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Abbreviations

Abbreviations of the International System of Units (SI) are not listed separately. For amino
acids (IUPAC) the three-letter code is used in the text, while the one-letter code is used to
designate the protein variants.
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Introduction

1 Introduction

1.1 Light is an essential environmental factor on earth

What is light? Why do we need light? And most importantly, how do we use the available light?
On the one hand, these are probably very philosophical questions, but on the other hand, they
can be answered biologically, biochemically, and biophysically. The perception of light signals
is of great importance to many organisms and is a common characteristic of all living beings.
In addition to its function as a source of energy, actinic light can also be a source of information
in all domains of life (Kottke et al., 2018). The existence of receptors that absorb light from a
wide range of spectral regions has enhanced the ability of organisms to adapt their behavior and
physiology to ever-changing environmental conditions over the course of evolution
(Montgomery and Lagarias, 2002). When discussing photoreceptors in general, rhodopsin is
the most obvious example. It is a visual receptor molecule found in the retina of vertebrates, in
the facet eyes of insects, or in other invertebrates (Pepe, 1999). Besides rhodopsin,
photoreceptors are classified into different families based on the specific wavelength at which
they are activated and the embedded chromophore: phytochromes, xanthopsins, cryptochromes,
LOV (light-oxygen-voltage-sensing) domain containing phototropins, and BLUF (blue-light
sensing using FAD) domain proteins (Mdglich, 2019; van der Horst and Hellingwerf, 2004).
These photoreceptors are blue light sensors with the only exception of phytochromes, which
specifically detect red light at wavelengths of around 630-750 nm (Montgomery and Lagarias,
2002). Common to all photoreceptors is the use of light stimuli as the driving force for
isomerization, electron-, or proton-transfer of or within an attached chromophore. These
chemophysical conversions cause conformational changes in photoreceptor proteins, altering
their properties and inducing a cellular signal. Due to this, downstream components of the
photoreceptor signaling cascade are activated to ensure a biological response (Hellingwerf,
2000).

1.2 Phytochrome discovery opened up a new chapter in the
fascinating field of photoreception

Phytochromes are a class of far-red and red light sensing photoreceptor proteins (Montgomery
and Lagarias, 2002). Originally, they were discovered in plants over sixty years ago and

believed to be exclusive for this kingdom (Borthwick et al., 1952a; Borthwick et al., 1952b).

Plant phytochromes aid the sessile organisms in adapting their photosynthesis, seed
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germination, and flowering time to changing light conditions (Butler et al., 1959; Mathews,
2006). The model organism for phytochrome studies in plants is Arabidopsis thaliana with its
five different phytochromes PhyA-PhyE (Furuya, 1993; Sharrock and Quail, 1989). Around
thirty years after their initial discovery, phytochromes were also found in lower plants,
including bryophytes, ferns, and algae (Kolukisaoglu et al., 1995; Lagarias et al., 1995). Further
years of extensive research have revealed the presence of red light photoreceptors in various
other organisms, including fungi (Fphs), cyanobacteria (Cphs), and non-photosynthetic,
heterotrophic bacteria (BphPs) (Montgomery and Lagarias, 2002). These phytochromes are
distinguished by their ability to sense and respond to different quality red light, despite
inhabiting entirely different environments and lifestyles. Notably, some of the earliest
discovered and well-studied BphPs belong to Deinococcus radiodurans (DrBphP) and
Pseudomonas aeruginosa (PaBphP) (Bhoo et al., 2001; Davis et al., 1999). Thus, years of
research have demonstrated the existence of phytochromes beyond the plant kingdom, and
concurrently, the resemblance between bacterial and fungal phytochromes. Aspergillus
nidulans serves as an exemplary organism for investigating photoreceptor functionality in fungi
(Blumenstein et al., 2005; Mooney and Yager, 1990; Rohrig et al., 2013), but fungal
phytochromes are also found in Botrytis cinerea (Schumacher, 2017), Aspergillus fumigatus
(Fuller et al., 2013; Idnurm, 2013) or Ustilago maydis (Sanchez-Arreguin et al., 2020). The
phytochrome signal is crucial for determining the vegetative or generative phase of
development in these organisms. Additionally, light perception is linked to the repression or
promotion of conidiation (Schumacher, 2017). Cphs affect growth, acclimation of
photosynthesis, and phototaxis in different cyanobacteria, including Synechocystis, Anabaena
and Nostoc (Fiedler et al., 2005; Fiedler et al., 2004; Garcia-Dominguez et al., 2000). The
phytochromes found in cyanobacteria can be roughly divided into three categories: the Cph1l-
family, which resembles plant phytochromes; the Cph2-family, which exhibits strong similarity
to bacterial phytochromes; and cyanobacteriochromes, with special GAF domain features
(Ikeuchi and Ishizuka, 2008; Montgomery and Lagarias, 2002; Rockwell and Lagarias, 2010;
Takala et al., 2020). The role of bacterial phytochromes is still enigmatic, however evidence
indicates their primary function resides in regulating virulence (Mukherjee et al., 2019; Otero
et al., 2016). Furthermore, the structure of bacterial phytochromes is largely conserved (Fig.
1.1). A holo-phytochrome consists of an apo-protein and a bound chromophore, displaying a
dimeric quaternary structure. The composition of the apo-phytochrome is characterized by two
major domains: a N-terminal photosensory core module and a C-terminal regulatory histidine

kinase domain (HKD) with a conserved histidine residue (Montgomery and Lagarias, 2002).
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This carboxy-terminal HKD functions as an output module activating physiological responses
by transferring signals to downstream components of the phytochrome signaling cascade. The
amino-terminal photosensory domain is composed of the Per-Arnt-Sim (PAS), succeeded by
the cGMP-specific phosphodiesterase/adenylyl cyclase/FhlA (GAF) and the phytochrome-
specific (PHY) domains (Montgomery and Lagarias, 2002). The PAS domain derives from the
“periodic circadian clock” protein (PER) in Drosophila melanogaster, the vertebrate “aryl
hydrocarbon receptor nuclear translocator” protein (ARNT), and the “single-minded” protein
(SIM) from D. melanogaster, where they were originally described. Today, these domains are
important cytosolic signaling domains ubiquitously found in Bacteria, Eukarya, and Archaea in
a number of proteins. PAS domains are capable of sensing light, oxygen, and redox state by
binding small molecules such as heme or other tetrapyrroles, flavins, and aromatic compounds
as cofactors (Taylor and Zhulin, 1999). In multidomain proteins, PAS and GAF domains
frequently co-occur, and GAF domains are also able to attach small prosthetic groups (Ho et
al., 2000). GAF domains were initially described in cGMP-specific phosphodiesterases from
vertebrates, as well as in cyanobacterial adenylyl cyclases, and in the bacterial formate
hydrogenlyase transcriptional activator FhlIA (Aravind and Ponting, 1997).

Apo-Phytochrome

Photosensory Domain Regulatory Domain

N— PAS | GAF HKD C
) i — meo —

C H

Holo-Phytochrome

Photosensory Domain Regulatory Domain
HKD —C
I

H

Biliverdin IXa

Fig. 1.1: Domain organization of bacterial phytochromes in their apo- and holo-form.

Bacterial phytochromes consist of a photosensory domain (turquoise shades) and a regulatory domain (green). The
photosensory domain of BphPs is composed of three subdomains: PAS (Per-Arnt-Sim), GAF (cGMP-specific
phosphodiesterase/adenylyl cyclase/FhlA), and PHY (phytochrome-specific). In absence of the chromophore the
protein exists as an apo-phytochrome. In the holo-phytochrome, the conserved cysteine residue (represented by
“C”) in the PAS domain facilitates autocatalytic biliverdin IXa (BV 1Xa; green pentagons) binding. Despite
binding in the PAS domain, the chromophore is also located in the GAF domain (chromophore-binding pocket).
The regulatory domain is usually a typical bacterial HKD with a conserved histidine residue (represented by “H”)
for autophosphorylation.
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The PAS and GAF domain combine to form the chromophore-binding pocket, which facilitates
the assembly of the chromophore by an autocatalytic reaction (Lagarias and Lagarias, 1989).
Generally, the chromophore is responsible for light reception and varies across the phytochrome
subfamilies. It is an open-chain tetrapyrrole (bilin) derived from the heme degradation pathway.
Heme is cleaved by regiospecific heme oxygenases (HO), leading to one or more biliverdin
isomer products (Frankenberg-Dinkel, 2004). For bacterial and fungal phytochromes, biliverdin
IXa (BV IXa) serves as chromophore, requiring no additional synthesis steps (Bhoo et al.,
2001), whereas plants and cyanobacteria incorporate further reduced chromophores. They
employ phytochromobilin (P®B) or phycocyanobilin (PCB), respectively, derived from
regiospecific reductions of BV 1Xa by bilin reductases (Frankenberg et al., 2001). In addition
to the type of tetrapyrrole, different among the families, phytochromes can also be classified
based on the region where the chromophore binds. Usually, the chromophore is covalently
linked to a conserved cysteine residue via a thioether bond. The chromophore binding site for
P®B or PCB on plant and cyanobacterial phytochromes is located in the GAF domain, while
BV IXa is attached to the PAS domain of Fphs and BphPs (Montgomery and Lagarias, 2002).
Although it binds to the PAS domain, the chromophore is actually located in the chromophore-
binding pocket, which extends beyond the GAF domain (Yang et al., 2008).

1.3 The covalently bound chromophore is able to photoconvert

The photochromism exhibited by phytochromes is supported by the bound chromophore. Upon
light absorption, the chromophore BV IXa undergoes a conformational change, altering its
interaction within the protein. This reversible photoisomerization (Fig. 1.2), known as a “flip-
and-rotate” process, enables the organisms to convert quality and quantity of light into
biochemical signals by triggering additional steps of the photosignaling cascade (Hellingwerf,
2000). The photoswitch is reflected in the alternation of two relatively stable parental states of
the phytochrome: the red light-absorbing Pr-form (ZZZssa) and the far-red light-absorbing Pfr-
form (ZZEssa) (Braslavsky et al., 1997; Siegelman and Firer, 1964). These two spectrally
distinct forms are dependent on the exposure to red or far-red light and caused by a (Z)/(E)
isomerization of the C15-C16 double bond in the conjugated chromophore system between
pyrrole ring C and D (Li and Lagarias, 1992). The configuration of ZZZssa and ZZEssa
describes the Zusammen(opposite)/Entgegen(together) and syn/anti stereochemical notation of
the methine bridges of the chromophore BV IXa. The absorption maximum of the Pr-form in

bacterial phytochromes is around 700 nm, whereas that of the Pfr-form is around 750 nm. The
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different bilin derivatives employed within the phytochrome families of fungi, plants,
heterotrophic bacteria, and cyanobacteria lead to varying absorption maxima. While BV IXa
(BphPs and Fphs) possesses a more pronounced n-electron system and absorbs light of longer
wavelength, PCB present in cyanobacterial phytochromes and P®B found in plant

phytochromes absorb light of shorter wavelengths (Lagarias and Lagarias, 1989).

cvs/ Pr-form v:ys/ Pfr-form
ZZZssa ZZFEssa

Fig. 1.2: Isomerization of the chromophore biliverdin IXa of bacterial and fungal phytochromes.

The double bond between ring C and D of the open-chain tetrapyrrole biliverdin 1Xo. undergoes a (Z)/(E)
isomerization when exposed to red or far-red light. The chromophore conversion in the protein results in the
formation of the Pr-form (ZZZssa) upon far-red light irradiation or the Pfr-form (ZZEssa) upon red light irradiation
in bacterial (BphPs) and fungal (Fphs) phytochromes. Figure modified from Chernov et al., 2017.

The thermal stability of the Pr- and Pfr-form is inconsistent within the group of biliverdin-
binding phytochromes. The relaxation to the thermodynamically favorable ground state is a
process called dark reversion (DR) (Borthwick et al., 1952b; Taylor, 1968). Depending on the
pattern of this thermally driven transformation, bacterial phytochromes can be categorized into
two groups: prototypical, also called canonical, and bathy phytochromes. In prototypical
phytochromes, the red light-absorbing Pr-form (Amax 700 nm, Z isomer) dominates in the
absence of light and is the thermodynamically stable ground state (Chen et al., 2004). In
contrast, the DR route of bathy phytochromes proceeds from Pr to Pfr (Amax 750 nm, E isomer)
(Giraud and Verméglio, 2008; Rottwinkel et al., 2010). Bathy phytochromes exhibit a
bathochromic shift, resulting in a longer wavelength spectral absorption compared to the ground
state absorption of prototypical BphPs (Kamlet and Taft, 1976; Rottwinkel et al., 2010).

1.4 Prototypical and bathy phytochromes are widely distributed
in different classes of bacteria

Known representatives with BphPs of both types — prototypical and bathy — are mostly found
in the phylum of Proteobacteria (synonym Pseudomonadota) (Tab. 1.1). Bacterial species

possessing a BV-binding phytochrome are widely distributed in the class of Alphaproteo-
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bacteria, specifically in the order of Hyphomicrobiales (synonym Rhizobiales) (Rottwinkel et
al., 2010). The best-known member of this bacterial order is Agrobacterium tumefaciens
(synonyms Agrobacterium fabrum and Rhizobium radiobacter), which possesses the
prototypical AtBphP1 and the bathy AtBphP2 (Karniol and Vierstra, 2003). The list can be
extended, for instance, mentioning the BphPs of Allorhizobium vitis (synonym Agrobacterium
vitis) (Rottwinkel et al., 2010), Rhodopseudomonas palustris (Auldridge and Forest, 2011), or
Bradyrhizobium (Giraud et al., 2002). However, phytochromes also exist in the plant pathogens
Ramlibacter tataouinensis (De Luca et al., 2019), Pseudomonas syringae (Bhoo et al., 2001),
Xanthomonas campestris (Otero et al., 2016), in the human pathogen Pseudomonas aeruginosa
(Davis et al., 1999) or in Deinococcus radiodurans (Bhoo et al., 2001), indicating that the

presence is not limited to Alphaproteobacteria or rhizobial soil bacteria.

Tab. 1.1: Summary of prototypical and bathy phytochromes from various organisms of the Proteobacteria
phylum (Alpha-, Beta- and Gammaproteobacteria) as well as of Deinococcota (Deinococci). Phytochromes
containing an HKD are designated with (v') while BphPs lacking an HKD are designated with (-).

Organism BphP type HKD Ref.

Alphaproteobacteria

Agrobacterium tumefaciens AtBphP1 prototypical v 1,2
AtBphP2 bathy v 1,2

Allorhizobium vitis AvBphP1 prototypical v 2
AvBphP2 bathy v 2

Rhodopseudomonas palustris CEA001 RpBphP1 bathy - 2-5

Rhodopseudomonas palustris CGA009 RpBphP2 prototypical v 4,6
RpBphP3 prototypical v 4,6
RpBphP5 bathy v 2,4
RpBphP6 bathy v 2,4

Bradyrhizobium ORS278 BrBphP1 bathy - 3

Betaproteobacteria

Ramlibacter tataouinensis RtBphP1 prototypical v 7
RtBphP2 bathy v 7

Gammaproteobacteria

Pseudomonas aeruginosa PaBphP bathy v 8-10

Pseudomonas syringae PstBphP1 prototypical v 10, 11
PstBphP2 prototypical v 10, 11

Xanthomonas campestris XceBphP bathy - 12

Deinococci

Deinococcus radiodurans DrBphP prototypical v 10

(1) Karniol and Vierstra, 2003; (2) Rottwinkel et al., 2010; (3) Giraud et al., 2002; (4) Auldridge and Forest,
2011; (5) Papiz et al., 2019; (6) Giraud et al., 2005; (7) De Luca et al., 2019; (8) Davis et al., 1999; (9) Tasler
et al., 2005; (10) Bhoo et al., 2001; (11) Shah et al., 2012; (12) Otero et al., 2016
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Although the photosensory domain, comprised of the PAS, GAF, and PHY subdomains, is
conserved among all bacterial phytochromes, there are distinct differences in the regulatory
domains. The output domains may comprise of a classical HKD, an HWE-type histidine kinase
domain with a linked response regulator (RR), a combination of both kinase types or even a

PAS9 domain for protein-protein interaction (Fig. 1.3).

ArBphP1 / PstBphP1
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Fig. 1.3: Domain arrangements of prototypical and bathy phytochromes from different organisms.

