using a 1D protein gel to identify the substrates results in a low
resolution and potentially restricts the identification of the less abundant proteins. A
methodological extension leading to higher resolution and numbers of identified proteins
would be to use a gel-free approach by LC-MS/MS. Furthermore, the identified substrates
reflect the physiological function of FtsH at only the specific growth stage when the
substrates were crosslinked so that the trapped substrates are a fraction of the substrates of
FtsH over the entire growth phase. To address this issue, alternative growth phases and
conditions can be used.
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3.5 FTSH PURIFICATION

FtsH protein purification was performed as previously described (229, 230), with some
modifications summarized in Figure 18. Overexpression of membrane proteins is often
troublesome since they compromise the membrane integrity. As a result, the overexpression
of FtsH was found to be deleterious in E. coli (231). The FtsH purification protocol used in
this thesis is based on the extraction of FtsH from inclusion bodies collected from the
insoluble fraction of the cell lysate. To solubilize the inclusion bodies, the ionic detergent N-
lauroylsarcosine was used in the presence of ATP. Upon dissolution of the inclusion bodies,
the transmembrane segments of FtsH are inserted into the detergent micelles (229).
Subsequent refolding steps occur when the ATP binding domain refolds around the Mg?* and
ATP during the process of gradual dilution of N-lauroylsarcosine micelles in NP-40 (Igepal)
on the purification column. The presence of ATP during solubilization and refolding helps
FtsH assemble into higher-order structures and increases the proportion of active FtsH
molecules (229).
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Figure 18. The workflow of FtsH solubilization and refolding steps from the inclusion bodies optimized
for P. aeruginosa in collaboration with Tania A. Baker and Robert T. Sauer laboratories.
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4 RESULTS AND DISCUSSION

41 PAPERI: TWO FTSH PROTEASES CONTRIBUTE TO FITNESS AND
ADAPTATION OF PSEUDOMONAS AERUGINOSA CLONE C STRAINS

In Paper I, we aimed to identify the role of the ATP-dependent membrane protease FtsH of
P. aeruginosa environmental isolate SG17M encoded on the core genome by fisH/ and on
the PACGI-1/TLPQC genomic island by its homolog fisH2. The deletion of the core genome
copy ftsHI1 showed a pleiotropic effect on a broad range of fitness traits such as growth,
flagellar and type IV pili motility, biofilm formation under steady-state and continuous flow
conditions, antibiotic resistance, secretion and production of secondary metabolites, heat and
oxidative stress tolerance. While deletion of the genomic island copy fisH2 in the wild-type
background hardly manifested an effect, the fisHI and fisH2 double deletion mutant
displayed an additive effect on most of the phenotypes tested compared to the fisHI single
deletion mutant. These findings indicated a backup functionality of fisH2 in the absence of
ftsH1. In congruence with the mutant phenotypes, phenotypes fully complemented by fisH/
were only partially complemented by fisH2. Therefore, FtsH1 and FtsH2 — despite their
highly conserved enzymatic AAA+ ATPase and protease domains — contribute unequally to
phenotypes linked to fitness and adaptation of SG17M (Figure 19). Similar to P. aeruginosa,
the deletion of fisH in Bacillus subtilis results in a pleiotropic effect, including retardation of
growth (161). In addition to the pleiotropic effect of fisH deletion, fisH was shown to be
crucial for general fitness in P. aeruginosa PA14 during growth-arrest caused by energy
limitation (206).

The heat shock response needs to be tightly controlled to avoid deleterious activation of, e.g.,
heat-inducible proteases. FtsH rapidly degrades the heat-shock transcription factor RpoH
(6°?) at the permissible growth temperature in E. coli (194-196). In the wild-type
P. aeruginosa clone C strain SG17M and the AfisH2 background, ¢*? induced from an
expression vector was degraded rapidly in less than 10 min post-induction at 37 °C. On the
other hand, 6** was degraded in the AftsH1 and AftsHI1AfisH2 backgrounds after 30 and 60
min post-induction, respectively. Moreover, the steady-state levels of 6*? upon induction were
approximately >30 times higher in the AftsHI and AftsHI1AftsH2 background compared to
the wild-type and AfisH2 background. Therefore, 6* is kept under a tight control mainly by
ftsH1 and to a minor extent by fisH2 in P. aeruginosa SG17M.