The photosensory domain (turquoise shades) of the shown phytochromes are composed of a PAS, GAF, and a
PHY domain. Depending on the organism (A. tumefaciens, AtBphP1 [A] and AtBphP2 [B], P. syringae, PstBphP1
[A] and PstBphP2 [E], P.aeruginosa, PaBphP [A]; R.tataouinensis, RtBphP2 [A]; A. vitis, AvBphP2 [C];
X. campestris, XccBphP [D]) the regulatory domain is composed of a histidine kinase domain (HKD; green), an
HWE-like histidine kinase domain (HKDunwe; purple) with an attached response regulator (RR; blue), or a PAS9
domain (pink). AvBphP2 has an unclear type of HKD, indicated by the faintly dashed box. The conserved histidine
residues in the respective HKD or in the HKDnwe are labeled as “H”, while the conserved aspartate residues in the
respective RR are indicated with “D”. Prototypical phytochromes are highlighted with dark gray boxes and bathy
phytochromes are highlighted with light gray boxes.
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1.5 Bacteria use two-component systems to sense and respond
to ever-changing environmental conditions

The C-terminal histidine kinase output domain in numerous BphPs exhibits a structure and
characteristics identical to that of typical sensor kinases of bacterial two-component systems
(TCS) (Bhoo et al., 2001). Different organisms utilize this signaling pathway strategy to sense
and respond to extra- as well as intracellular signals and stimuli (Gao and Stock, 2009;
Parkinson, 1993; Stock et al., 2000). In bacteria, the regulation involves a histidine-aspartate
phosphotransfer system that facilitates adaptation to various environmental conditions and the
modification of behavior. Basic cellular processes like metabolism, motility, development,
antibiotic resistance, and virulent activity are regulated within the cells (Gao and Stock, 2009;
Jacob-Dubuisson et al., 2018). TCSs involve two signaling modules: a regulatory homodimeric
sensor kinase and a corresponding cytoplasmic localized RR (Fig. 1.4). The kinase is composed
of an N-terminal stimulus-detecting sensor domain and a C-terminal cytosolic HKD. The
sensory domain can be located either in the cytosol (those containing a PAS and/or GAF
domain), in the cell membrane, or extracellularly. This domain has a modular and diverse
architecture and is linked to the highly conserved catalytic core HKD. If required, they are
connected via a membrane-spanning linker (HAMP domain) (Jacob-Dubuisson et al., 2018;
Mascher et al., 2006; Parkinson, 2010; Perry et al., 2011; Stock et al., 2000). Moreover, the
HKD comprises an N-terminal dimerization and histidine phosphotransfer (DHp) domain as
well as a C-terminal catalytic and ATP-binding (CA) domain. The DHp domain includes the
H-box with the conserved His residue, allowing phosphorylation, and mediating the
dimerization of the sensor kinase. The CA domain is responsible for ATP-binding, -hydrolysis,
and the transfer of the y-phosphoryl group to the His residue. Additionally, this domain is
characterized by the N-box, F-box, and G-rich boxes (cf. Fig. 3.16) (Stewart, 2010; Stock et
al., 2000). When a specific stimulus is recognized by the sensory domain, it triggers a
conformational change allowing autophosphorylation of the HKD (Burgie et al., 2016; Takala
et al., 2014). Hydrolysis of ATP, an energy source available in the bacterial cells and bound to
the CA domain, results in the release of the y-phosphoryl group that binds to the conserved His
residue of the DHp domain. Consequently, the phosphorylated kinase becomes a
phosphodonor. The high-energy phosphoryl group is subsequently transferred to the conserved
Asp residue of the N-terminal receiver (REC) domain of the corresponding stand-alone or
attached RR (Gao and Stock, 2009; Mdglich, 2019; Stock et al., 2000). The resulting activation
of the C-terminal output (OUT) domain of the response regulator ultimately initiates a specific
cellular response (Stock et al., 2000). This domain is characterized either by a DNA-binding



Introduction

motif or catalytic enzyme activity, but it can also interact with RNA, ligands, or other proteins
to modify the cellular physiology indirectly (Galperin, 2010; Gao and Stock, 2009; Perry et al.,
2011). However, direct DNA-binding by helix-turn-helix motifs is most common in output
modules of RRs, enabling them to function as transcriptional regulators by either up- or
downregulating target gene transcription. DNA-binding RRs can be categorized into OmpR-
like, NarL-like, or NtrC-like subfamilies based on the comparison of their sequence and
structure with those that have been previously classified (Galperin, 2006; Gao and Stock, 2009).
Dephosphorylation of the RR is achieved directly via intrinsic phosphatase activity in case of a
multifunctional sensor kinase or by a phosphatase, acting as another component and antagonist
of the kinase (Gao and Stock, 2009; Russo and Silhavy, 1993).

Sensor Kinase

(Photo)sensory Input Domain Regulatory HKD
ATP
'PAS  GAF DHp  CA
: N-F-G1-G2 ADP
H
D P
I
REC | OUT |
Response

Response Regulator

Fig. 1.4: Schematic representation of two-component signaling system and mechanism of signal
transduction using a bacterial phytochrome as an example.

The (photo)sensory domain of a sensor histidine kinase detects intra- or extracellular stimuli. This perception
triggers autophosphorylation of the HKD. ATP is hydrolyzed at the catalytic and ATP-binding (CA) domain and
the y-phosphoryl group binds to the conserved histidine (H) residue in the H-box of the dimerization and histidine
phosphotransfer (DHp) domain. Subsequently, the phosphoryl group is transferred to the conserved phosphor-
accepting aspartate (D) residue of the receiver (REC) domain of the corresponding RR. The transfer leads to a
conformational change of the RR and a cellular response, mediated by the output (OUT) domain of the RR. The
CA domain contains an N-box, F-box, G1-box, and G2-box, which are characterized by a conserved Asn, Phe, or
some Gly residues, respectively.

1.6 Pseudomonas aeruginosa is an opportunistic pathogen

Notwithstanding the fact that a wide range of bathy BphPs have been discovered in recent time,
P. aeruginosa was one of the first heterotrophic bacteria in which a bathy phytochrome has
been identified over 20 years ago (Bhoo et al., 2001; Davis et al., 1999). P. aeruginosa is a
Gram-negative, rod-shaped, monotrichous Gammaproteobacterium that is ubiquitous in our

environment. Within its genus, P.aeruginosa is a true pioneer, because it is the best
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characterized member, and its genome is one of the largest bacterial genomes. The most
commonly used laboratory strains are PAO1 and PA14 whose genomes have been fully
sequenced with 6.26 Mbp and 6.54 Mbp, respectively (He et al., 2004; Klockgether et al., 2011;
Stover et al., 2000). The bacteria possess a high number of TCS and about 10 % of all identified
genes encode either elements of these signal pathway cascades or transcriptional regulators
(Stover et al., 2000). Therefore, as further suggested by its universal occurrence, P. aeruginosa
has a significant ability to adapt to a wide range of environmental conditions. It is distributed
across a variety of habitats and ecosystems, including water and soil, but can also be found in
human, animal, or plant tissues (Diggle and Whiteley, 2020; Rahme et al., 1995; Spiers et al.,
2000). Additionally, P. aeruginosa is an opportunistic pathogen with high rates of multidrug
resistance and natural antibiotic tolerance, justifying its clinical relevance (Botelho et al., 2019;
Hancock and Speert, 2000). It is the prevalent nosocomial pathogen and causes several acute
as well as chronic infections, especially in immunocompromised patients (Goodman et al.,
2004; Lyczak et al., 2000). The bacterium is responsible for a broad range of infections,
particularly affecting the blood, the urinary tract, soft tissues or the skin, ears, and eyes of
human hosts. Furthermore, Pseudomonas is able to infect the lungs of cystic fibrosis (CF)
patients, and its persistence is the leading cause of death in this disease pattern (Courtney et al.,
2007; FitzSimmons, 1993; Govan and Deretic, 1996; Murray et al., 2007). Virulence factors,
including the blue-green phenazine pyocyanin (PYQ), are responsible for all these infections.
PYO has a high redox-active potential, enabling Pseudomonas to produce reactive oxygen
species (ROS), leading to an antibiotic and antifungal activity against most other bacteria and
fungi. Furthermore, it induces cell death in eukaryotic cells infected by CF. This inhibitory
effect promotes the formation of infections and concomitantly confers a selective advantage to
P. aeruginosa for its growth and development in certain environments (Baron and Rowe, 1981,
Lau et al., 2004). Along with secretion of virulence factors, the ability of the bacteria to form
biofilms is crucial for the establishment of infections. During chronic infections, P. aeruginosa
attaches to surfaces, creating a biofilm matrix mainly composed of extracellular polymeric
substances (EPS). These surface-attached bacterial communities are more resistant to
antimicrobial agents and protected against various environmental influences (O'Toole and
Kolter, 1998; Overhage et al., 2008). These bacterial aggregations can not only be found in
wounds’ biofilms, but also on implants and catheters used in the medical field (Khoury et al.,
1992) or in drinking water distribution systems (Liu et al., 2016). The bacterium plays a crucial

role as a model organism in microbiology, earning the description of a “lab rat” by Diggle and

10



Introduction

Whiteley, due to its significant and pervasive relevance in both medical and industrial sectors
(Diggle and Whiteley, 2020).

1.6.1 P. aeruginosa exhibits a wide variety of motility forms

The survival and adaptation of a bacterium in its environment are often decided by its growth
and movement (Zegadto et al., 2023). An outstanding trait of P. aeruginosa, compared to many
other bacteria, is the ability to utilize different forms of active motility (Fig. 1.5). The
opportunistic pathogen is capable of swimming, swarming and twitching motility due to its type
IV pili (T4P) and its polar flagellum (Diggle and Whiteley, 2020). Swimming motility is the
basic form of movement and is typical for flagellated bacteria (Fig. 1.5A). When found in
aqueous environments, these organisms are capable to rotate their polar flagellum (Corral et al.,
2020; Miyata et al., 2020; Taylor and Koshland, 1974). Using a “run-reverse-turn” motility
mechanism they can move through liquid habitats (Qian et al., 2013).

On semisolid surfaces, some Gram-negative bacteria, including P. aeruginosa, exhibit
swarming motility mediated by their flagella and T4P (Fig. 1.5B) (Harshey, 1994; Kohler et
al., 2000). This form of motility is a multicellular behavior and is used for the initial surface
contact during infections (Fraser and Hughes, 1999; Hahn, 1997). In addition to the flagellum
and T4P, rhamnolipids, which are secreted by the bacterium and lower the surface tension, are
also playing a critical role in swarming motility (Fauvart et al., 2012; Kéhler et al., 2000).

On biotic and abiotic solid surfaces, P. aeruginosa employs its T4P exclusively for twitching.
The process involves the extension of the T4P, the adhesion of the tip to a surface, and both the
forward motion and the subsequent retraction (Fig. 1.5C) (Bradley, 1980; Tala et al., 2019).

Twitching motility is also essential for the maturation of biofilms.

A B Swarming C

Twitching
Swimming

' g
$ C . c
Solid'surface Solidisurface

Fig. 1.5: Schematic representation of the different movement types of P. aeruginosa.

(A) Swimming, (B) swarming and, (C) twitching motility with the corresponding structures (pili or flagella)
responsible for the movement (highlighted in red). Figure modified from Zegadto et al., 2023 and Wadhwa and
Berg, 2022.
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1.6.2 The phytochrome of P. aeruginosa is organized in an operon with its
heme oxygenase

The bacterial phytochrome BphP of P. aeruginosa acts as a sensor histidine kinase within a
described TCS. The bphP and bphO genes, required for holo-phytochrome assembly, are
arranged in a bicistronic operon (Fig. 1.6) (Barkovits et al., 2008). The downstream located
bphP gene encodes the apo-phytochrome, whereas the upstream located bphO gene encodes a
HO. This enzyme is necessary for producing the linear tetrapyrrole BV 1Xa from heme (Wegele
et al., 2004). BV IXa can autocatalytically bind to a conserved cysteine residue in the PAS
domain of the phytochrome via a thioether bond. The expression of the operon is regulated by
the alternative sigma factor RpoS and is cell density dependent (Barkovits et al., 2008;
Barkovits et al., 2011). Furthermore, bphP expression is regulated via the transcriptional
activator LasR, facilitated by a LasR binding site located between bphO and bphP (Barkovits
et al., 2011). No putative RR (bphR) is encoded downstream of bphP in P. aeruginosa, in
contrast to other phytochrome systems like in P. putida or D. radiodurans (Bhoo et al., 2001).
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Fig. 1.6: Genetic organization of the bacterial phytochrome operon in Pseudomonas aeruginosa.

The genes bphP and bphO encode the two required components for assembling a holo-phytochrome. BphO is a
HO, cleaving heme to produce the chromophore BV 1Xa. BphP is the apo-phytochrome, containing the conserved
cysteine residue in its PAS domain, which autocatalytically binds BV 1Xa.
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1.6.3 P. aeruginosa utilizes two heme oxygenases to build various isomers
of its chromophore

Phylogenetic analysis identified different classes of bacterial HOs: the cyanobacterial HO-1
and HO-2 family, the Isd, HmuO, PigA/HemO as well as BphO family (Frankenberg-Dinkel,
2004; Wilks, 2002). In addition to bphO, the gene encoding for a HO organized in the
phytochrome operon, P. aeruginosa encodes a second HO (HemO; synonym PigA). BphO and
HemO, both share the same function as all HO, catalyzing the cleavage of heme to BV (Fig.
1.7). The reaction requires three molecules of oxygen as well as seven electrons for each heme
and additionally yields iron (Fe?*) and carbon monoxide (CO) (Frankenberg-Dinkel, 2004;
Wegele et al., 2004). Many HOs from pathogenic organisms are only induced under conditions
of iron limitation in order to utilize the released Fe?* and recover a lack of iron (Wilks and
Schmitt, 1998). The two HOs from P. aeruginosa exhibit different regio-specificity towards
heme, resulting in the formation of distinct chromophore isomers. While BphO is a classical
HO that oxidizes the a-carbon bridge in the heme precursor resulting in the formation of
BV IXa, HemO produces the atypical isomers BV IX and BV IX4 (Caignan et al., 2002;
Wegele et al., 2004). This difference in regio-specificity results from a 100° heme rotation in

HemO compared to a-hydroxylating HOs, such as BphO (Caignan et al., 2002).
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Fig. 1.7: Heme cleavage catalyzed by P. aeruginosa heme oxygenases BphO and HemO.

The two HOs show different regio-specificity towards heme. BphO cleaves heme at the a-carbon bond, yielding
BV IXa, while HemO cleaves heme at the B- or 6-carbon bond, resulting in BV IXB or BV IX5. The reaction
additionally produces CO and Fe?*. Figure modified from Frankenberg-Dinkel, 2004 and Wegele et al., 2004.
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1.7 Objectives of this work

The discovery of phytochromes beyond the plant kingdom has paved the way for a novel area
of research. The ever-advancing technology of genome sequencing has enabled the description
of phytochromes in heterotrophic organisms, including bacteria and fungi. Most of these BphPs
are described and shown to be sensor histidine kinases within TCSs, generating light-dependent
physiological responses in the cells. Although the photobiology, and three-dimensional
structure of most of the bacterial phytochromes have been extensively studied, the correlation
between phytochrome photostate and autokinase output remains poorly understood. Therefore,
the biological function in bacteria is still unclear. This is especially true for the bathy BphP of
the human opportunistic pathogen P. aeruginosa. Despite its discovery over 20 years ago, little
progress has been accomplished in understanding its physiological role. Meanwhile, it is
evident that PaBphP is controlling light-dependent virulence-mediated behavior. The present
study aimed to comprehensively investigate the phytochrome of P. aeruginosa, focusing on the
chromophore/protein conformation and its connection to the autokinase activity. To elucidate
the detailed function of PaBphP, it was necessary to determine its active parental state — Pr or
Pfr— and identify the conditions that strongly inhibit or block the activity of the kinase.
Additionally, the phytochrome had to be studied within the context of its TCS, and phenotypical
assays, including mutant and overexpression strain analysis, had to be performed.

While there is a fairly good understanding for prototypical phytochromes that the highest kinase
activity is observed in the Pr-form under dark conditions, the reports of the autokinase activity
of bathy phytochromes are only limited. For this reason, a systematic analysis of PaBphP, four
others bathy BphPs, and two additional prototypical BphPs had to be conducted to achieve a
comprehensive and general statement of the photostate/autokinase output correlation. In
addition, one of the main objectives of this work was to develop a method for calculating the
Pr/Pfr-fractions for each phytochrome, allowing the direct correlation of these well-defined

stationary values with the autophosphorylation output.
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2 Material and Methods

2.1 Materials and chemicals

2.1.1 Equipment

Table 2.1: Instruments used in this study.

Type of instrument Name Manufacturer
Agarose gel electro. chamber Maxi-VG VWR International
Autoclave VX 150 Systec
Blotting system Semidry Blot Trans-Blot®SD Bio-Rad
Centrifuges and rotors 5415 D (Rotor: F45-24-11) Eppendorf
5810 R (Rotor: A-4-62) Eppendorf
Z32HK (Rotor: 221.17 VV20) Hermle

Clean bench
Gel documentation system
High pressure homogenizer

Illumination equipment

Incubator

Incubator shaker

Interference filter
Fig. S1

LEDs / laser diodes
Fig. S1

Magnetic stirrer

Multimeter

Optical multichannel analyzer

pH meter
Phosphoimager

Pipettes

Sorvall LYNX 6000
(Rotor: T29-8x50 and F9-6x1000)

Anthos Antares 48
Gel iX20 Imager
LM 10 Microfluidizer

Iso lab construction

66182 Quartz Tungsten Halogen
Lamp Housing

71445 Electronic Safety Shutter

kelvitron®t

Innova™ 2300 Platform Shaker
Innova® 44 Incubator Shaker Series

Dark Blue 435 nm #2458312
Red 690 nm
Wratten Nr. 87 (750 nm)

426 nm blue (DLE-038-046)
667/791 nm red/far-red
(LNCT28PS01WW)

MR 3001
MR Hei-Standard

True RMS 3410 DMM
Ocean Optics USB2000+UV/Vis

pH 50+ DHS
Typhoon FLA 7000

Research®
Research® Plus

Thermo Fisher Scientific

Biohit HealthCare
Intas

Microfluidics
Biophysics RPTU
LOT-Oriel
LOT-Oriel

Heraeus Instruments

New Brunswick Scientific
New Brunswick Scientific

Baader Planetarium
LOT-Oriel
Kodak

Everlight Electronics
Panasonic

Heidolph Instruments
Heidolph Instruments

PeakTech®

Ocean Optics / Ocean
Insight

Dostmann Electronic
GE Healthcare

Eppendorf
Eppendorf
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Power supply

Scales

SDS-PAGE chamber

Spectrometer

Thermo block

Thermal cycler

Ultra-pure water system

Ultrasonic homogenizer

Vacuum pump

Vortexer

PowerPac™ HC
PowerPac™ Basic

Power Source 300V
EPS301

EPS601

Power Solution HCPS 1500
Konstanter SLP 240-40

R 300S

Atilon ATL-623
RS-232
4000/AR

Mini-PROTEAN® Tetra system
Mini-PROTEAN®

8453 UV visible system
NanoDrop™ Lite
Ultrospec 500 pro

Thermocell CHB-202
Thermomixer compact

peqgstar 2
TGradient

MilliQ® Integral Water Purification
System

Sonoplus GM2200,
UW 2200 with tip KE 76

Laboport®
REAX 2000

Bio-Rad

Bio-Rad

VWR

Amersham Biosciences
GE Healthcare

HyCell

LOT-Oriel

Sartorius

Acculab Sartorius Group
KERN & SOHN GmbH
Europe

Bio-Rad
Bio-Rad

Agilent Technologies
Thermo Fisher Scientific
Amersham Biosciences

Bioer
Eppendorf

Peglab
Biometra

Merck Millipore

Bandelin

KNF Neuberger

Heidolph Instruments

2.1.2 Special material, chemicals, enzymes, kits, and antibodies

All chemicals used in this study were of ACS grade or higher and were purchased from
AppliChem GmbH (Darmstadt, Germany), Bio-Rad (Hercules, CA), Becton Dickinson
(Franklin Lakes, NJ), Carl Roth GmbH + Co. KG (Karlsruhe, Germany), Merck KGaA
(Darmstadt), Serva Electrophoresis GmbH (Heidelberg, Germany), Sigma-Aldrich (St. Louis,
MO) and Thermo Fisher Scientific (Waltham, MA) unless stated otherwise.
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Table 2.2: Special material, chemicals, enzymes, kits, and antibodies used in this study.

DNA loading dye
DNA size standard
Imaging plate

Protein size standard

Radioactive ATP
Sterile filter

Transfer membrane

Enzymes and Kits
DNasel

DNA ligase
DNA polymerase

DNA polymerase buffer

dNTPs

Genomic DNA isolation

12,000-14,000, diameter 16 mm

Gel Loading Dye, Purple (6x)
GeneRuler™ 1 kb Plus DNA Ladder
BAS-IP MS 2040

Blue Prestained Protein Standard,
Broad Range

Color Prestained Protein Standard,
Broad Range

PageRuler™ Prestained Protein Ladder
Prestained protein marker

Unstained Protein Standard,

Broad Range

[y-32P]-ATP (SRP-301), 500 pCi

0.22 um Syringe Filter, PVDF (Sterile),
Blue, 33 mm

0.45 um Syringe Filter, PVDF (Sterile),
Yellow, 33 mm

Transfer membrane ROTI®PVDF
0.45 pm

DNasel
T4 DNA ligase

Phusion DNA polymerase
Pfu DNA polymerase

5x Phusion® HF Reaction Buffer
10x Pfu Reaction Buffer

dNTP-Mix (dATP, dCTP, dGTP, dTTP)
NucleoSpin® Microbial DNA kit

Type of product/material Name of product/material Manufacturer
Special material and chemicals
ATP solution ATP >99 %, 100 mM solution Carl Roth
Bradford reagent ROTI®Quant (5x) Carl Roth
Centrifugal filter units Amicon® Ultra-4, MWCO 10,000 Merck Millipore
Microspin™ G-50 Columns cytiva
Chromophore Biliverdin-hydrochlorid Sigma-Aldrich
Column material for Strep-Tactin® Sepharose® Iba
affinity chromatography TALON® Superflow™ cytiva
Cuvettes Semi-micro cuvettes, 1.6 ml, 10 mm ratiolab®
Dialysis tubing Servapore® dialysis tubing, MWCO Serva

New England Biolabs
Thermo Fisher Scientific
Fujifilm

New England Biolabs
New England Biolabs

Thermo Fisher Scientific
proteintech
New England Biolabs

Hartmann Analytic

Starlab International

Starlab International

Carl Roth

AppliChem
New England Biolabs

AG Frankenberg-Dinkel
AG Frankenberg-Dinkel

New England Biolabs
AG Frankenberg-Dinkel

Axon Labortechnik

Macherey-Nagel
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Gibson assembly

Lysozyme
PCR clean-up
Plasmid DNA miniprep

Restriction endonucleases

Antigen

Polyhistidine-tag

Mouse IgG

Strep-tag Il
PaBphP

Rabbit IgG

Phusion® high-fidelity DNA polymerase
T5 exonuclease
Tag DNA ligase

Lysozyme, lyophilized
NucleoSpin® Gel and PCR Clean-up kit

NucleoSpin® Plasmid EasyPure kit
E.Z.N.A.®Plasmid DNA Mini Kit |

Restriction endonucleases
High-fidelity (HF®) restriction
endonucleases

Antibody

6x-His tag monoclonal antibody
(1:3,000)

Goat anti-mouse 1gG (whole molecule)-
alkaline phosphatase antibody (1:10,000)

Strep-Tactin® AP conjugate (1:4,000)

Rabbit o BphP-Serum #SA3585
(1:5,000)

Goat anti-rabbit 19G (whole molecule)-
alkaline phosphatase antibody (1:30,000)

New England Biolabs
New England Biolabs
New England Biolabs

Carl Roth
Macherey-Nagel

Macherey-Nagel
Omega Bio-Tek Inc

New England Biolabs
New England Biolabs

Manufacturer
Invitrogen

Sigma-Aldrich

Iba

Eurogentec

Sigma-Aldrich

2.2 Bacterial strains, plasmids, and oligonucleotides

2.2.1 Bacterial strains

Table 2.3: Bacterial strains used in this study.

Bacterial Strain Characteristics Reference
Escherichia coli strains
DH5a F-endAl ginV44 thi-1 recAl relAl gyrA96 deoR (1)
nupG purB20 @80dlacZAM15  A(lacZYA-
argF)U169, hsdR17(r« mg*), A
S17-1 Tp" SM' recA thi pro hsdR"M* RP4:2-Tc::Mu- 2
Km::Tn7/Apir
S17-1 pEXG2_AbphP S17-1 with pEXG2_AbphP, GmR This study
S17-1 pEXG2_AbphOP S17-1 with pEXG2_AbphOP, GmR This study
S17-1 pEXG2_AkinB S17-1 with pEXG2_AkinB, GmR This study
Topl0 F mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 Invitrogen
AlacX74 nupG recAl araD139A(ara-leu)7697
galE15 galK16 rpsL(StrR) endAl A°
Top10 Topl10 with pPBAD/HisB_RtBphP2HmMuO; 3)

pBAD/HisB_RtBphP2HmuO

AmpR
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BL21(DE3)

BL21(DE3)
PASK_PaAlgB

BL21(DE3)
PASK_PaKinBCD

BL21(DE3)
pASK_PaKinBCD_P390S

BL21(DE3)
PASK_AtBphP1

BL21(DE3)
PET21b_AtBphP2

BL21(DE3)
PET21b_AtBphP2_D783N

BL21(DE3)
PET21b_AvBphP2

BL21(DE3)
PET21b_AvBphP2_D793A

BL21(DE3)
pET52_PstBphO_BphP1

BL21(DE3)
pASK_PstBphP2

BL21(DE3)
pET24a_XccBphP

BL21(DE3)
pET24a_XccBphPAPAS9

Pseudomonas aeruginosa strains

PA14
PA14AbphP / PA14AbphP*

PA14AbphP pHERD26T

PA14AbphP pHERD26T_
PaBphP

PA14AbphP pHERD26T _
PaBphP_H513A

PA14AbphP* pHERD26T _
PaBphP_D194H

PA14AbphP* pHERD26T _
PaBphP_S261A

PA14AbphP* pHERD26T _

PaBphP_C12A

F ompT gal dcm lon hsdSg(rs'ms’) A(DE3 [lacl

lacUV5-T7p07 ind1 sam7 nin5]) [malB*]k-12(A5)

BL21(DE3) with pASK-PaAlgB; AmpR
BL21(DE3) with pASK-PaKinBCD; AmpR

BL21(DE3) with pASK-PaKinBCD_P390S;
AmpR

BL21(DE3) with pASK_AtBphP1; Amp®
BL21(DE3) with pET21b-AtBphP2; AmpR

BL21(DE3) with pET21b-AtBphP2_D783N;
AmpR

BL21(DE3) with pET21b_AvBphP2; AmpR

BL21(DE3) with pET21b_AvBphP2_D793A;
AmpR

BL21(DE3) with pET52_PstBphO_BphP1;
AmpR

BL21(DE3) with pASK_PstBphP2; AmpR
BL21(DE3) with pET24a-XccBphP; KanR

BL21(DE3) with pET24a-XccBphPAPASS;
Kan®R

P. aeruginosa wild type UCBPP-14

2.0-kb in-frame deletion of bphP in PA14
background

bphP deletion mutant with pHERD26T; Tet?

bphP deletion mutant with pHERD26T_
PaBphP; Tet®

bphP deletion mutant with pHERD26T _
PaBphP_H513A; TetR

bphP deletion mutant with pHERD26T _
PaBphP_D194H; Tet?

bphP deletion mutant with pHERD26T _
PaBphP_S261A; TetR

bphP deletion mutant with pHERD26T _
PaBphP_C12A; Tet?

(4)

This study

This study

This study

This study

This study

This study

3)

©)

This study

This study

3)

3)

®)

This study
Pielage 2017*

This study
This study

This study

(6)

(6)

(7)
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PA14AkinB

PA14AbphOP

PA14AbphOP pHERD26T_
PaBphP

1.7-kb in-frame deletion of kinB in PA14
background

2.7-kb in-frame deletion of bphOP in PA14
background

bphOP deletion mutant with pHERD26T _
PaBphP; Tet®

This study

This study

This study

* The plasmids pHERD26T_PaBphP_D194H, pHERD26T_PaBphP_S261A, and pHERD26T_PaBphP_C12A were
used in an incorrect bphP deletion mutant (gene is correctly deleted, but strain is GmR®) from J. Pielage, 2017.

(1) Hanahan, 1983; (2) de Lorenzo and Timmis, 1994; (3) SchultheiB, 2023; (4) Studier and Moffatt, 1986; (5) Rahme
et al., 1995; (6) Bilici, 2020; (7) Denig, 2020

2.2.2 Plasmids

Table 2.4: Plasmids used in this study.

Plasmid

Characteristic

Reference

Plasmids used in Escherichia coli

pASK-IBA3

pASK_PaBphP

PASK_PaAlgB

PASK_PaKinBCD

pASK_PaKinBCD_P390S

PASK_AtBphP1

PET21b_AtBphP2

PET21b_AtBphP2_D783N

Expression vector, heterologous overex-
pression in E. coli, Strep-tag II, tet
promoter, AmpR

pASK-IBA3 derivative, coding region of
bphP from P. aeruginosa (PAO1_4117) at
Xbal/Xhol site with C-terminal Strep-tag Il,
tet promoter, AmpR

pASK-IBA3 derivative, coding region of
algB from P. aeruginosa (PA14_72380) at
Xbal/Xhol site with C-terminal Strep-tag Il,
tet promoter, AmpR

pASK-IBA3 derivative, coding region of
cytosolic domain of kinB from P. aeru-
ginosa (PA14 72390; Gly198-Val595) at
BamHI site with C-terminal Strep-tag Il, tet
promoter, AmpR

pASK_PaKinBCD with encoded amino
acid exchange - Pro (390) by Ser

pASK-IBA3 derivative, coding region of
bphP1 from A. tumefaciens at Xbal/ HindlIl
site with C-terminal Strep-tag II, tet
promoter, AmpR

pET21b derivative, coding region of bphP2
from A. tumefaciens at BamHI/Ndel site
with C-terminal His-tag, T7 promoter,
AmpR

pET21b_AtBphP2 with encoded amino
acid exchange > Asp (783) by Asn

IBA
Lifesciences

1)

RPTU
Microbiology
(Pielage 2021)

)

This study

RPTU
Microbiology

@)

This study
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pET21b_AvBphP2

PET21b_AvBphP2_D793A

pET52_PstBphO_BphP1

pASK_PstBphP2

pBAD/HisB_RtBphP2HmuO

pET24a_XccBphP

pET24a_XccBphPAPAS9

PET21b derivative, coding region of bphP2
from A. vitis at Ndel/Xhol site with C-
terminal His-tag, T7 promoter, AmpR

PET21b_AvBphP2 with encoded amino
acid exchange > Asp (783) by Ala

pET52 3C/LIC derivative, coding region of
bphO from P. syringae (PSPTO_1901)
with N-terminal Strep-tag Il and bphP1
from P. syringae (PSPTO_1902) with C-
terminal His-tag, T7 promoter, AmpR

pASK-IBA3 derivative, coding region of
bphP2 from P. syringae (PSPTO_2652) at
Xbal/Kpnl site with C-terminal Strep-tag Il,
tet promoter, AmpR

pBAD/HisB derivative, coding region of
bphP2 from R. tatouinensis (Rta_28950) at
Bglll/EcoRI site with N-terminal His-tag
and hmuO from Bradyrhizobium sp.
ORS278 at EcoRI/ HindlIl site, Psap, AmpR

PET?24a derivative, coding region of bphP
from X. campestris pv. campestris strain
8004 residue 1-634 (XC_4241) at
Ndel/BamHI site with N-terminal His-tag,
T7 promoter, KanR

pET?24a derivative, coding region of bphP
from X. campestris pv. campestris strain
8004 residue 1-511 (XC_4241) at
Ndel/BamHI site with N-terminal His-tag,
T7 promoter, KanR

Plasmids used in Pseudomonas aeruginosa

pHERD26T

pHERD26T_PaBphP

pHERD26T_ PaBphP
_H513A

pHERD26T_ PaBphP
_D194H

pHERD26T_ PaBphP
_S261A

pHERD26T_ PaBphP
_CI2A

E. coli/ P. aeruginosa shuttle vector, homo
logous overexpression in P. aeruginosa,
Peap, Tet?

pHERD26T derivative, coding region of
bphP from P. aeruginosa (PAO1_4117) at
Xbal/Kpnl site with C-terminal Strep-tag Il,
Pgap, TetR

pHERD26T_PaBphP with encoded amino
acid exchange - His (513) by Ala

pHERD26T_ PaBphP with encoded amino
acid exchange > Asp (194) by His

pHERD26T_ PaBphP with encoded amino
acid exchange - Ser (261) by Ala

pHERD26T_ PaBphP with encoded amino
acid exchange - Cys (12) by Ala

(4)

(®)

(6)

RPTU
Microbiology
(Halscheidt 2010)

(1)

(8)

(8)

9)

(10)

(11)

(12)

(12)

(11)
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pPEXG2 Allelic exchange vector for construction of (13)
markerless deletion mutants or single-
nucleotide substitutions in P. aeruginosa,

GmR
pEXG2_AbphP PEXG2 derivative, truncated version of RPTU
bphP from P. aeruginosa (PAO1_4117, Microbiology

147 bp) with 621 bp upstream and 818 bp (Pielage 2017)
downstream at Hindl11/EcoRlI site, GmR

pEXG2_AbphOP PEXG2 derivative, truncated version of This study
bphOP from P. aeruginosa (PA14_ 10700/
10710; 123 bp) with 513 bp upstream and
451 bp downstream at EcoRI/BamHI site,
GmR

pEXG2_ AkinB PEXG2 derivative, truncated version of This study
kinB from P. aeruginosa (PA14_72390; 54
bp) with 437 bp upstream and 469 bp
downstream at HindllI/BamHI site, GmR

(1) Tasler et al., 2005; (2) Schneckmann, 2021; (3) Lamparter and Michael, 2005; (4) Rottwinkel et al., 2010;
(5) SchultheiB, 2023; (6) Shah et al., 2012; (7) De Luca et al., 2019; (8) Otero et al., 2016; (9) Qiu et al., 2008;
(10) Heine, 2014; (11) Denig, 2020; (12) Bilici, 2020; (13) Rietsch et al., 2005

2.2.3 Oligonucleotides

Table 2.5: Oligonucleotides used in this study.

Primer Sequence (5° - 3°)

Primer for construction of plasmids for homologous recombination
pEXG2AbphOP_upF GCGAATTCGGGCCTGAAGGAAGTGAAGCAGT
pEXG2AbphOP_upR CGCAGGCAGAAGGTGATTTCTGCGTGCAGGTCACGGG
pEXG2AbphOP_downF ATCACCTTCTGCCTGCGCCT
pEXG2AbphOP_downR GCGGATCCGCGTACGGTCTTGCGCTTGC

-> Construction of pEXG2_AbphOP

pEXG2AkinB_upF TTAGCTAAGCTTCTCAACGTGATGGTGCTC
pEXG2AkinB_upR TCACACCGGGAGGAACAACCGGGTCCGGA
pEXG2AkinB_downF TTGTTCCTCCCGGTGTGACCGGGGCCGCT

pEXG2AkinB_downR AATCTAGGATCCGTCTGGTATCCGTTCAGC

- Construction of pEXG2_AkinB

Primer for construction of overexpression plasmids for Escherichia coli
pASK-PaAlgB_fwd CGTCTAGATAACGAGGGCAAAAAACCA
pASK-PaAlgB_rev CCCTCGAGTAGGCCGTACTGCTTGCG

- Construction of pASK_PaAlgB
pASK-PaKinBCD_fwd ATTCGAGCTCGGTACCCGGGATGGGCGCAC
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pASK-PaKinBCD_rev CCTGCAGGTCGACCTCGAGGGACACCGGCA
- Construction of pASK_PaKinBCD

Primer for site-directed mutagenesis on overexpression plasmids for Escherichia coli

PASK-PaKinBCDP390S
_fwd

PASK-PaKinBCDP390S
rev

-> Construction of pASK_PaKinBCD_P390S

PET21b-AtBphP2D783N
_fwd

pET21b-AtBphP2D783N
rev

-> Construction of pET21b_AtBphP2_D783N

Primer for sequencing

CCTGCGCGCCTCCCACGAGCTCCGCACGTCGGTGACCGG

CCGGTCACCGACGTGCGGAGCTCGTGGGAGGCGCGCAGG

GACGTCGCCATTCTCAACATCAATCTTGGATCCGACACC

GGTGTCGGATCCAAGATTGATGTTGAGAATGGCGACGTC

PEXG2_seqF CGACCTCATTCTATTAGACTCTCGTTTGGATTGC
PEXG2_seqR GTTCGCTCGCGTATCGGTGATTCATTCTG
AbphOP_seqF GGGGATATCCATTTCGCGGAAG

AbphOP_segR GCTCCATGAATTCGTCGGGG

AkinB_seqF GCGCTTCATCCAGGACAAGG

AkinB_segR CGCCTGGTGGATGAGAACCG

PET_seqF GCTAGTTATTGCTCAGCGG

PET_seqR TAATACGACTCACTATAGGG

2.3 Microbial methods

2.3.1 Sterilization

All media and supplements used for cultivation of microbial cultures were sterilized before
utilization. Heat-stable solutions and plastic reaction tubes were autoclaved for 20 min at
120 °C and 1 bar, while heat-sensitive solutions were sterilized by filtration. Therefore, 0.2 pm
pore size filters were used, and the solutions were added to the heat-sterilized media. In contrast,

glassware was sterilized by dry heat at 180 °C for 3 h.