In E. coli, FtsH is essential for viability as it maintains the balance of LPS/phospholipid in the
outer membrane. FtsH achieves this by degrading the LPS biosynthesis enzymes, such as the
key enzymes LpxC that synthesizes the hydrophobic anchor of LPS called lipid A and KdtA
that catalyzes subsequent reactions (160, 192, 193). Of note, shifting the temperature-
sensitive fisH in E. coli to the non-permissible temperature of 42 °C caused abnormal
production of new membranes located in the periplasm probably due to over-accumulation of
LPS (160). Similarly, depletion of ftsH in the Lyme disease pathogen Borrelia burgdorferi
leads to the formation of large membrane distortions (232). However, LpxC degradation in
P. aeruginosa is not FtsH-dependent (233); therefore, FtsH is required for optimal growth but
not being essential for viability (206-208, 234). Indeed, no membrane abnormalities were
found in the fisH deletion mutants grown in standard LB medium at 37 °C in P. aeruginosa
SG17M. Additionally, other parameters such as cell morphology are not altered, as the cell
length of fisH-depleted P. aeruginosa PA14 does not differ from the wild-type in the
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exponential phase of growth in LB medium at 37 °C (207). Therefore, proteases other than
FtsH maintain this vital step in membrane homeostasis in P. aeruginosa.
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Figure 19. Schematic summary representing the in vivo functionalities and in vitro properties of FtsH1
and FtsH2 in P. aeruginosa SG17M. Phenotypes affected by FtsH1 are listed in black, while
phenotypes that are backed up by FtsH2 in the absence of FtsH1 are listed in grey. The homo- and
hetero-oligomeric complexes of FtsH1 and FtsH2 are represented in different colors for the
monomers. The modulator protein HfIC associated with FtsH1 and FtsH2 is indicated in green. The
substrates mainly degraded by FtsH1 are shown.

Since FtsH2 showed a weak contribution to the tested phenotypes, we wondered if the protein
is produced at all. Strikingly, the chromosomally encoded FtsH2-3xFLAG was constitutively
produced throughout logarithmic, stationary and late stationary phases of growth in a rich and
minimal medium at the environmental temperature of 20 °C and human body temperature of
37 °C. On the other hand, the chromosomally encoded FtsH1-Myc was nearly absent in the
late stationary phase of growth. Similar to the production pattern of FtsH2, other neighboring
TLPQC genes products involved in proteostasis were predominantly expressed in the late
stationary phase, such as sHsp20g1 and ClpGar (74, 138). FtsH particularly supports cell
viability in P. aeruginosa PA14 entering a state of growth arrest, e.g., upon entering the
stationary phase in LB medium or the logarithmic phase grown in a medium lacking organic
carbon (207). Therefore, we speculate that FtsH2 provides a distinct fitness advantage in the
late stationary phase, where FtsH1 is absent.
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The presence of four FtsH proteases in the cyanobacterium Synechococcus promotes the
formation of hetero-oligomers with distinct functionalities compared to the homo-oligomers
(209, 222, 223). In E. coli, FtsH protease monomers assemble into homo-hexamers in the
inner cell membrane (165-169). To investigate whether FtsH1 and FtsH2 of P. aeruginosa
SG17M interact in vivo, ftsHI-Strep and fitsH2-Strep cloned into an expression vector were
introduced into strains with the reciprocal protein-tagged on the chromosome. Subsequent
crosslinking and pull-down using the Strep-tagged protein as a bait followed by immunoblot
detection of the proteins with the respective tag-specific antibodies identified FtsH1 and
FtsH2 to form homo- and hetero-oligomers. Consequently, compared to most P. aeruginosa
clones that encode one copy of the FtsH protease, the horizontally acquired FtsH2 might
widen the functionality of the core genome protease FtsH1 through hetero-oligomerization
and even FtsH2 homo-oligomerization (Figure 19).

In E. coli, ftsH is a pleiotropic gene that translates into a protein with a diverse substrate pool
(150). To identify substrates for FtsH in P. aeruginosa SG17M, Strep tagged trap proteins
that are deficient in proteolytic activity, but proficient in ATPase activity, were generated for
FtsH1 and FtsH2 cloned into an expression vector (216). The trap variant proteins were then
used as baits to trap substrates by crosslinking, followed by Strep tag mediated pull-down.
The identity of the potential substrates co-purified with the variant proteins was determined
by mass spectrometry. The FtsH modulator protein HfIC (180) and ATP synthase subunit
alpha, known to be a modulator and a substrate in E. coli, respectively, (184, 235) were
pulled-down with FtsH1 and FtsH2 thus validating the methodology. In addition, LepB that
codes for the Signal peptidase I protein to collaborate with FtsH for processing and
translocation of colicin D across the membrane in E. coli (188-190), was pulled-down
specifically with FtsH2.

On the other hand, a potential substrate that was pulled-down with FtsH1 was HslU, the ATP
binding subunit of the AAA+ protease HsIUV. A mutation in As/U in the absence of fisH in
P. aeruginosa PA14 affected fitness negatively, indicating that 4s/U and fisH have growth-
aggravating interaction. This proposes the possibility that FtsH, together with other proteases,
degrades protein aggregates resulting from cell aging and growth arrest (207).

Lastly, the phenazine biosynthesis protein PhzC was confirmed to be a substrate of FtsH1 by
the above described in vivo degradation assay. The PhzC production in the AfisHI and
AftsH1AftsH2 backgrounds was consistent with the over-accumulation of pyocyanin pigment.
Although the number of proteins analyzed was limited, the presence of distinct substrates
pulled-down with FtsH1 and FtsH2 in P. aeruginosa SG17M suggests a yet-to-be-discovered,
unique functionality of each protein. In addition, FtsH limited the secretion of the green
fluorescent siderophore (pyoverdines) and stimulated the secretion of PQS signaling
molecules. Therefore, mainly FtsH1 and partially FtsH2 act as a major regulator for
secondary metabolite production and/or secretion in P. aeruginosa SG17M (Figure 20).
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Figure 20. FisH proteases are involved in the regulation of secondary metabolites in P. aeruginosa
SG17M.

4.2 PAPER II: THE N-TERMINUS OF FTSH1 BUT NOT FTSH2 IS REQUIRED
FOR NORMAL GROWTH OF P. AERUGINOSA CLONE C STRAINS

In paper II, we investigated the underlying molecular basis for the in vivo differential
activity of FtsH1 (PaFtsH1) and FtsH2 (PaFtsH2) in P. aeruginosa SG17M observed in
Paper I through biochemical and genetic approaches. To test the functionality of PaFtsHI
and PaFtsH2 in vitro, the proteins were first purified with a 6xHis tag upon overexpression
from an expression vector along with the well-studied FtsH from E. coli (EcFtsH). Size
exclusion column chromatography showed that the native purified PaFtsH1 and PaFtsH2 are
assembled into hexameric homo-oligomers. Purified EcFtsH, PaFtsH1 and PaFtsH2 showed
comparable ATP hydrolysis rates in vitro, but differential degradation for the model
substrates FITC-casein and Arc-st11-ssrA.

As observed in paper I, wild-type fisHI fully complemented the growth retardation
phenotype of SG17M AftsHIAftH2, whereas wild-type fisH2 partially complement the
growth retardation phenotype. PaFtsH1 and PaFtsH2 share highly conserved AAA+ ATPase
and protease domains flanked by less conserved N- and C-terminal regions. The N-terminal
domain swaps between PaFtsH1 and PaFtsH2 surprisingly showed that the differential
in vivo complementation activity was governed by the first N-terminal 151 and 154 amino
acids of PaFtsH1 and PaFtsH2, respectively, which were identified as the most divergent
regions in FtsH.

The swapped N-terminal regions of FtsH1 and FtsH2 consisted of two transmembrane helices
flanked by a periplasmic domain and followed by a short cytoplasmic linker upstream of the
AAA+ module. In order to identify the subdomain(s) of the N-terminal region that dictated
the differential in vivo activity, we constructed additional hybrid proteins with an iterative
shorter N-terminal domain. As a result, the short glycine-rich cytoplasmic linker connecting
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the N-terminal region with the AAA+ module and the periplasmic domain were shown to be
major positive determinants of FtsH1 in vivo activity.