2.3.2 Culture media and supplements

Autoclaved lysogeny broth (LB-Lennox) medium with appropriate antibiotics and/or
supplements was used for aerobic cultivation of liquid E. coli or P. aeruginosa cultures. Solid

medium was prepared by adding 1.5 % (w/v) agar-agar prior to autoclaving. Solid cultivation
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for P. aeruginosa phenotypic swimming assays was performed using LB and technical

Difco™-agar from Becton Dickinson (BD).

Table 2.6: Culture media, antibiotics, and supplements used in this study.

Culture media, antibiotics, and supplements

LB-medium; Lennox (pH = 7.0)

BD™ Swimming-agar (pH = 7.0)

Tryptone 10 g/l LB Lennox (BD) 20 g/l
Yeast extract 59/l Difco™-agar (BD) 0.3 % (wiv)
NaCl 59/l
BD™ Pseudomonas Isolation-agar (pH = 7.0 £ 0.2)
Bacto Peptone 20 g/l Mg Chloride 149/
Potassium Sulfate 10 g/l Irgasan® 0.025 g/l
Agar 13.6 g/l Glycerol 20 ml/I
Antibiotic Stock conc. conc. E. coli  conc. P. aeruginosa
Ampicillin (Amp) i
in H,0 100 mg/ml 100 pg/ml
_Gentamlcm (Gm) 10 or 300 mg/ml 10 pg/ml 300 pg/ml
in H,O
Kanamycin (Kan) i
in H,0 50 mg/ml 50 pg/ml
Tetracycline (Tet) 5 or 50 mg/ml 5 pg/ml 100 pg/ ml

in 70 % (v/v) EtOH
Supplement
Anhydrotetracycline
IPTG
L(+)-Arabinose

D(+)-Sucrose

Solvent

Dimethylformamide
H.O
H.O
H.0

Stock concentration
2 mg/ml

1M

10 % (w/v)

50 % (w/v)

Final concentration
200 ng/ml

0.5mM

0.1 % (w/v)

15 % (w/v)

2.3.3 Storage of E. coli and P. aeruginosa cells

For short-term storage of E. coli, cells were streaked out on LB-agar plates with the appropriate

antibiotic, if necessary, and stored at 4 °C. For short-term storage of P. aeruginosa, LB-agar

plates were stored at room temperature. For long term-storage, both E. coli and P. aeruginosa

strains were stored at -80 °C. Overnight cultures of E. coli were diluted in media containing

20 % (v/v) glycerol, and P. aeruginosa overnight cultures were diluted in media containing

7.5 % (v/v) DMSO.
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2.3.4 Cultivation of E. coli or P. aeruginosa cells

For initially grow E. coli or P. aeruginosa on solid medium, bacteria were taken from a glycerol
or DMSO stock (chapter 2.3.3) using a sterile inoculation loop and spread out on an LB-agar
plate. Additives, such as antibiotics (Tab. 2.6), were added to the solid medium for selection
conditions. Plates were incubated overnight at 37 °C or for 48 h at room temperature and served
as stock plates for liquid cultures. To prepare overnight cultures, LB medium was inoculated
into a test tube or in an Erlenmeyer flask with a single colony from the previously grown LB-
agar plate or from a freshly transformed E. coli culture. The volume was chosen individually
depending on the amount needed for subsequent experiments. If necessary, an appropriate
amount of respective antibiotic was added to the medium before inoculation. Cultures were
incubated overnight at 37 °C with constant shaking (160 rpm, Innova™ 2300 Platform Shaker).
The following day, the main cultures, whose medium was also supplemented with additives as
necessary, were then inoculated 1:100 with the E. coli overnight culture for subsequent
experiments. For P. aeruginosa, the volume of the overnight culture used for inoculation was

calculated so that the main culture had an ODeoonm 0f 0.1 or 0.2 at time point zero.

2.3.5 Determination of cell density

The optical density (OD) of liquid bacterial cultures was determined photometrically at a
wavelength of 600 nm. LB or the respective used medium served as the reference for the

measurement. An ODgoonm Of 1 corresponds to approximately 1x10° E. coli cells/ml culture.

2.3.6 Analysis of aerobic growth of P. aeruginosa

For the analysis of growth phases and behavior, P. aeruginosa strains were cultured at 37 °C in
a total volume of 200 ml LB medium under aerobic conditions (160 rpm, Innova™ 2300
Platform Shaker). LB overnight cultures were diluted as described in chapter 2.3.4. Incubation
was performed for a maximum of 26 h. At various time points (at least every hour), culture
samples (1 ml) were taken to monitor the ODgoonm. The measured cell densities were plotted
logarithmically against the time. In addition, another culture sample (1 ml) was taken
simultaneously and centrifuged (RT, 11,000 rpm, 3 min, Eppendorf 5415 D, rotor: F45-24-1).
Proteins in the resulting cell pellets were separated by SDS-PAGE and analyzed by Western
blot, as well as an immunological detection procedure using a polyclonal serum against
PaBphP.
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2.3.7 Preparation of chemically competent E. coli cells

E. coli cells are not naturally competent and do not possess the ability to take up foreign DNA
molecules from their environment. However, this competence can be induced by chemical
treatment. For this, 100 ml LB medium was inoculated 1:100 with an overnight culture of the
respective E. coli strain. This culture was incubated under constant shaking (160 rpm, Innova™
2300 Platform Shaker) at 37 °C to an ODeoonm Of 0.5-0.6. After reaching this optical density,
the culture was divided into two batches of 50 ml and centrifuged (4 °C, 4,000 rpm, 10 min,
Eppendorf 5810 R, rotor: A-4-62). After removal of the supernatant, the pellets were each
carefully resuspended in 25 ml ice-cooled CaCl. solution (50 mM) and the suspensions were
incubated on ice for one hour. The incubation was followed by another identical centrifugation
step. After discarding the supernatant, the pellets were each carefully resuspended in 5 ml ice-
cooled CaClz solution (50 mM) mixed with 15 % (v/v) glycerol. The chemically competent

E. coli cells were stored in 200 ul aliquots at -80 °C after freezing them in liquid nitrogen.

2.3.8 Transformation of chemically competent E. coli cells

For transformation, thawed chemically competent E. coli cells (200 ul) were gently mixed with
50-100 ng plasmid DNA, 10-20 pl of a ligation or 15 ul of a Gibson assembly reaction and
incubated on ice for 30 min. Subsequently, the cells were subjected to heat shock at 42 °C for
2 min. After 2 min on ice, 700 pl LB medium was added to the batch and the bacteria were
incubated at 37 °C for 1 h under constant shaking (160 rpm, Innova™ 2300 Platform Shaker).
After the incubation period, 100 pl of the culture was spread on a selective LB-agar plate, with
the appropriate antibiotic. In case of difficult transformations, the samples were centrifuged
(RT, 11,000 rpm, 3 min, Eppendorf 5415 D, rotor: F45-24-11) and part of the supernatant was
discarded. The cell pellet was resuspended in 100 pl of the remaining medium and plated to
obtain a higher cell density. An equal volume of sterile water was mixed with chemically
competent cells and treated identically, as a control experiment. The LB-agar plates were
incubated overnight at 37 °C or at room temperature for 48 h. The next day, the Petri dishes
were sealed with parafilm and stored at 4 °C or used directly for overnight cultures and protein

production experiments.
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2.3.9 Conjugation of P. aeruginosa via biparental mating

Conjugation of P. aeruginosa via biparental mating was performed using E. coli S17-1 as the
donor strain. Overnight cultures of the respective P. aeruginosa strain and transformed E. coli
S17-1 cells, carrying the desired plasmid, were prepared in 10 ml LB medium supplemented
with antibiotics if necessary. For the biparental mating, the grown overnight cultures were
mixed in a ratio of 9:1 (donor:recipient) in a total volume of 2 ml and incubated at room
temperature for 30 min. Afterwards, the cells were sedimented by centrifugation (RT,
4,000 rpm, 1 min, Eppendorf 5415 D, rotor: F45-24-11) and carefully resuspended in 100 pl
fresh LB medium. The entire suspension was spotted onto an LB-agar plate and incubated
upright at 37 °C for 24 h. The following day, the cell material was harvested with a sterile
inoculation loop and resuspended in 0.9 % NaCl (w/v). A serial dilution in 0.9 % (w/v) NaCl
solution was performed afterwards. 100 pl of each dilution step (107 to 10#) was plated on
Pseudomonas Isolation-agar (Tab. 2.6) with the addition of the selection antibiotic and
incubated overnight at 37 °C. Enrichment of the conjugated bacteria was followed by one re-
plating step on Pseudomonas Isolation-agar and two re-plating steps on LB-agar containing the

appropriate antibiotic.

2.4 Phenotypic analysis of Pseudomonas aeruginosa
2.4.1 Swimming Motility

To study the swimming motility of P. aeruginosa cells, overnight cultures of P. aeruginosa
harboring pHERD26T derivatives were diluted in 15 ml LB medium (ODsgoonm = 0.1 at time
point zero) supplemented with tetracycline. They were grown at 37 °C under constant shaking
(160 rpm, Innova™ 2300 Platform Shaker) and ambient light conditions (Fig. S1C) until
ODsoonm Was approximately 0.7. After induction of the gene expression with 0.1 % (w/v) L(+)-
arabinose and further incubation for 3 h at 37 °C with constant shaking (160 rpm; ambient
light), the cell density of each 2 ml of the cultures was adjusted to an ODgoonm = 1.5 in LB
medium. Subsequently, 1 pl of the culture was spotted on swimming-agar (Tab. 2.6) with four
different strains per plate and incubated upright for 24 h at 30 °C. The swimming agar plates
(square plates, 120x120 mm, 60 ml medium per petri dish, dried 20 min with lid closed and
10 min with lid open) were supplemented with 0.1 % (w/v) L(+)-arabinose and tetracycline.

Evaluation was performed by measuring the diameter of the swimming zone the next day.
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2.4.2 Investigation of secreted pyocyanin amounts

After incubation for 3 h and removal of a portion of the cultures for the swimming assay, the
flasks were incubated for a further 2 h at 37 °C with constant shaking (160 rpm, Innova™ 2300
Platform Shaker; ambient light). After this step, the ODsoonm Was determined and 1.5 ml of each
culture was pelleted by centrifugation (RT, 11,000 rpm, 3 min, Eppendorf 5415 D, rotor: F45-
24-11). The absorption at 695 nm (Apyocyanin = 695 nm) was measured from 1 ml of each culture
supernatant. The measured ODesgsnm Was divided by the ODegoonm to determine the amount of
pyocyanin secreted by different cultures with comparable cell densities.

2.4.3 Statistical evaluation of phenotypic assays

Following the experimental procedure, the results were statistically evaluated. The first step
was to calculate the mean value and standard deviation using Microsoft Excel (part of
descriptive statistics). Next, all data sets, were tested for their normal or Gaussian distribution
(“Statistics; Descriptive Statictics; Normality Test; Shapiro-Wilk (stricter) or Kolmogorov-
Smirnov with a significance level of 0.05” in Origin, Version 2022. OriginLab Corporation,
Northampton, MA, USA.). Only if a normal distribution cannot be rejected, the data set can be
used for the Student’s t-test and the F-test. The F-test determines whether a data set is hetero-
or homoscedastic and which type of t-test to use for the subsequent significance check. In
Microsoft Excel, the F-test can be integrated with the t-test. The t-test calculates the p-value. If
the p-value is less than 0.05, the difference is statistically significant with a 95 % confidence
(n.s.: p>0.05; *: 0.01 <p<0.05; **: 0.001 <p<0.01; ***: p<0.001). When a data set was
compared to more than one other, a Bonferroni’s multiple comparison test was performed. The
Bonferroni correction corrects the p-value depending on the number of comparisons: new p-
value = old p-value / number of comparisons (e.g. two comparisons: n.s.. p>0.025;
*:0.005<p<0.025; **: 0.0005<p<0.005; ***: p<0.0005). With three or more

comparisons, the p-value decreases further.

Student’s t-test with F-test for Microsoft Excel (german version):
(=T.Test(Matrix1;Matrix2;2;Wenn(F.Test(Matrix1;Matrix2)<0.05;3;2))
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2.5 Molecular biological methods

2.5.1 Preparation of genomic DNA from P. aeruginosa

For isolation of genomic/chromosomal DNA, LB medium was inoculated with the appropriate
P. aeruginosa strain and incubated overnight at 37 °C under constant shaking (160 rpm,
Innova™ 2300 Platform Shaker). The next day, the NucleoSpin® Microbial DNA kit

(Macherey-Nagel) was used for preparation according to the manufacturer’s protocol.

2.5.2 Preparation of plasmid DNA from E. coli

To isolate plasmid DNA, a single colony of E. coli DH5a harboring the desired plasmid was
inoculated into LB medium containing the appropriate antibiotic and incubated overnight at
37 °C under constant shaking (160 rpm, Innova™ 2300 Platform Shaker). The next day, 2 ml
of the culture was centrifuged (RT, 11,000 rpm, 3 min, Eppendorf 5415 D, rotor: F45-24-11)
and the plasmid was purified using the NucleoSpin® Plasmid EasyPure kit (Macherey-Nagel)
or the E.Z.N.A.® Plasmid DNA Mini Kit | (Omega Bio-Tec Inc) according to the instructions

of the manufacturer.

2.5.3 Agarose gel electrophoresis

Agarose gel electrophoresis is used to separate nucleic acids using an agarose matrix in a
horizontal electrophoresis chamber. The separation depends on the length and conformation
(linearized, double-stranded, supercoiled, etc.) of the DNA fragments (Aaij and Borst, 1972).
The negatively charged DNA moves from the cathode to the anode in the electric field, with
small fragments passing through the gel matrix faster than large ones. A concentration of 0.8-
1 % (wi/v) agarose was dissolved in 1x TAE buffer (Tris-acetate pH 8.0, 2 M; EDTA, 50 mM,;
50x) and melted. The gel was allowed to polymerize at room temperature in a pre-prepared gel
chamber. Gel loading dye (purple, 6x, NEB) was added to the DNA samples prior to
application. Furthermore, the GeneRuler™ 1 kb Plus DNA Ladder (Thermo Fisher Scientific)
served as the reference to determine the size and amount of DNA in the fragments.
Electrophoresis was performed at a constant voltage of 90-120 V in 1x TAE buffer until the
fragments were completely separated (approximately 40-60 min). After running, the gel was
incubated in a photosensitive ethidium bromide solution for 20 min before visualization of

nucleic acids by irradiation with UV light (312 nm) in the documentation system (Intas).

29



Material and Methods

2.5.4 Restriction digestion of DNA

Restriction digestion of plasmids or PCR products was performed using restriction
endonucleases or high-fidelity (HF®) restriction endonucleases (NEB) according to the
manufacturer’s instructions using the appropriate buffers provided by NEB. The digested DNA
was incubated for one hour (restriction endonucleases) or 20-30 min (HF® restriction
endonucleases) at 37 °C. Test restrictions were performed in a total volume of 10 pl with 1 pl
10x CutSmart® or 10x rCutSmart™, 1 pl of the respective enzyme and 100-300 ng plasmid
DNA. Preparative DNA digestions were performed using larger amounts of the substrates.
Subsequently, the restriction enzymes were heat-inactivated, if possible (depending on the
enzyme; see neb-online.de). For double digestion, the reaction was performed sequentially with
thermal inactivation of the first enzyme before adding the second one. Successful restriction of
linearized plasmid DNA of known size was verified by agarose gel electrophoresis (chapter
2.5.3).

2.5.5 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was used to amplify specific DNA fragments (Mullis and
Faloona, 1987). The laboratory’s own purified Pfu DNA polymerase or Phusion HF-DNA
polymerase were used for the PCR reactions (Tab. 2.7). The elongation time was adjusted
according to the capacity of the polymerase and the size of the DNA fragment to be amplified
(Tab. 2.8). For the Phusion HF-DNA polymerase, the 5x HF buffer provided by NEB was used
and for the Pfu DNA polymerase, a laboratory’s own 10x buffer was used. The annealing

temperature for primer annealing was individual for each employed primer (approx. Tm —5 °C).

Tab. 2.7: Standard PCR reaction with Phusion HF-DNA polymerase or Pfu DNA polymerase and
composition of Phusion HF-DNA polymerase mix as well as 10x Pfu Reaction buffer.