The ATPase and proteolytic activity of FtsH require membrane integration and homo-
oligomerization driven by the N-terminal region (176, 177). In addition, the periplasmic
domain of FtsH allows interaction with the periplasmic modulator proteins HfIK/HfIC (166,
180), that negatively regulate FtsH proteolysis towards some substrates like SecY (184, 197).
The fact that PaFtsH2 is an active ATPase that forms homo-oligomers shows that the N-
terminal sequence of FtsH2 does not impair functionality per se through hindering homo-
oligomerization or inhibiting ATPase activity. Besides, the periplasmic domain of FtsH2
seems to be capable of binding major regulatory proteins, since FtsH2, as well as FtsH1, were
found to bind HfIC in vivo (paper I). As FtsH often fine-tunes its substrate specificity and
catalytic activity through modulator/escorting partner proteins (Table 1), it is tempting to
speculate that, as the analysis of interacting proteins has been limited, there are yet-to-be-
discovered modulator proteins in P. aeruginosa that — through interacting with the N-terminal
part — promote substrate selectivity and degradation activity.

4.3 PAPER lll: STAND-ALONE CLPG DISAGGREGASE CONFERS SUPERIOR
HEAT TOLERANCE TO BACTERIA

In paper III, we studied the role of the core genome AAA+ ClpG disaggregase and the
homologous TLPQC genomic island disaggregase ClpGai in protein quality control and
thermotolerance of P. aeruginosa clone C. The classical AAA+ Hspl00 chaperone ClpB
requires the partner co-chaperone system DnaKJE that binds and escorts protein aggregates to
ClpB and concurrently stimulates the ATPase activity of ClpB (123, 135, 136). On the other
hand, ClpG/ClpGai was found to bind cellular aggregates independently of partner proteins
because of the unique N-terminal extension of ClpG/ClpGgi. Also, the stand-alone
ClpG/ClpGar disaggregases can replace the function of the classical bi-chaperone system due
to its high intrinsic AAA+ ATPase activity, which enables potent disaggregation activity.
Therefore, the unique features of ClpG/ClpGar as a disaggregase provide superior lethal heat
tolerance to P. aeruginosa clone C SG17M.

We were interested in identifying native substrates for the disaggregase ClpGar in
P. aeruginosa SG17M (unpublished data). A ClpGg"™® protein was constructed by mutating
the Walker B motif in both AAA+ domains and cloning the Strep tagged protein variants in
the pJN105 expression vector. The variant trap proteins ClpGai-e3s3a/e723a were produced in
the triple mutant P. aeruginosa SG17M AclpBAclpGAclpGer. Subsequent crosslinking,
quenching, lysis, pull-down and mass spectrometry analysis were performed. The resin and
crosslinking controls are indicated in Figure 21 and the identity of the candidate substrates is
listed in Table 2. Although the potential substrates were not further confirmed, the pull-down
of ribosomal proteins may indicate that ClpGai is either interacting tightly with ribosomes and
subsequently involved in folding newly synthesized polypeptides and/or maintaining the
quality of ribosomal proteins, extending its role beyond disaggregase functionality for
thermally aggregated proteins.
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Figure 21. Results of the pull-down of potential substrates for ClpGga. Crosslinked and non-
crosslinked strain P. aeruginosa SG17M AclpBAcipGAclpGei pclpGaier and crosslinked bead
control with an empty vector were loaded onto an SDS-PAGE gel (4% stacking and 16% separating
gel). To reverse crosslinking, samples were boiled for 20 min. The nine potential substrates co-
purified with ClpGgta> are numbered.

Table 2. Potential substrates for P. aeruginosa ClpGai

Band no. Protein name

DNA-directed RNA polymerase subunit beta
30S ribosomal protein S2

30S ribosomal protein S3

30S ribosomal protein S4

ABC transporter substrate-binding protein
50S ribosomal protein L5

Tyrosine recombinase XerD/XerC

50S ribosomal protein L14

50S ribosomal protein L19
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4.4 PAPERIV: ARECENTLY ISOLATED HUMAN COMMENSAL
ESCHERICHIA COLI ST10 CLONE MEMBER MEDIATES
THERMOTOLERANCE ON A P1 PHAGE DERIVED INCY PLASMID

In paper IV, we initially characterized a modern commensal E. coli strain called Fecl0
isolated from the gastrointestinal tract of a healthy individual. Fec10 is a member of the ST10
clonal type closely related to E. coli K12, which harbors a 155.9 kb plasmid (termed pFec10)
containing TLPQC/LHR encoded dna-shsp20c-clpGar. Since this heat locus, particularly
clpGar, was associated with the elevated heat tolerance in P. aeruginosa clone C (paper III),
we were wondering to which extent c[pGgr and the tri-operon dna-shsp20c-clpGar contribute
to lethal heat tolerance of the highly tolerant commensal E. coli Fec10 strain.

The deletion of c¢lpGg;and tri-operon dna-shsp20c-clpGerin E. coli Fecl0 severely reduced
the heat tolerance upon exposure to 60 °C for 15 min compared to the wild-type, which was
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almost not affected. The heat sensitivity of the deletion mutants was partially restored by the
provision of clpGg; and dna-shsp20c-clpGar encoded on the expression vector pPBAD30. In
addition, the heat sensitivity of E. coli MC4100 AdnaK at 50 °C was fully complimented by
clpGarrecro and the highly homologous clpG from P. aeruginosa SG17M (clpGarscizm).
Also, clpGarrecio and clpGarscizm provided improved heat tolerance to E. coli MC4100
AclpB compared to the strain with a plasmid expressing c/pB. This indicates that ClpGai can
compensate the functionality of the classical bi-chaperone system ClpB/DnaK in E. coli.
Therefore, the presence of the horizontally transferred heat locus, in addition to the
ClpB/DnakK bi-chaperone system, provides extreme thermotolerance to the commensal strain
FeclO.

We screened a panel of gastrointestinal commensal isolates for the presence of the shsp20a;
gene as a marker for the occurrence of the TLPQC/LHR locus. Four out of 32 tested isolates
harbored the shsp20s; gene, three of which were thermoresistant upon exposure to 55 °C for
45 min compared to other shp20 negative strains. In order to test the limit of the
thermotolerance phenotype provided by the heat locus in FeclO, an extremely elevated
temperature of 65 °C was applied for 5 min, for which the Fec10 isolate showed less than ten-
fold reduction of viability. Raw food processes that include mild to moderate temperature
upshift put a selective pressure that can select for thermoresistant bacteria. Nonetheless, the
locus of heat tolerance was found to be acquired by clinical isolates, such as the multi-drug
resistance Klebsiella pneumoniae C132-98 (81) and extended-spectrum B-lactamase (ESBL)-
producing E. coli C604-10 (116).

Similar to the results from our biochemical characterization of ClpGgr-sgi7m in paper 111, the
purified ClpGgrrecio had a high basal ATPase activity without substrate stimulation, unlike
the ATPase activity of ClpB that was stimulated upon interacting with the casein-loaded
DnaKJE system. Consistent with P. aeruginosa ClpG/ClpGai, ClpGgrrecio Was able to
disaggregate two heat-denatured standard substrates, malate dehydrogenase (MDH) and
luciferase independently without the help from partner proteins. The ClpB co-chaperone
partner proteins (DnaKJE) significantly inhibited ClpGai-rec10 disaggregation activity since
both ClpGairecio and DnaKJE competed for substrate binding. Although binding of
aggregates to the N-terminal extension of ClpGai.rec10 was not experimentally determined, we
hypothesize it behaves similarly to ClpGarsci7m, due to the high sequence homology and the
observed stand-alone substrate disaggregation activity of ClpGai-recio.

We were wondering how exposure to elevated temperatures would affect the thermodynamic
stability of ClpGagr compared to ClpB. We, therefore, tested the change in the secondary
structure of the disaggregases upon gradual temperature upshift by Circular Dichroism (CD)
in the presence and absence of Mg?"/ATPyS. The melting temperature of the secondary
structure of ClpB in the absence of Mg?*/ATPyS was 53.1 °C compared to 62.9 °C and
64.5 °C of ClpGarscizm and ClpGairecio, respectively. In the presence of Mg>/ATPyS, the
melting temperature of ClpB was 61.8 °C compared to 69.7 °C and 68.9 °C of ClpGai-sGim
and ClpGarrecio, respectively. Therefore, ClpGgr can retain its secondary structure, and
consequently function, at a higher temperature compared to ClpB. Besides the inherent
biochemical properties that make ClpG/ClpGar a superior disaggregase in P. aeruginosa and
E. coli, ClpG was more robust in solubilizing tighter aggregates formed at higher
temperatures in vitro and in vivo compared to ClpB (139).
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4.5 PAPER V: HIGH FREQUENCY OF DOUBLE CROSSOVER
RECOMBINATION FACILITATES GENOME ENGINEERING IN
PSEUDOMONAS AERUGINOSA PA14 AND CLONE C STRAINS