Component Final concentration / volume
Phusion HF (5x) or Pfu Reaction buffer (10x) 1x
dNTPs 200 puM each
DMSO 5 % (v/v)
Primer fwd 0.5 uM
Primer rev 0.5 uM
Template DNA 10-100 ng
Phusion HF or Pfu DNA polymerase 05/1pulor1/2yl
H-0 @ 25/50 pl
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Phusion® HF-DNA polymerase Pfu Reaction buffer (10x)

purified polymerase 2ul Tris-HCI (pH = 8.2) 200 mM

1MDTT 8 pl (=2 mM) KCI 100 mM

Phusion storage buffer 390 pl (NH4)2S04 100 mM
Tris-HCI (pH = 8) 100 mM MgSO, 20 mM
EDTA 0.2 mM ) 00 % (v/
NP-40 0.2 % (viv) Triton X-1 1% (viv)
Tween-20 0.2 % (VIv) BSA (nuclease-free) 1 mg/ml
DTT 2 mM

Tab. 2.8: Standard PCR thermocycler program for Phusion HF-DNA polymerase with 30 s/kb or Pfu DNA
polymerase with 60 s/kb elongation time.

Reaction step Temperature Time
Initial denaturation 98 °C 1-5 min
Denaturation 98 °C 30s
Annealing primer-specific 30s 30-35x
Elongation 72 °C 30 s/kb or 60 s/kb
Final elongation 72 °C 10 min
Cooling 8°C o0

2.5.6 Purification of PCR products

The NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) was used according to

manufacturer’s instructions to purify PCR products.

2.5.7 Extraction of DNA fragments from agarose gels

In the case of an impure PCR product, the desired amplified fragment was cut out of an agarose
gel. Therefore, low melting point agarose was used and dissolved in 1x TAE buffer (1.2 %
(w/v)). Gel electrophoresis using a gel with wider pockets was performed and the gel was
stained as described in chapter 2.5.3. The desired DNA fragment was cut out with a clean
scalpel under UV irradiation (312 nm) using the NucleoSpin® Gel and PCR Clean-up kit

(Macherey-Nagel) according to the instructions of the manufacturer.

2.5.8 Determination of nucleic acid concentrations

The concentration of the genomic or plasmid DNA in aqueous solutions was determined by
measuring the absorption at 260 nm using a NanoDrop™ Lite photometer (Thermo Fisher

Scientific). For the concentration measurement, 1 ul of DNA was used after a reference
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determination with H20 or elution buffer. An absorption of 1 corresponds to a double-stranded
DNA concentration of 50 ng/ul. The ratio of the absorption at 260 nm and 280 nm indicates
contamination of the samples and represents the purity. An absorption ratio of Azsonm/A280nm
around 1.8 was considered enough for sufficiently pure double-stranded DNA solutions.
Alternatively, the concentration of an unknown DNA sample could be determined using an

agarose-gel (chapter 2.5.3) and a DNA standard for comparison.

2.5.9 Ligation of DNA fragments

To ligate a digested vector (50-100 ng) and a DNA fragment, both were incubated together in
a 1:3 molar ratio with T4 DNA ligase (NEB) in 10x T4 DNA ligase buffer (NEB) at 17 °C
overnight. The next day, the enzyme was heat-inactivated at 65 °C for 10 min and the ligation
product (total volume 20 pl) was transformed into chemically competent E. coli DH5a cells

and plated on selective LB agar (chapter 2.3.8).

2.5.10 Splicing-by-overlap extension (SOE) PCR

In the course of this work, the two-step allelic exchange method was used for P. aeruginosa
genome engineering (Hmelo et al., 2015). In particular, the use of this method allowed the
generation of marker-less in-frame chromosomal deletions in P. aeruginosa PA14. The
constructs specifically required for the generation of gene knockout strains were generated
using splicing-by-overlap extension (SOE) PCR. In two separate PCR reactions, the flanking
up- and downstream regions of the gene of interest (PA14_10700 and/or PA14_10710 or
PA14_72390) were amplified from PA14 gDNA with specific primer pairs (Up-F and Up-R or
Down-F and Down-R; Tab. 2.5). The primers were designed so that the fragments flanking the
gene of interest contained the start- and stop-codon of the target gene and an additional number
(multiple of 3) of nucleotides from the open reading frame (ORF). The end of the primer Up-R
was homologous to the primer Down-F and both the primers Up-F and Down-R contained
restriction sites for the multiple cloning site of the target vector pEXG2. Upon successful
completion, amplification was verified by agarose-gel electrophoresis (chapter 2.5.3) and the
fragments were purified using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel).
Both fragments were used in equal amounts as templates in the subsequent PCR reaction. In
this step, only the Up-F and Down-R primer pair was supplied to align the homologous regions

between the upstream and downstream fragments and to amplify the fused fragment (Fig. 2.1).
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Fig. 2.1: Principle of the splicing-by-overlap extension PCR.

In two separate reactions, first the anchoring upstream (yellow) and downstream (orange) regions of the open
reading frame (ORF) of the target gene (blue) were amplified. In the next PCR reaction step, these fragments were
used as templates to generate a fusion DNA-fragment with a short version of the target gene. Primers are designed
with specific modifications: restriction sites (green), homologous region to the downstream fragment (blue) or
sequencing primers (orange) that bind within the P. aeruginosa genome up- and downstream of the modified
genomic region (see primer legend). Figure modified from Hmelo et al., 2015.

2.5.11 Generation of P. aeruginosa mutants via two-step allelic exchange

The fragment originated from the SOE PCR (chapter 2.5.10) and flanking the gene of interest,
was ligated into the suicide vector pEXG2 to generate pEXG2_AbphP, pEXG2_AbphOP and
PEXG2_AkinB. These plasmids were used to transform E. coli S17-1 (chapter 2.3.8) and
mobilized by conjugation into the recipient PA14-WT or PA14AkinB strains via biparental
mating (chapter 2.3.9). Single-crossover recombinants with the site-specifically integrated
plasmid were screened on Pseudomonas Isolation-agar containing gentamicin. Ten single
colonies were selected from these plates, incubated overnight at 37 °C on LB-agar and then
streaked out twice on LB-agar containing 15 % (w/v) sucrose. Incubation of the merodiploid
exconjugants forces a second homologous recombination event and the removal of the vector
DNA containing the negative selection marker sacB. Since this gene encodes a levansucrase,
an enzyme that uses sucrose as a substrate for the synthesis of toxic products, this counter-
selection step recovered the double-crossover mutants (Fig. 2.2). Mutants considered for further
screening therefore had to be both, sucrose-resistant as well as gentamicin sensitive and were

additionally verified by colony PCR (chapter 2.5.13) and Sanger sequencing (chapter 2.5.14).
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Fig. 2.2: Generation of P. aeruginosa mutants via two-step allelic exchange.

Two-step allelic exchange using the pEXG2 vector, which harbors the sacB gene and an antibiotic resistance
(gentamicin) gene. During the first homologous recombination event, the complete suicide vector is integrated into
the P. aeruginosa genome, producing gentamicin-resistant bacteria. During the second recombination event,
forced by sucrose counter-selection, the vector backbone is removed from the genome. The result of this second
crossover is a population of sucrose-resistant and gentamicin sensitive bacteria. Colony PCR and Sanger
sequencing were employed to genetically verify the bacterial genomes. (figure taken from Hmelo et al., 2015)

2.5.12 Site-directed mutagenesis

Site-directed mutagenesis is used to introduce specific mutations into a DNA sequence and
study the resulting effect on the structure and activity of the encoded protein. Specific
oligonucleotides (Tab. 2.5) have been designed to generate nucleobase substitutions within the
gene. Site-directed mutagenesis of PakinBCD (P390S) and AtbphP2 (D783N) was
accomplished using pASK_PaKinBCD and pET21b_AtBphP2 (Tab. 2.9). Methylation of the
parental plasmid allowed its elimination from the reaction mix by restriction digestion (chapter
2.5.4) with Dpnl. Afterwards, the digest was available for transformation in chemically
competent E. coli DH5a cells (chapter 2.3.8) and the plasmids were verified after preparation
by “silent site restriction digest” as well as Sanger sequencing (chapter 2.5.14). Silent sites are
silent mutations bearing a restriction site that can be incorporated into the gene using
oligonucleotides. Therefore, successful nucleobase exchange can be verified by restriction
digestion (PakinBCD, Sacl; AtbphP2, BamHl).
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Tab. 2.9: PCR reaction and thermocycler program for site-directed mutagenesis of PakinBCD and AtbphP2
to generate the resulting protein variants PaKinBCD_P390S and AtBphP2_D783N.

Component Volume
Phusion buffer (5x) or Phusion GC buffer (5x) 10
dNTPs 1.0ul
DMSO 2.5 ul
pASK-PaKinBCDP390S_fwd or pET21b-AtBphP2P783N_fwd 1.0ul
pASK-PaKinBCDP390S_rev or pET21b-AtBphP2P390S_rev 1.0ul
pASK-PaKinBCD (10 ng/ul) or pET21b_AtBphP2 (12 ng/ul) 2.0 ul
Phusion HF 2.0 ul
H.0 30.5 pl

Reaction step Temperature Time
Initial denaturation 98 °C 1 min
Denaturation 98 °C 30s
Annealing 68 °C 1 min 18 x
Elongation 72 °C 2.5 min
Final elongation 72 °C 10 min
Cooling 8°C o0

2.5.13 Colony PCR

Verification of successful generation of new plasmids as well as screening for the genomic
integration of mutant alleles in P. aeruginosa was conducted via colony PCR. In order to check
a plasmid, single colonies of transformed E. coli DH50 were picked, streaked onto a fresh
selective LB-agar plate, and resuspended in 10 pl H20. 1 ul of this suspension served directly
as the PCR template. To check P. aeruginosa deletion mutants, bacterial colonies were
similarly preserved, but resuspended in 100 pl H20 and also used directly as the PCR template
(1 pb). The PCR reactions were performed by extending the initial denaturation step to 10 min
and were set up as described in chapter 2.5.5 using Phusion HF or the Pfu DNA polymerase

(25 pl final volume).

2.5.14 Analysis of DNA sequences

Sequencing for the validation of modified plasmids or DNA fragments amplified by PCR was
performed using Sanger sequencing (Sanger et al., 1977a; Sanger et al., 1977b) by the company
Eurofins Genomics. The required mixture of DNA, oligonucleotide and H>O was prepared
according to the manufacturer’s instructions. Analysis of the sequencing data was performed
using Clustal Omega “Multiple Sequence Alignment” (https://www.ebi.ac.uk/Tools/msa/

clustalo/) and SnapGene®.
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2.6 Protein biochemical and biophysical methods

2.6.1 Test expression of recombinant genes and their encoding proteins

The optimal temperature and time conditions for protein production in E. coli or P. aeruginosa
were determined in test expression/production experiments. For this, a main culture with a final
volume of 100-250 ml and the appropriate antibiotic was inoculated 1:100 (E. coli) or
ODsoonm = 0.1 at time point zero (P. aeruginosa) with an overnight culture. This culture was
incubated at 37 °C under constant shaking (160 rpm, Innova™ 2300 Platform Shaker) until an
ODsgoonm = 0.5-0.6 (E. coli) or 0.7 (P. aeruginosa) was reached. Then, a “before induction” (bl)
sample (1 ml) was collected and pelleted by centrifugation (RT, 11,000 rpm, 3 min, Eppendorf
5415 D, rotor: F45-24-11) and the gene expression was induced with L(+)arabinose, AHT or
IPTG. The yield and solubility of the corresponding protein was tested under different
conditions (37 °C and 30 °C for 3-5 h, 17 °C oN or 10 °C for 5 d). After each incubation period,
an “after induction” (al) sample (1 ml) was collected and treated as the “bI” sample. The cell
pellets were resuspended in different amounts of SDS sample buffer (all adjusted to an identical
ODeoonm), heat-denatured (5 min, 95 °C), separated by SDS-PAGE (chapter 2.6.7) and analyzed
by an immunological detection (chapter 2.6.8 and 2.6.9). The optimal conditions for protein

production were determined by comparing the samples.

2.6.2 Heterologous production of recombinant proteins in E. coli

Based on the results of the test expressions, the production of recombinant phytochrome
proteins and proteins from our studied TCS in P. aeruginosa was performed under various
conditions (Tab. 2.10). Freshly transformed E. coli cells harboring the different plasmids were
grown in 15 ml LB media supplemented with the respective antibiotic overnight at 37 °C under
constant shaking conditions (100 rpm, Innova® 44 Incubator Shaker). For protein production
the cells were used to inoculate 1 | LB-ampicillin or LB-kanamycin (1:100). Gene expression
was induced by the addition of 0.5 mM IPTG, 200 ng/ml AHT or 0.1 % L(+)arabinose when
ODsoonm = 0.5-0.6 was reached. After a defined incubation time and temperature (Tab. 2.10),
the cells were harvested (chapter 2.6.4) and used directly for protein purification or stored at
-20°C.
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Tab. 2.10: Used plasmids, protein tags (C = C-terminal, N = N-terminal), E. coli strains, inducers (Indu.),
antibiotics (AB), incubation temperatures (Temp.) and time for production of phytochrome proteins from
different organisms as well as proteins from the TCS in P. aeruginosa and their variants.

Protein Plasmid tag E. coli Indu. AB Temp. Time

pET21b_AtBphP2

ABPhP2* B ez His(C) BL21(DE3) IPTG Amp 17°C  oN
AVBphP2* B e His(C) BL21(DE3) IPTG Amp 10°C  5d
RtBphP2 pBAD/HisB-RtBphP2-HmuO  His (N)  Topl10 Ara Amp 30°C  4h
XccBphP* Bgﬁ:ﬁﬁﬁggﬂi APASO His(C) BL21(DE3) IPTG Kan  17°C  oN
AtBphPL  pASK_AtBphP1 Strep (C) BL21(DE3) AHT Amp  17°C  oN
PstBphP1 PET52_PstBphO-BphP1 His (C) BL21(DE3) IPTG Amp 17°C  oN
PaAlgB pASK_PaAlgB Strep (C) BL21(DE3) AHT Amp 17°C  oN
PaKinBCD* PASK PaKinBCD Strep (C) BL21(DE3) AHT  Amp  17°C  oN

pASK_PaKinBCDpzs0s

* Same procedure also for the variants AtBphP2_D783N, AvBphP2_D793A, XccBphPAPAS9 and KinBCD_P390S.
His = polyhistidine-tag; Strep = Strep-tag II; IPTG = isopropyl B-D-1-thiogalactopyranoside; Ara = L(+)arabinose;
AHT = anhydrotetracycline; Amp = ampicillin; Kan = kanamycin; oN = overnight

2.6.3 Homologous production of recombinant proteins in P. aeruginosa

Homologous production of PaBphP and variants was based on pHERD26T derivatives, bearing
the phytochrome gene with a C-terminal Strep-tag Il under the control of a peap promoter.
P. aeruginosa PA14AbphP cells harboring pHERD26T_PaBphP or constructs containing
histidine-513-to-alanine (H513A), aspartate-194-to-histidine (D194H), serine-261-to-alanine
(S261A), and cysteine-12-to-alanine (C12A) mutation (Tab. 2.11) were grown in 50 ml LB
media supplemented with tetracycline overnight at 37 °C under constant shaking conditions
(100 rpm, Innova® 44 Incubator Shaker). For protein production, the overnight cultures were
used to inoculate 11 LB-tetracycline media (ODeoonm = 0.1 at time point zero) and gene
expression was induced by the addition of 0.1 % L(+)arabinose at ODgoonm = 0.7. For apo-
phytochrome production, pHERD26T_PaBphP was mobilized by conjugation into
PA14AbphOP, and the above-mentioned procedure was followed. After further incubation at
17 °C overnight, the cells were harvested (chapter 2.6.4) and used directly for protein

purification or stored at -20 °C.
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Tab. 2.11: Used plasmids and P. aeruginosa strains for production of the phytochrome protein PaBphP and
its protein variants.

Protein Plasmid P. aeruginosa strain
PaBphP pHERD26T_PaBphP PA14AbphP; PA14AbphOP
PaBphP_H513A  pHERD26T_PaBphPhsiaa PA14AbphP
PaBphP_D194H  pHERD26T_PaBphPpi PA14AbphP
PaBphP_S261A  pHERD26T_PaBphPssia PA14AbphP
PaBphP_C12A pHERD26T_PaBphPci2a PA14AbphP

2.6.4 Cell disruption of E. coli and P. aeruginosa cells

Cell harvesting was performed by centrifugation for 15 min (4 °C, 9,000 rpm, Sorvall LYNX
6000, rotor: F9-6x1,000) and dissolved in ice-cold lysis buffer (2 ml buffer per g of cells)
supplemented with lysozyme and DNase |. After 30 min incubation on ice, the cells were lysed
using the cell fluidizer (Microfluidics™) technology, which converts process pressures into
shear rates and provides high digestion rates (2-3 rounds at 15,000 psi). Lysed cells were
centrifuged for 1 h (4 °C, 19,000 rpm, Sorvall LYNX 6000, rotor: T29-8x50) and the crude
extract containing the soluble proteins was filtered through a PVDF syringe filter (0.45 pm pore
diameter). All protein solutions (expected RtBphP2, PaAlgB, PaKinBCD, PaKinBCD_P390S
and apo-PaBphP) were incubated with excess BV IXa (200 mM, 4 °C, 1 h) in the dark to

achieve almost complete saturation with the chromophore prior to affinity chromatography.