In paper V, we report on instant double crossover observed in P. aeruginosa upon
homologous recombination of a suicide plasmid designed for gene deletion. A two-step
allelic exchange of a target gene with an antibiotic marker introduced on a suicide vector via
homologous recombination is a frequently used method to manipulate the genome of
P. aeruginosa (74, 219). Conventionally, the suicide vector with homologous up- and down-
stream sequences of the target gene flanking an antibiotic cassette, integrates via a single
cross over into the chromosome. A second homologous recombination via a counterselection
step to excise the suicide plasmid backbone replaces the target gene with an antibiotic
resistance marker. In order to systematically investigate the single and double crossover
frequencies of a suicide plasmid in P. aeruginosa, we tested the crossover frequencies upon
deletion of four genes (clpB, clpG, ibpA and exsA) in five different P. aeruginosa strains;
three belonging to clone C strains (SG17M, SG31M, 8277) and two belonging to well-
studied non-clone C reference strains (PAO1 and PA14).

In the limited panel of four target genes, more than 1000 colonies were assessed for single
and double crossover recombination by testing antibiotic sensitivity and PCR using primers
flanking the homologous recombination region. We observed that the frequency of the double
crossover was, on average, >70% in PA14 and the three clone C strains tested. In contrast, the
double crossover frequency was, on average, less than 20% in the PAO1 strain. The up- and
down-stream sequences used for homologous recombination of the target genes c/pB, clpG,
ibpA and exsA were almost 98% identical between PA14 and PAOI. Therefore, the
differences in double crossover frequencies between these two strains were not dependent on
the nucleotide sequences flanking the target genes. From a practical standpoint, upon the
availability of the gene replacement vector, replacement of an open reading frame with an
antibiotic marker in clone C strains and PA 14 can take less than six days, which facilitates the
genome engineering of these strains by skipping the counter selection step (Figure 15). Clone
C isolates and PA14 belong to the most common clonal group of P. aeruginosa, unlike PAO1
that belongs to an uncommon clonal group (236). Consequently, we assume that the ability to
facilitate homologous recombination can be indirectly linked to the enhanced ability for
transmission and persistence of abundant clonal strains.

In summary, we demonstrated that the survival advantage of the clone C specific genomic
island PACGI-1/TLPQC 1is mainly provided through backup functionality of various
phenotypes by FtsH2 (paper I) and mediation of a dominant superior heat tolerance
phenotype by ClpGar (paper III). In paper V, we documented an instant double crossover
event for clone C strains and the PA14 representative suggesting superior recombination
activity, which might be an additional hallmark of successful clones such as clone C and
clone PA14.
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5 CONCLUSIONS

This thesis investigates the molecular basis of fitness advantages of P. aeruginosa SG17M
that belongs to the worldwide prevalent clone C strain cluster found in clinical and
environmental settings. Gene products encoded on the clone C specific genomic island
PACGI-1/TLPQC, in addition to their core genome homologs, contribute to protein quality
control in SG17M. The ATP-dependent metalloprotease fisH2, encoded on the genomic
island, interacts and backs up the fitness-related functionalities of the core genome copy
ftsH1. Both copies are required for optimal growth and expression of a multitude of cellular
functions such as motility, biofilm formation, antibiotic resistance, secondary metabolites
secretion and tolerance to elevated temperature and oxidative stress. The N-terminal 151
amino acids of FtsH1 — in particular, the periplasmic domain and the glycine-rich linker
connecting the N-terminal region with the AAA+ module — are determinative factors for
optimal in vivo functionality. The clone C specific genomic island encodes the disaggregases
ClpGa that, together with its homolog ClpG encoded on the core genome, confers superior
heat tolerance to P. aeruginosa SG17M.

Furthermore, The core heat locus with dna-shsp20c-clpGar confers heat tolerance to a newly
characterized gastrointestinal E. coli isolate termed Fecl0 that belongs to the ST10 MLST
group. The ClpGai disaggregase produced in SG17M and Fecl0 provides heat tolerance and
controls protein quality through their high basal ATPase activity and the robust
disaggregation activity, which does not require a co-chaperone system. Another hallmark of
the two most common clonal groups of P. aeruginosa, clone C strains and PA14 clone
isolates with PA14 as a representative, is instant double crossover recombination upon
conjugation of a gene replacement suicide vector. This observation facilitates genome
engineering in these strains by omitting the counterselection step but also indicates a potential
evolutionary selected trait of highly successful clonal groups.
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6 FUTURE PERSPECTIVES

The horizontally acquired fisH2 protease copy encoded on the genomic island provides a
backup functionality to the core genome copy fisHI in P. aeruginosa SG17M. One question
that needs to be answered is whether FtsH2 manifests a unique specific advantage to clone C.
This thesis shows a first hint for a unique role of FtsH2, for example, FtsH2 is exclusively
produced in the late stationary phase of growth, unlike FtsH1, which is hardly produced.
Such a finding might indicate that FtsH2 is involved in protein quality control during stress
conditions imposed by entering the late stationary phase of growth. This hypothesis can be
further validated by investigating the fitness of the fsH2 deletion mutant under various stress
conditions in the late stationary phase. For non-clone C strains of P. aeruginosa that encode
one fisH copy, ftsH2 can be added on an expression vector and the strains can be tested for
stress tolerance at the late stationary phase to demonstrate the unique contribution of fisH?2.
Furthermore, the N- and the C-terminus of FtsH1 and FtsH2 are most divergent. We have
already shown that the N-terminal amino acid sequence provides selective functionality
in vivo. Another hint indicating that FtsH2 has potentially a selective repertoire of substrates
is that candidate protein substrates were selectively pulled-down with FtsH2"™P, but not
pulled-down with FtsHI1"™ (although the pull-down was not saturated). In addition, the
hypothetical joined forces of FtsH2 with FtsH1 via hetero-oligomer complex formation might
widen FtsH substrate selectivity and thereby functionality in P. aeruginosa SG17M.
Therefore, it would be worth investigating a potential hetero-complex function in vitro by
testing the in vitro enzymatic properties of an FtsH1/FtsH2 hetero-oligomeric complex. This
can be achieved by first co-expressing fisHI and fisH2 on the same expression vector, co-
purifying the hetero-complexes and testing their in vitro enzymatic properties and compare it
to the homo-oligomeric complexes. Consequently, localization of FtsH1 and FtsH2 in the
inner membrane as homo- and hetero-oligomers will provide valuable information on the
topology and arrangement of the subunits. This can be done, for example, by TEM using
gold-labeled specific antisera raised against FtsH1 and FtsH2.

Surprisingly, the first N-terminal 151 amino acids of FtsHI1 are sufficient for full
complementation of the growth retardation phenotype of an fisH/ mutant with FtsH1 or a
hybrid FtsH2 protein. Therefore, it is worth testing if the N-terminal domain also contributes
to optimal activity in vitro, by checking the degradation activity of the chimeric constructs
using relevant (to be identified) native substrates or the model substrates used in this thesis.
The glycine-rich linker of the N-terminal region of FtsH1 was shown to be particularly
determinative for in vivo functionality. To test if the linker alone without other N-terminal
sub-domains of FtsH protease is functional to enhance the proteolytic activity of FtsH
proteases, constructs with swapped linkers can be constructed and tested in vitro and in vivo.

ClpG disaggregases confer superior heat tolerance to P. aeruginosa and E. coli by binding
aggregates via their N-terminal extension. The candidate substrates pulled-down with the
ClpGar variant with a double Walker B mutation (unpublished data, this work) indicate
preliminarily that ClpGar disaggregases might act on specific substrates that may not be
necessarily aggregates (although this work has not directly provided experimental evidence
for this scenario). Therefore, it would be interesting to confirm the candidate substrates
in vivo and in vitro to extend ClpGgai functionality beyond the provision of thermotolerance.
In conclusion, this thesis demonstrates the utter importance of the FtsH protease and ClpG
disaggregase for the general fitness of P. aeruginosa and E. coli, making them potential
druggable targets to develop novel antimicrobial and antivirulence agents (237).
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