Lysis buffer / buffer W (1x)

Tris-HCI pH 8.0 100 mM
NaCl 300 mM
Triton X-100* 1% (viv)

* for RtBphP2, XccBphP, XccBphPAPAS9

2.6.5 Purification of recombinant proteins

Affinity chromatography allows the isolation of the desired protein fused to a tag (Strep-tag Il
or polyhistidine-tag) from the total cell lysate. Cell lysates of PaBphP as well as variants,
AtBphP1, PaAlgB, PaKinBCD and PaKinBCD_P390S overproduction were loaded onto a
Strep-Tactin® Sepharose® resin (Iba) and treated according to the instructions of the
manufacturer. AtBphP2, AvBphP2 or the protein variants as well as XccBphP, XccBphPAPAS9,
RtBphP2 and PstBphP1 were purified using TALON® Superflow™ (cytiva) and also used
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according to protocol of the manufacturer. After the lysates were applied to the respective resin
(flow-through), the columns were washed with 10 CV buffer W (washing fraction).
Subsequently, the proteins were eluted with either 25 mM d-Desthiobiotin (Strep) or 75 mM
imidazole (His) in buffer W. Elution is enabled by the displacement of the tags by the
competitive compounds d-Desthiobiotin and imidazole. Fractions were stored on ice until
further use and samples were taken from the cell lysate, the flow-through, the washing fraction
as well as the elution and prepared for SDS-PAGE analysis. The resins were regenerated
according to the instruction of the company and stored at 4 °C until further use. After elution,
the purified proteins were dialyzed in kinase buffer overnight at 4 °C with continuous stirring.
This has the advantage of increasing the protein stability by using a buffer with a lower salt
concentration and removing the d-Desthiobiotin as well as the imidazole from the solution. For
this, a buffer volume of 100x the elution fraction was used. The proteins were concentrated
using a centrifugal concentrator (Amicon) by centrifugation (4 °C, 4,000 rpm, 5 min,
Eppendorf 5810 R, rotor: A-4-62) for several times. The concentrator was previously rinsed
with H20 and equilibrated with kinase buffer. After dialysis, the proteins were analyzed again

by SDS-PAGE to assess purity and quantity.

Kinase buffer (1x)

Tris-HCI pH 8.0 50 mM
NaCl 100 mM
MgCl, 5mM
Glycerol 10 % (viv)

2.6.6 Determination of protein and biliverdin IXa concentration

The concentration of the purified proteins was determined based on the absorption at 280 nm
according to the Beer-Lambert law. Molar extinction coefficients (Tab 2.12) were calculated
based on the amino acid sequence with the corresponding tag as described by Gill and von
Hippel (Gill and von Hippel, 1989) or Protein Calculator v3.4 (http://protcalc.sourceforge.net/).

A x DF M. xA x DF
¢ [uM] = == — ¢ [mg/ml] = ——===
€280 nm X d €280 nm X d
c = protein concentration (UM or mg/ml)
Az80nm = absorption at 280 nm

39



Material and Methods

DF = dilution factor

€280nm = molar absorption coefficient (Micm?)

d = optical path length (cm)

M, = molecular mass / weight (Da = g/mol)

Tab. 2.12: Molecular mass and molar absorption coefficients (g280nm) used for the calculation of protein
concentrations.

Fusion protein Molecular Mass Molar absorption coefficient €280 nm
PaBphP*-Strep 83 kDa 72,410 M1cm
PaAlgB-Strep 52 kDa 34,520 M*icm?
PaKinBCD*-Strep 47 kDa 16,620 M*icm?
PstBphP1-His 83 kDa 72,170 Mtcm?
PstBphP2-Strep 109 kDa 99,460 Micm
AtBphP1-Strep 85 kDa 104,100 Micm?
AtBphP2*-His 95 kDa 78,570 Micm?
AvBphP2*-His 95 kDa 81,820 Mcm?
His-RtBphP2 83 kDa 71,220 Micm?
XccBphP-His 71 kDa 74,370 Mtcm?
XccBphPAPAS9-His 59 kDa 64,400 Mtcm?

* For the respective protein variants, the same values are valid.

BV IXa (Sigma-Aldrich), was dissolved in ~ 6-8 ml DMSO. Its absorption was calculated by
recording the absorption at 698 nm after dilution in 2.5 % HCI in MeOH. The concentration of
the chromophore was determined using a molar absorption coefficient of 32.6 mMcm™

(es98nm; Heirwegh et al., 1991) within the Beer-Lambert law.

2.6.7 SDS-polyacrylamide gel electrophoresis

Denaturing and discontinuous SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) can be used to separate proteins according to their difference in size and to
analyze their molecular mass (Laemmli, 1970). The detergent sodium dodecyl sulfate (SDS)
attaches to the proteins, giving them a negative charge proportional to their size and masking
their native charge. Due to the charge, the individual proteins are separated in the electric field
along the polyacrylamide matrix according to their molecular mass — larger proteins migrate
slower through the acrylamide matrix than smaller proteins. Polyacrylamide gels consisting of
a stacking (5.25 % (wi/v) acrylamide concentration; pH 6.8), a resolving (10 % (w/v) acrylamide

concentration; pH 8.8) and a stopping gel (Tab. 2.13; 2.14). Samples were mixed with sample
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buffer, incubated at 95 °C for 5 min and centrifuged (RT, 13,000 rpm, 5 min, Eppendorf 5415
D, rotor: F45-24-11) prior to application to the gel. Each gel pocket was loaded with 15-20 pl
of sample and 5 pl of a protein size standard (Tab. 2.2) was used. Electrophoresis was
performed by applying a constant voltage of 180 V for 50-60 min in 1x SDS running buffer.
Staining of the polyacrylamide gel in Coomassie staining solution for 10 min and subsequent
decolorizing in a EtOH/acetic acid solution or water under shaking conditions allowed
visualization of the proteins in the gel. Protein staining is based on the attachment of Coomassie
brillant blue (G250) to amino acids with aromatic or basic side chains.

Tab. 2.13: Buffers and solutions used for SDS-PAGE and staining of the gel.

Stacking gel buffer (4x) Resolving gel buffer (4x)
Tris-HCI pH 6.8 05M Tris-HCI pH 8.8 15M
SDS 4 % (WIV) SDS 0.4 % (W/v)
SDS sample buffer (4x) SDS running buffer (10x)
Tris-HCI pH 6.8 0.1M Tris-HCI pH 8.8 0.25M
SDS 8 % (wW/v) Glycine 1.92 M
Glycerol 40 % (v/v) SDS 1 % (w/v)
B-Mercaptoethanol 10 % (viv)
Bromphenol blue 1 % (wiv)
Staining solution Destaining solution
Acetic acid 10 % (v/v) Acetic acid 10 % (v/v)
Ethanol 30 % (v/v) Ethanol 30 % (v/v)
Coomassie brilliant blue 0.25 % (w/v)

Tab. 2.14: Composition of stacking (5.25 %), resolving (10 %), and stopping gel for SDS-PAGE.

Stacking gel Resolving gel Stopping gel
H.O 4.60 ml 6.70 ml 315 ul
4x Stacking gel buffer 2.00 ml - -
4x Resolving gel buffer - 4.00 ml 250 pl
Acrylamide* 1.40 ml 5.30 ml 420 pl
10 % (w/v) APS 30 pl 100 pl 13 ul
TEMED 20 ul 10 ul 2 ul

* Rotiphorese®Gel 30 (37.5:1, acrylamide:bisacrylamide)
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2.6.8 Western blot transfer of proteins

To detect tagged proteins with specific antibodies, the proteins have to be irreversibly
immobilized on a PVDF membrane. This immobilization is performed by western blotting, in
which proteins previously separated by SDS-PAGE (chapter 2.6.7) are transferred to the
membrane by electron transfer. Prior to the blotting, the PVDF membrane was first activated
in 100 % methanol for 5 min and equilibrated together with Whatman® papers and the SDS-
PAGE gel in Towbin buffer (10 min). Electro transfer was performed for 18 min at a constant
voltage of 15 V using the semidry blot method. The sandwich consisting of the SDS-PAGE gel
and the PVDF membrane between Whatman® papers, was placed between the anode and

cathode of the blotting machine.

2.6.9 Immuno-detection of fusion proteins

After the transfer, the PVDF membrane was incubated with 10 ml BSA solution (3 % (w/v) in
TBS-T) for 1 h at RT or overnight at 4 °C to saturate non-specific binding sites. Further steps
for immuno-detection of PaBphP, Strep-tag Il or polyhistidine-tag fusion proteins are
summarized in Tab. 2.15. Alkaline phosphatase coupled to the secondary antibody or to the
Strep-Tactin® AP conjugate catalyzes the NBT/BCIP (0.33 % (v/v)/0.66 % (v/v)) color reaction
in AP buffer. The chromogenic reaction results in a purple coloration, which is visible as an
insoluble product on the membrane. The colorimetric reaction was stopped by washing the

membrane with H-O.

Tab. 2.15: Steps of immune-detection of PaBphP or Strep-tag Il as well as polyhistidine-tag fusion proteins
after transfer to PVDF membrane and incubation with blocking solution.

PaBphP Strep-tag 11 polyhistidine-tag
3x5min  TBS-T buffer TBS-T buffer TBS-T buffer
15 min - Avidin (2 ug/ml in TBS-T) -
1h Rabbit a BphP-Serum Strep-Tactin® AP conjugate  6x-His tag monoclonal AB
1:5,000 1:4,000 1:3,000
3x5min  TBS-T buffer - TBS-T buffer
1h Anti-Rabbit IgG-AP i Anti-Mouse 1gG-AP
1:30,000 1:10,000
2x5min  TBS-T buffer TBS-T buffer TBS-T buffer
2x5min  TBS buffer TBS buffer TBS buffer
Detection NBT/BCIP NBT/BCIP NBT/BCIP

*NBT (10 % (w/v) in 70 % (v/v) DMF); BCIP (5 % (w/v) in 100 % DMF)
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Tab. 2.16: Buffers used for immuno-detection.

TBS-T buffer (1x) AP buffer (1x)
Tris-HCI pH 7.4 50 mM Tris-HCI pH 9.5 100 mM
NaCl 140 mM NaCl 100 mM
Tween 20 0.1 % (viv) MqgCl; 5mM
TBS buffer (1x) Towbin buffer* (1x)
Tris-HCI pH 7.4 50 mM Tris-base 25 mM
NaCl 140 mM Glycin 192 mM

* pH not adjusted, should be between 8.1 and 8.5 (depending on quality of Tris and Glycin)

2.6.10 Ultraviolet-visible spectroscopy

UV/Vis measurements were performed on an Agilent 8453 UV/Visible spectroscopy system at
room temperature using a Hellma precision quartz cuvette (100 pl sample volume, 10 mm
optical path). The purified proteins were diluted in 1x kinase buffer — this buffer also served as
the blank. Photostationary states of phytochromes (excepted PaBphP_D194H and
PaBphP_S261A) were obtained by exposing the samples in the spectrometer chamber
sufficiently long to darkness, far-red (791+2 nm, Panasonic, laser diode), red (667+2 nm;
Panasonic, laser diode) or blue (426+£70 nm, Everlight, LED) light irradiation (Fig. S1A).
PaBphP_D194H and PaBphP_S261A were irradiated with white light passed through
interference filters (red 690+£10 nm; far-red 750+5 nm; Fig. S1B). In order to compare the dark
reversion rates, all bathy phytochromes were first irradiated with far-red light to generate pure
Pr-forms and all prototypical phytochromes were irradiated with red light to generate pure Pfr-
forms. The following dark adaptation was tracked by absorption spectroscopy for 2h
(PaBphP), 24 h (PaBphP, AtBphP2, AtBphP2_D783N, AvBphP2, RtBphP2, AtBphP1l and
PstBphP1) or for 96 h (XccBphP and XccBphPAPAS9). For measurements, the window of the
cuvette was completely covered with the protein solution. Difference spectra were manually
obtained by subtracting the blue light irradiated, the red light irradiated or the dark incubated
form from the far-red light irradiated Pr-form. The time of irradiation with the different light
sources and the time of dark incubation are reported in the corresponding figure legend. OD2gonm
was set to “1” for all spectra (excepted Fig. 3.17B; Fig. 3.18) and the linear approximation of

the scattering background (550-850 nm) was subtracted from each spectrum.
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2.6.11 Calculation of Pr- and Pfr-fraction in (photo-)stationary
phytochrome samples from absorption spectra

The calculation of the Pr- and Pfr-fractions as well as the application in “MATLAB (R20223,
academic use), Natick, Massachusetts: The MathWorks Inc.” was done in collaboration with
AG Diller Biophysics, RPTU. To determine the fraction a = [P#]/([Ps]+[Pr]) of Pfr in a given
(photo-)stationary phytochrome sample, the Q-band region in the respective UV/Vis spectrum
was analyzed. To this end, the characteristic photocycle of the respective phytochrome was
reduced to a simple binary kinetic model, comprising the two-limiting species Pfr and Pr, two
photochemical rates ketr>pras well as Kerpfr, and the rate for dark-reversion kor. Based on this
model, a for any given (photo-) stationary phytochrome sample can be obtained by simulating
the experimental Q-band spectrum A(V) via the fitting function A(V)=c-[a-PR(¥) +
(1 — ) - P2(¥)] with PA.(¥) and P2 (¥) the pure spectra of Pfr and Pr, respectively, taken at the
same concentration to achieve the quantitative relation between their extinction coefficients,
and ¢ an overall scaling constant. PY(¥) was obtained by complete dark reversion for bathy
phytochromes, whereas for prototypical phytochromes the sample was illuminated with red
light before and during the absorption measurement. P2(V) was obtained by illuminating the
sample far-red before and during the absorption measurement in both phytochrome types. The
illumination during the measurement process inhibits dark reversion and thus ensure complete
enrichment of the respective pure form. To account for scattering contributions, a linear
background was subtracted from the Q-band region (550 — 850 nm). For fitting procedure,
P2 (V) and P2 (V) were modelled as superpositions of multiple Gaussian functions. (paragraph
adapted from Merle Strack, Biophysics, RPTU)

2.6.12 In vitro protein kinase assays

Autophosphorylation assays were performed in kinase buffer with purified phytochromes (5-
10 uM) and were initiated by the addition of 2.5 puCi [y->?P]-ATP (Hartmann Analytic) in a
final volume of 12.5 pl. Reactions of PaBphP, the locked variants (D194H and S261A),
PaBphP_C12A, PaBphP_H513A and apo-PaBphP were incubated under ambient light
conditions for various time frames. PaBphP_H513A served as a negative control for these
assays. In another approach PaBphP was irradiated with far-red light (t = 0) for 5 min in a
newly designed illumination set-up (Fig. S2) and incubated under dark conditions for different
periods. To analyze the autophosphorylation activity of PaBphP, AtBphP2, AtBphP2_D783N,
AvBphP2, AvBphP2 _D793A, RtBphP2, AtBphPl and PstBphPl under different light
conditions, the proteins were irradiated with far-red (791+2 nm), red (690+£10 nm), blue
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(426+70 nm) light for 5 min in the illumination set-up or incubated overnight in the dark before
the addition of radiolabeled ATP (Fig. S1A). The start of the reaction with [y-32P]-ATP was
followed by another 5 min (excepted PstBphP1, 10min) incubation under the respective light
condition or in darkness before termination. To stop the autophosphorylation reactions, 2.5 pl
of 4x SDS sample buffer and 1.5pul of 0.5 M EDTA were added. For AvBphP2 and
AvBphP2_D793A, excess of radiolabeled ATP was removed prior to electrophoresis using
Microspin™ G-50 columns (cytiva) according to manufacturer’s instruction.
Transphosphorylation assays were performed to investigate the transfer of phosphoryl group
between a sensor kinase and its corresponding regulator. For this, the response regulator
PaAlgB and the autophosphorylated kinase PaBphP or variants were incubated in equimolar
amounts (5-10 uM) under ambient light conditions and the reaction was stopped at different
time points. PaAlgB incubated alone with radiolabeled ATP served as a negative control. To
analyze the transphosphorylation activity of PaBphP under different light conditions, the
protein was irradiated for 10 min as in the autophosphorylation assay. The start of the reaction
with [y-*2P]-ATP was followed by 10 min incubation under the respective light condition or in
the dark prior to the addition of PaAlgB. The PaBphP/PaAlgB mixture was incubated for
another 10 min under the appropriate light condition or in darkness before termination.

For dephosphorylation assays, the regulator PaAlgB and autophosphorylated PaBphP were
incubated in equimolar amounts (5-10 uM) under ambient light conditions for different time
frames. To get rid of excess radiolabeled ATP, Microspin™ G-50 columns were used according
to the instructions of the manufacturer. After the addition of PaKinB (or PaKinB_P390S as a
control), the dephosphorylation reactions were terminated at different time points.

Irradiation intensity as well as time, and corresponding definition of a-values were determined
by previous UV-Vis spectroscopy (chapter 2.6.10). Light exposure for kinase assays used the
same laser diodes and LED utilized for the spectroscopy experiments (Tab. 2.1). The samples
were separated on a 10 % SDS-PAGE gel (chapter 2.6.7). The gel was transferred to an imaging
plate (Fujifilm) and visualized using a Typhoon™ FLA 7000 (GE Healthcare) phosphoimager.

ATP mix (5x)
[y-*2P]-ATP (10 uCi/pul) 2.5 uCi (= 0.25 pul)
ATP solution (100 mM) 10 mM (= 0.25 pl)
H.0 2ul
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3 Results

Phytochromes are an important class of photoreceptors, whose photobiology and three-
dimensional structure have been well studied. The human opportunistic pathogen Pseudomonas
aeruginosa possesses a bathy phytochrome, employed for light sensing. These bathy type
phytochromes are found in a minority of bacteria and their physiological role in these organisms
has not been as extensively studied as that of the more common prototypical phytochromes.
Although bathy phytochromes were identified more than 20 years ago, there is still limited
understanding of how signal input correlates with signal output, often manifested as autokinase
activity.

The present thesis finds its root in previous research conducted in our group on the bacterial
phytochrome of P. aeruginosa, focusing on the biochemical characterization of heterologously
produced PaBphP (Tasler et al., 2005). Recently, Mukherjee and colleagues made significant
progress in this field by identifying the NtrC homolog PaAlgB as the related RR of the orphan
sensor kinase PaBphP (Mukherjee et al., 2019). This identification allows further elucidation
of the physiological role of the phytochrome in this pathogenic organism, which is believed to
have a virulence-associated role during infection and biofilm formation.

The other part of this thesis focuses on the investigation of the bacterial phytochrome PaBphP
in the global context of bathy phytochromes. The work provides evidence that bathy
phytochromes possess certain unique properties and differ functionally from prototypical
phytochromes. Therefore, the P. aeruginosa phytochrome was compared to other bacterial
bathy phytochromes, a conventional prototypical phytochrome, and an unconventional
prototypical phytochrome regarding their spectral absorption behavior, their autokinase activity

under different light conditions, and their dark reversion performance.

Part 1 — The bacterial phytochrome PaBphP of the human
opportunistic pathogen Pseudomonas aeruginosa

3.1 Homologous expression and purification of the P. aeruginosa bacterial
phytochrome was successful

The P. aeruginosa bphP gene was expressed in PA14AbphP using an araBAD promoter-driven
C-terminal Strep-tag Il expression system, which allows purification of the encoded protein
from its native host bacterium (Fig. 3.1B). The SDS-PAGE gel revealed the presence of a pure
protein with a relative molecular weight of ~ 83 kDa in the elution fractions, consistent with
the predicted molecular mass calculated from the amino acid composition. Additionally, the
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protein was immunologically detected using Rabbit a BphP-Serum via western blot analysis
(Fig. 3.1A). The general aim was to purify the recombinant PaBphP and variants in their holo-
form, pairing it to the chromophore biosynthesis pathway. The heme oxygenase (HO) PaBphO,
whose gene is located chromosomally upstream of bphP, provides BV IXo to the
phytochromes. However, native PaBphO is not able to supply all overproduced apo-
phytochromes with the chromophore (Fig. 3.1C, dark pink bar). Several methods are available
to achieve saturation of the molecules. One method was to co-express an additional HO on
another plasmid. An advantage of this technique is that the chromophore is produced directly
within the bacterial cell and can be correctly incorporated into the binding pocket of the
phytochrome during protein folding. Nevertheless, even a coexpressed HO was not able to
provide enough BV 1Xa and can disrupt the heme balance within the cells (data not shown). A
second approach to saturate PaBphP consisted in adding BV IXa to the purified, dialyzed, and
concentrated protein. The low amount of chromophore required offers a cost-effective
advantage, but during spectroscopic experiments, the residual free BV IXa covered the Soret
and Q bands of the phytochrome absorption spectra (data not shown). A third method, although
requiring the incorporation into a fully folded protein, resulted in the highest saturation (Fig.
3.1C, dark gray bar). Therefore, BV IXa was added to the cell-free lysate prior to protein
purification. The BV IXa incubation led to around nine times more saturated phytochromes in
the total protein amount compared to the proteins without chromophore incubation (Fig. 3.1C,
D; dark gray compared to dark pink bar and spectrum). Whether complete saturation can be
achieved is also not clear, as it is possible that some of the proteins always remain in their apo-
form. To obtain apo-phytochrome, the bphP gene was expressed in a bphOP deletion mutant.
However, P. aeruginosa possesses the genetic information for encoding another HO (HemO;
synonym PigA). In vitro, this enzyme catalyzes the oxidation of heme to the unusual biliverdin
isomers BV IXB (30 %) and BV X5 (70 %) (Caignan et al., 2002). In previous work, it was
even shown that BV X3 is able to covalently bind to PaBphP, resulting in the formation of an
photoactive holo-protein (Tasler et al., 2005; Wegele et al., 2004). The affinity of BV X3 to
PaBphP was demonstrated to be around 80 % lower than that of the natural chromophore
BV IXa as seen from the very weak difference spectrum of apo-PaBphP, which is most likely
due to binding of BV IX$ (Fig. 3.1C, D, inset; dark pink compared to dark blue bar and

spectrum).
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Fig. 3.1: Homologous production of the bacterial phytochrome BphP from Pseudomonas aeruginosa and its
saturation with the chromophore BV IXa.

(A) Immunological detection with Rabbit o BphP-Serum after transfer to PVDF membrane (top) and
corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); bottom) after affinity chromatography purification
of PaBphP with Strep-Tactin® Sepharose®. Sample application of the total cells before (bl) as well as after
induction (al) of the gene expression, cell-free lysate (L), flow-through fraction (F), washing fraction (W) and
different elution fractions containing the purified protein (elution fractions). PaBphP has a relative molecular
weight of approximately 83 kDa (marker: Thermo Fisher Scientific PageRuler™ Prestained Protein Ladder).

(B) Schematic representation of the overexpression vector pHERD_PaBphP (8414 bp) bearing the phytochrome
gene bphP of P. aeruginosa with a C-terminal Strep-tag Il (blue) in an araBAD promoter-driven (green) system.
The tetracycline resistance gene (purple) confers resistance to this antibiotic to bacteria carrying the plasmid.

(C) Representation of the differences (A absorbance) between the Pfr-form (dark conditions, Amax 750 nm)
subtracted from the Pr-form (far-red light conditions, Amax 700 nm) of purified proteins with a normalization of
PaBphP +BV IXa (dark gray bar) to 100 %. The heading “+ BV lysate” or “- BV lysate” indicates if the cell-free
lysate after cell disruption and before purification was incubated with an excess of BV 1Xa (+) or not (-).

(D) Manually calculated difference spectra (far-red irradiated minus dark incubated form; mathematically
smoothed with Origin, Version 2022. OriginLab Corporation, Northampton, MA, USA. “Loess, Use Proportion
for Span, Span 0.17) of PaBphP +BV IXa (dark gray), PaBphP -BV IXa (dark pink) and apo-PaBphP -BV IXa
(dark blue) associated with the bar chart in “C”. The inset shows the difference spectra of PaBphP (dark pink),
and apo-PaBphP (dark blue) without BV IXa incubation at 10x magnification.
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3.2 The conformation of the chromophore - stabilized by two amino acid
residues - influences autophosphorylation behavior of PaBphP

Previous work from our laboratory have shown that PaBphP contains a C-terminal HKD,
typical for autokinase activity (Tasler et al., 2005). The structure of the photosensory domain
with the subdomains PAS, GAF, PHY and the HKD ensures that PaBphP belongs to the type
1 of bacterial phytochromes (Rottwinkel et al., 2010). To confirm that PaBphP is an active
light-regulated kinase (Fig. 3.2A) and part of a TCS, its ability to autophosphorylate at the
phosphorylation site His 513 was verified. In order to establish a correlation between the
conformation of PaBphP and its histidine kinase activity, protein variants locked in the Pr- or
in the Pfr-form were generated (Fig. 3.2B, C). These variants are insensitive to external light
exposure and allow light-independent experiments.

In plant and most cyanobacterial phytochromes, a conserved cysteine residue in the GAF
domain is involved in the attachment of the chromophore (Montgomery and Lagarias, 2002).
PaBphP lacks this cysteine residue in the GAF domain, instead localizing it in the PAS domain
(Cys 12). Nevertheless, the GAF domain has a stabilizing and coordinating function for
BV IXa. For example, for the phytochrome of Deinococcus radiodurans it was shown that
BV IXa binds in the PAS but is located in a groove in the GAF domain. The Vierstra group
succeeded in generating a Pr-locked variant of the BphP in D. radiodurans by changing Asp
207 to a histidine (Wagner et al., 2005). The corresponding amino acid residue in P. aeruginosa
was identified in Asp 194 (Fig. 3.2D). The exchange of Asp 194 to His (PaBphP_D194H; Fig.
3.3E, top) resulted in a protein that is locked in the Pr-form (Amax 699 nm) under far-red and red
light as well as under dark conditions (Fig. 3.3A). Similarly, a Pfr-locked variant was created,
on already published data for P. aeruginosa (Yang et al., 2011). The replacement of Ser 261 by
alanine results in a variant (PaBphP_S261A,; Fig. 3.3E, bottom) present in the Pfr ground state
(Amax 750 nm) under all tested light conditions (Fig. 3.3B). These two variants are no longer
capable of photoisomerization, which is also reflected by the absence a difference spectrum
(Fig. 3.3C). Subtraction of the dark incubated form from the far-red light irradiated form yields
almost no difference in absorption (dashed and dotted line) compared to the difference between
the two forms of PaBphP (solid line). These locked variants were then tested in radioactive
kinase assays and a clear difference in autokinase activity was observed between both (Fig.
3.3F). The results of the kinase assay demonstrate that the conformation of the chromophore
influences the autophosphorylation activity. While the signal of the Pr-locked variant
PaBphP_D194H on the autoradiogram increased in a time-dependent manner from 2 to 20 min

upon incubation with [y-32P]-ATP, the Pfr-locked variant PaBphP_S261A displayed no signal
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after 20 min, indicating that the autokinase activity is inhibited in the Pfr-form. Contrary to a
report by Yang et al., 2011, this is the first time that a PaBphP Pr-locked protein variant is
clearly correlated with high kinase activity, while in the Pfr-locked protein variant the kinase

activity is absent.
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Fig. 3.2: Schematic structure of the PaBphP in comparison to the two spectrally locked variants and an
amino acid sequence alignment of the photosensory domain region of two bacterial phytochromes.

The bacterial phytochrome PaBphP (A) and the variants (B-C) comprise a photosensory domain (PAS, GAF,
PHY) on the N-terminus and a regulatory domain on the C-terminus (HKD). The chromophore, biliverdin 1Xa,
which is bound to a conserved cysteine residue in the PAS domain, enables the protein to absorb light. The
exchange of specific amino acids (Asp 194 or Ser 261) results in the conformational change of the chromophore-
binding pocket and the immobilization of the chromophore in the pocket — depending on which amino acid is
substituted — in the Pr- (B) or in the Pfr- (C) locked conformation.

(D) Section of an amino acid sequence alignment (blastp, protein-protein BLAST®) of the D. radiodurans
phytochrome (top) and the P. aeruginosa phytochrome (bottom) photosensory domain region to find the amino
acid residue corresponding to DrBphP_D207 in P. aeruginosa (D194). The amino acid residue for generating a
Pfr-locked variant in P. aeruginosa (S261) was already published (Yang et al., 2011).
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Fig. 3.3: Spectral absorption properties and autokinase activity of recombinantly produced PaBphP_D194H
as well as PaBphP_S261A protein variants.

(A) Absorption spectra of PaBphP_D194H and (B) PaBphP_S261A (mathematically smoothed using Origin,
Version 2022. OriginLab Corporation, Northampton, MA, USA. “Loess, Use Proportion for Span, Span 0.1”) after
illumination with far-red light (750 nm, 5 min, dark red lines), with red light (690 nm, 5 min, red lines) and after
dark incubation (60 min, black lines). All data were generated from a single set of measurements. BV IXo was
added in excess after cell lysis prior to purification.

(C) Manually calculated difference spectra (far-red irradiated form minus dark incubated form; mathematically
smoothed as in “A” and “B”) of PaBphP_D194H (Pr.; dashed line) and PaBphP_S261A (Pfr.; dotted line)
compared to PaBphP wild type protein (solid line).

(D) The Pr_ protein (PaBphP_D194H) remains in its Pr-form, exhibiting a peak at 699 nm and does not undergo
light-independent ground state formation. Likewise, the Pfr_ protein (PaBphP_S261A) mainly exists in its Pfr-
form, with a peak at 749/750 nm (cf. Tab. 3.2). The exact fractions of Pr and Pfr for each spectrum are given in
the table. A calculation error of + 5 % applies.

(E) Schematic structure of the BV IXa position in the chromophore-binding pocket and the corresponding
stabilization in the Pr- or Pfr-form through Ser 261 (purple; stabilizing Pr-form) or Asp 194 (light blue; stabilizing
Pfr-form). Photoconversion of the two forms is a result of a (2)-(E) isomerization of the C15=C16 double bond
between pyrrole ring C and D. Chromophore binding to the protein occurs at Cys 12 (pink) in the P. aeruginosa
BphP (PDB accession 3NHQ and 3NOU; modified from Yang et al., 2011).

51



Results

(F) Autoradiogram (top) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); bottom) after in vitro
radiolabeling of PaBphP_D194H (= Pr.) and PaBphP_S261A (= Pfr.) with [y-*?P]-ATP under ambient light
conditions for 2, 5, 10 and 20 min. The autophosphorylation reaction was terminated at the specified times and the
protein samples were separated by gel electrophoresis. The minus sign (-) indicates the negative control
PaBphP_H513A, which exhibits no autophosphorylation signal after 20 min incubation with radiolabeled ATP.
The PaBphP variants have a relative molecular weight of approximately 83 kDa (marker: Color Prestained Protein
Standard, Broad Range, NEB).

Having observed the significant correlation between the locked Pr-form and elevated
autokinase activity, as well as the complete absence of kinase activity in the locked Pfr-form,
the next objective was to further investigate the interrelation between photostate and autokinase
output using wild type PaBphP. This requires a method to determine the Pr/Pfr-fractions in a
given sample (cf. chapter 2.6.11; Tab. S2). Based on the PaBphP spectra of the Pr- and Pfr-
forms (Fig. 3.4A; Fig. 4.3), the Pr/Pfr-fractions of the locked protein variants were calculated.
Under far-red, red light and dark conditions 88-98 % of PaBphP_D194H were in Pr, while at
least 93 % of PaBphP_S261A were in Pfr under the same conditions (Fig. 3.3D).

3.3 PaBphP is a bathy phytochrome and is inactive in its dark-adapted Pfr-
ground state

PaBphP is able to form a photoconvertible holo-phytochrome by autocatalytic binding of the
chromophore BV IXa. It changes its spectral absorption properties after absorbing the typical
wavelengths of light sensitive to phytochromes — far-red and red (Fig. 3.4A). Recent results
have shown that the photoconversion of PaBphP can also be stimulated by blue light.
[llumination of the protein with red (667 nm) or blue (426 nm) light resulted in the thermally
equilibrated Pfr-enriched form of the phytochrome with a peak at 700 nm and an absorption
shoulder at 750 nm. Based on our calculation (cf. chapter 2.6.11; Tab. S2), red light illumination
led to approximately equal fractions of Pr- and Pfr-form, while blue light shifted the ratio
slightly towards the Pr-form (Fig. 3.4C). As described previously (Tasler et al., 2005; Yang et
al., 2011), these forms could be converted into a distinct Pr-form with a peak at 700 nm, lacking
the 750 nm shoulder, by illumination with far-red light (791 nm). The ground state of most
phytochromes — they are called prototypical or canonical phytochromes — is the Pr-form (Essen
et al., 2008). This form is present under far-red light conditions or after the slow dark reversion.
However, the P. aeruginosa phytochrome does not belong to this group, but rather to the bathy
phytochromes with a Pfr-form as the ground state under dark conditions (Tasler et al., 2005).
The conversion to the thermodynamically stable Pfr ground state is non-photochemical.

Therefore, only far-red light and darkness are able to lead to fully developed Pr- and Pfr-forms,
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respectively (Fig. 3.4C). The successful conversion is additionally shown in the difference
spectra, which are the characteristic signature of phytochromes (Fig. 3.4B; cf. Fig. 3.3C). They
were obtained by subtracting the blue-irradiated (Pfr-enriched; dotted line), the red-irradiated
(Pfr-enriched; dashed line) or the dark-incubated (Pfr; solid line) form from the far-red
irradiated Pr-form and they show maxima around 700 nm and minima around 750 nm.

The autophosphorylation activity of PaBphP at His 513 (Tasler et al., 2005) was confirmed in
an experiment conducted under ambient light conditions (Fig. 3.4D). The signal increased in a
time-dependent manner from 1 to 10 min and could not be further enhanced (15, 20, 30 min).
A protein variant, in which the phosphorylation site His 513 is replaced by alanine
(PaBphP_H513A), served as a negative control. For this variant, no autophosphorylation signal
was detected after 30 min. The results for autokinase activity of the proteins with the locked
conformations (cf. Fig. 3.3F) were confirmed for the corresponding forms of PaBphP under
various light conditions using a new setup for radioactive kinase assays under illumination (Fig.
S2). The assay revealed that the phytochrome is phosphorylated under all light conditions and
is only strongly inhibited in the dark (Fig. 3.4E). Depending on the quality of the incident light
and the resulting protein conformation, PaBphP materializes different levels of
phosphorylation. The autokinase signals increased from red (667 nm; 505 % Pr) < blue
(426 nm; 6715 %) < far-red (791 nm; 10045 %), in accordance with correspondingly increasing
fractions of the Pr-form as well as decreasing fractions of Pfr-form (Fig. 3.4C). Although there
is a strong correlation between the autokinase readout and the Pr-proportion in this specific
case, the signal intensities observed in an autoradiogram cannot be reliably employed to
quantify Kinase activity as a whole. This limitation is due to their dependence on exposure time
and other experimental variables. For a more accurate analysis and correlation of phytochrome
activity, the Pr/Pfr-fractions calculated from the spectroscopic data can be used. In addition, the
autophosphorylation behavior during the dark reversion of PaBphP was tested (Fig. 3.5A).
Adaptation to dark conditions, started with 5 min of far-red irradiation, led to an increase in the
Pfr-form (750 nm) and a decrease in the Pr-form (700 nm). During the conversion of Pr to Pfr,
there was always a mixed form of the phytochrome with different Pr/Pfr-fractions (Fig. 3.5B).
The longer PaBphP was incubated in the dark, undergoing the dark reversion progress, the
lower was the autophosphorylation signal (Fig. 3.5C), indicating that the autophosphorylation
activity decreased and the phytochrome is inactive in the Pfr-form. The phytochrome kinase
signal was still slightly detectable after 120 min, because the dark reversion was not completed
at this time point (13t5% Pr). For the negative control PaBphP_H513A, no
autophosphorylation signal was detected after 120 min.
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Fig. 3.4: Spectral absorption properties and autokinase activity of recombinantly produced PaBphP under
different light conditions.

(A) Absorption spectra of PaBphP (mathematically smoothed using Origin, Version 2022. OriginLab Corporation,
Northampton, MA, USA. “Loess, Use Proportion for Span, Span 0.1”) after illumination with far-red light
(791 nm, 5 min, dark red line), with blue light (426 nm, 10 min, blue line), with red light (667 nm, 10 min, red
line) and after dark reversion (24 h, black line). The extent of conversion cannot be improved by longer exposure
times. All data were generated from a single set of measurements. BV IXa was added in excess after cell lysis
prior to purification.

(B) Manually calculated difference spectra of PaBphP (far-red irradiated minus dark incubated form, solid line;
far-red irradiated minus red irradiated form, dashed line; far-red irradiated minus blue irradiated form, dotted line;
mathematically smoothed as in “A”).

(C) Absorption of far-red light results in a distinct Pr-form, and absorption of blue or red light results in Pfr-
enriched forms. Incubation in the dark results in the non-photochemical conversion to the Pfr ground state. The
exact fractions of Pr and Pfr for each spectrum are given in the table. A calculation error of £ 5 % applies.

(D) Autoradiogram (top) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); bottom) after in vitro
radiolabeling of PaBphP with [y-*?P]-ATP under ambient light conditions from 1 to 30 min. The
autophosphorylation reaction was terminated at the indicated times and samples were separated by gel
electrophoresis. The minus sign (-) indicates the negative control PaBphP_H513A, which displays no autophos-
phorylation signal after 30 min incubation with radiolabeled ATP. PaBphP has a relative molecular weight of
approximately 83 kDa (marker: Prestained protein marker, proteintech). Due to issues in marker signal separation,
PaBphP appears to be smaller than 75 kDa (Fig. S3 comparison of “Prestained protein marker, proteintech” and
“Color Prestained Protein Standard, Broad Range, NEB”).

(E) Autoradiogram (top) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); bottom) after in vitro
radiolabeling of PaBphP with [y-32P]-ATP under far-red (791 nm), blue (426 nm), and red (667 nm) light as well
as under dark conditions. The autophosphorylation reaction was terminated after 5 min and the protein samples
were separated by gel electrophoresis. Protein was pre-exposed to the appropriate light for 5 min or incubated in
the dark overnight before adding the radiolabeled ATP. PaBphP has a relative molecular weight of approximately
83 kDa (marker: Color Prestained Protein Standard, Broad Range, NEB).
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Fig. 3.5: Spectral absorption properties and autokinase activity of recombinantly produced PaBphP under
dark conditions.

(A) Absorption spectra of PaBphP (mathematically smoothed using Origin, Version 2022. OriginLab Corporation,
Northampton, MA, USA. “Loess, Use Proportion for Span, Span 0.17) after irradiation with far-red light (791 nm,
5 min, dark red line) and different time points during dark reversion (2, 5, 20 and 60 min gray lines; 120 min black
line). Course of the dark reversion (increase of Pfr-form, decrease of Pr-form) is indicated by the arrows. All data
were generated from a single set of measurements. BV IXa was added in excess after cell lysis prior to purification.
The inset shows the same spectra spanning the wavelength 260-850 nm.

(B) Absorption of far-red light results in a distinct Pr-form, and dark incubation results in increasing formation of
Pfr-form. The exact fractions of Pr and Pfr for each spectrum are given in the table. A calculation error of £ 5 %
applies.

(C) Autoradiogram (top) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); bottom) after in vitro
radiolabeling of PaBphP with [y-?P]-ATP under far-red (791 nm) light conditions (t = 0 min) and during the dark
reversion after 2, 5, 20, 60 and 120 min. The minus sign (-) indicates the negative control PaBphP_H513A, which
displays no autophosphorylation signal after 120 min incubation with radiolabeled ATP. PaBphP has a relative
molecular weight of approximately 83 kDa (marker: Prestained protein marker, proteintech). Due to issues in
marker signal separation, PaBphP appears to be smaller than 75 kDa (Fig. S3 comparison of “Prestained protein
marker, proteintech” and “Color Prestained Protein Standard, Broad Range, NEB”).

3.4 The chromophore biliverdin IXa and its covalent bond is not absolutely
required for kinase activity of PaBphP

The chromophore BV IXa is attached via a thioether linkage to the cysteine residue 12 of the
apo-protein in an autocatalytic reaction. Previous work from our group, conducted on both apo-
PaBphP purified from E. coli and from a P. aeruginosa AbphO mutant, indicated that autophos-
phorylation also occurs independently from an assembled chromophore (Heine, 2014; Tasler et
al., 2005). Contrastingly, the Basler group did not detect any autophosphorylation of the apo-
phytochrome purified from E. coli (Mukherjee et al., 2019). To investigate this discrepancy,
the behavior of the apo-form and two other variants (C12A, H513A) of PaBphP were analyzed
in more detail (Fig. 3.6; Fig. 3.7). Apo-PaBphP was obtained by expressing the bphP gene in a
markerless bphOP deletion mutant (cf. chapter 3.1), while the genes encoding PaBphP_C12A
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and PaBphP_H513A were expressed in a bphP deletion mutant (Fig. 3.6D). PaBphP_C12A
was initially employed under the assumption that it could also function as an apo-form of the
phytochrome, since the binding site for BV 1Xa is disrupted, whereas PaBphP_H513A serves
as a kinase inactive variant. The variants were purified utilizing the same workflow as for
PaBphP, along with supplementary chromophore incubation (“+BV lysate”). Apo-PaBphP and
PaBphP_ C12A underwent further purification without any additional chromophore (“-BV
lysate”).

The initial hypothesis that PaBphP_C12A would be similar to the apo-protein was disproved
as the variant is shown to undergo photoisomerization, albeit not covalently binding BV IXa
(Fig. 3.6A left, solid lines; Tasler et al., 2005). Interestingly, PaBphP_C12A incorporates the
chromophore in low amounts within the chromophore-binding pocket when excess BV IXa
was added prior to purification. This Cys variant exhibits absorption spectra similar to Pr with
a shift to shorter wavelengths, which is also shown in the difference spectrum (Fig. 3.6A left,
gray dashed line). Moreover, complete Pfr-form development cannot be achieved, even in
darkness. These observations are consistent with the calculated Pr/Pfr-fractions (Fig. 3.6E) and
may be a result of a loose or misaligned BV 1Xa in the chromophore-binding pocket. Thus, the
mutation of Cys 12 does not only prevent covalent binding, but also destabilizes the Pfr-form
(Tasler et al., 2005). If no additional BV 1Xa is provided and PaBphP_C12A only retains the
native chromophore, originating from BphO, the amplitude of the spectra decreases seven times
(Fig. 3.6A right). Additionally, the variant is lacking a difference spectrum, meaning no
photoisomerization occurs (Fig. 3.6A left, turquoise dashed line).

Incubating the cell lysate containing apo-PaBphP with BV 1Xa results in the assembly of holo-
PaBphP, as demonstrated by restored absorption properties (Fig. 3.6B left, solid lines and gray
dashed line; Fig. 3.6E). In absence of chromophore assembly, the purified apo-PaBphP exhibits
the characteristic phytochrome spectra, with an amplitude over 30 times lower (Fig. 3.6B right)
and is lacking a difference spectrum (Fig. 3.6B left, turquoise dashed line). The low absorption
observed originates probably from the binding of BV X5 (cf. chapter 3.1).

PaBphP_H513A exhibits a pure Pr- and Pfr-form when exposed to far-red light and under dark
conditions, respectively, as well as mixed forms under red and blue light irradiation (Fig. 3.6C,
E). Thus, the variant displays spectra that are identical to those of wild type PaBphP (cf. Fig.
3.4C). This proves that the exchange of the amino acid residue does not result in loss of

photoisomerization, suggesting that the PAS, GAF and PHY domains remain unaffected.
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Fig. 3.6: Spectral absorption properties under different light conditions and schematic domain structure of
the apo-form and two variants of PaBphP.

Absorption spectra (mathematically smoothed using Origin, Version 2022. OriginLab Corporation, Northampton,
MA, USA. “Loess, Use Proportion for Span, Span 0.1”) of PaBphP_C12A (A), apo-PaBphP (B) and
PaBphP_H513A (C) after irradiation with far-red light (791 nm, 5 min, dark red lines), with blue light (426 nm,
5 min, blue lines), with red light (667 nm, 5 min, red lines) and after dark reversion (24 h, black lines). BV IXa
was added in excess after cell lysis prior to purification (left panel, “+BV lysate”). The 7x magnification (right
panel in “A”) displays PaBphP_C12A without chromophore incubation, while the 34x magnification (right panel
in “B”) shows apo-PaBphP without BV IXa incubation (“-BV lysate”). Due to very small values on the y-axis,
the labeling was omitted for clarity. The extent of conversion cannot be improved by longer exposure times. All
data were generated from single sets of measurements. Manually calculated difference spectra (far-red irradiated
minus dark incubated form; mathematically smoothed) were integrated into the graphs (gray dashed lines =
incubation with excess BV 1Xa; turquoise dashed lines = without BV IXa incubation).

(D) The PaBphP variants comprise a photosensory domain (PAS, GAF, PHY) on the N-terminus and a regulatory
domain on the C-terminus (HKD). In PaBphP_C12A, the conserved cysteine residue in the PAS domain is
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substituted with alanine, thereby affecting protein photoisomerization. This substitution enables an unexpected
insertion of the chromophore in the chromophore-binding pocket without covalent binding. Apo-PaBphP can bind
the intrinsically produced BV IX3 in small quantities. In the PaBphP_H513A variant, the substitution of the
conserved histidine residue within the regulatory domain with an alanine, doesn’t affect the photosensory domain
activity.

(E) The exact fractions of Pr and Pfr for each spectrum are given in the table. A calculation error of + 5 % applies.

Apo-PaBphP as well as the two variants were additionally assayed for autophosphorylation
activity by adding [y-32P]-ATP (Fig. 3.7). The autokinase signals decrease according to the
decreasing amount of bound chromophore from PaBphP > PaBphP_C12A > apo-PaBphP and
finally to PaBphP_H513A, showing no autophosphorylation activity (Fig. 3.7A, each without
BV IXa incubation “~-BV?”). The autokinase signal of PaBphP_C12A (+BV), when compared
to PaBphP (+BV) is significantly decreased and that of PaBphP_C12A (-BV) and apo-PaBphP
(-BV) are even more reduced (Fig. 3.7B, last two lanes). Based on this data, a strong correlation

between chromophore saturation and its binding mode can be clearly observed.
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Fig. 3.7: Autokinase activity of heterologously produced PaBphP wild type and variants.

(A) Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); right) after in vitro
radiolabeling of PaBphP (W), PaBphP_C12A (C), apo-PaBphP (A) and PaBphP_H513A (H) with [y-*2P]-ATP
under ambient light conditions. Proteins were not incubated with excess BV 1Xa (-BV).

(B) Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/V); right) after in vitro
radiolabeling of PaBphP (W), PaBphP_C12A (C) and apo-PaBphP (A) with [y-32P]-ATP under ambient light
conditions. PaBphP and PaBphP_C12A were incubated with excess BV IXa (+BV) and another sample of
PaBphP_C12A as well as apo-PaBphP were not incubated with excess BV 1Xa (-BV).

The samples PaBphP_C12A (-BV) and apo-PaBphP (-BV) are the same in (A) and (B), but in relative comparison
with other protein samples.

Autophosphorylation reactions were terminated after 10 min and samples were separated by gel electrophoresis.
PaBphP and the variants have a relative molecular weight of approximately 83 kDa (marker: Color Prestained
Protein Standard, Broad Range, NEB).

3.5 PaBphP is the histidine kinase required for activation of the response
regulator PaAlgB

One of the major goals of this project was to analyze the physiological role and the associated
downstream signaling pathway of BphP in P. aeruginosa. Previous research identified PaBphP
as the histidine kinase phosphorylating PaAlgB at Asp 59 (Mukherjee et al., 2019). The gene

for PaAlgB is organized in an operon together with the gene for PaKinB and is known to
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regulate the alginate synthesis in P. aeruginosa (Ma et al., 1998; Ma et al., 1997). In order to
verify the role of PaAlgB as the postulated RR of PaBphP, phosphotransfer was assessed.
Therefore, the algB gene was cloned into the E. coli overexpression vector pASK-IBA3 with a
C-terminal Strep-tag Il and the protein was purified by affinity chromatography. To yield
PaBphP autophosphorylation, [y-3?P]-ATP was added and the mix was incubated for 30 min
under ambient light conditions. After the addition of PaAlgB, time-dependent phosphotransfer
was monitored from 2 to 30 min. A clear decrease in the autophosphorylation signal intensity
of the kinase and an increase in the signal intensity for the RR could be detected (Fig. 3.8A).
The same experiment was performed for the following protein variants of PaBphP: the Pr-
locked variant PaBphP_D194H, the Pfr-locked variant PaBphP_S261A and the inactive variant
PaBphP_H513A (Fig. 3.8B). PaBphP and the corresponding variants were incubated with [y-
32P]-ATP for 20 min. After the addition of PaAlgB, the mixtures were incubated for further
30 min. The autoradiogram shows that PaBphP and the Pr-locked variant (D194H) are able to
autophosphorylate and further transfer the phosphoryl group to the RR PaAlgB (D194H
stronger than WT). Contrastingly, the Pfr-locked variant (S261A) and the variant lacking the
phosphorylation site His 513 (H513A) are unable to autophosphorylate and thus incapable of
transfering the phosphoryl group to PaAlgB. This assay showed that the autophosphorylation
and transphosphorylation activities of PaBphP are related and that the conformation of the
chromophore affects both activities. To further confirm this, PaBphP was employed for
transphosphorylation assays under different light conditions (Fig. 3.8C). It is evident that
PaBphP materializes different levels of autokinase activity depending on the quality of the
incident light (cf. Fig. 3.4E), which is reflected in the transphosphorylation process. The
transphosphorylation signal intensity of PaAlgB increase from red (667 nm) < blue (426 nm)
< far-red (791 nm), corresponding to increasing proportions of the Pr-form of PaBphP (cf. Fig.
3.4C). Phosphoryl group transfer to the RR is only strongly inhibited under dark conditions. In
conclusion, these assays demonstrate that the kinase PaBphP has the ability to phosphorylate
the RR PaAlgB in vitro and that the extent of the transfer correlates with the calculated Pr/Pfr-
fractions. The transferred radioactivity is indicative of phosphotransfer because the control
(PaAlgB with [y-*?P]-ATP) showed no signal, indicating that PaAlgB is incapable of
autophosphorylation. Since free radiolabeled ATP was not removed prior to the additions of
PaAlgB in the experiments, the radioactivity transferred to PaAlgB are typically stronger than

those of the kinase.
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Fig. 3.8: Phosphotransfer from the kinase PaBphP or variants to the response regulator PaAlgB.

(A) Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); right) after in vitro
radiolabeling of PaBphP with [y-32P]-ATP for 30 min under ambient light conditions (t = 0 min). Autophosphory-
lation of PaBphP was followed by addition of an equimolar amount of PaAlgB for additional 30 min. Samples
were taken after 2, 5, 10, 20 and 30 min to detect transphosphorylation events.

(B) Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); right) after in vitro
radiolabeling of PaBphP and variants (D194H, S261A and H513A) with [y-S2P]-ATP under ambient light
conditions (left lane in each sample pair). Incubation time (20 min) was followed by addition of equimolar amounts
of PaAlgB for additional 30 min (right lane in each sample pair).

(C) Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 %, (w/v); right) after in vitro
radiolabeling of PaBphP under far-red, blue, and red light as well as dark conditions (left lane in each sample
pair). Pre-irradiation with the respective light (10 min) or dark incubation overnight and autophosphorylation
reaction (10 min) was followed by the addition of equimolar amounts of PaAlgB for additional 10 min (right lane
in each sample pair).

The minus sign (-) in every assay indicates the negative control (PaAlgB incubated with [y-*?P]-ATP), which
displays no autophosphorylation signal. PaBphP and the variants have a relative molecular weight of
approximately 83 kDa and PaAlgB of 52 kDa (marker: Color Prestained Protein Standard, Broad Range, NEB).

3.6 PaKinB is the phosphatase required for dephosphorylation of the
response regulator PaAlgB

After identifying PaBphP as the kinase of PaAlgB, it was shown that PaKinB assumes an
opposing function (Mukherjee et al., 2019) because it has been previously known in connection
with the RR PaAlgB (Chand et al., 2012; Chand et al., 2011; Ma et al., 1998; Ma et al., 1997).

In order to confirm the role as a phosphatase, the gene for the cytosolic domain of PaKinB
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(kinB_CD) was cloned into the E. coli overexpression vector pASK-IBA3 with a C-terminal
Strep-tag Il. The soluble protein was purified via affinity chromatography and its
dephosphorylation activity was tested (Fig. 3.9A). [y-32P]-ATP was added to PaBphP and
incubated for 20 min under ambient light conditions. After addition of an equimolar amount of
PaAlgB, the autophosphorylation signal intensity of the kinase decreased while the signal
intensity for the RR was increasing. As shown in Fig. 3.8, the transferred radioactive signal is
indicative of phosphotransfer, because PaAlgB is not capable to autophosphorylate. Upon
introduction of the phosphatase PaKinB, the signal intensity of PaAlgB decreased, indicating
that PaKinB dephosphorylates the RR. Another control experiment was performed using a
comparable setup and an additional variant of the phosphatase PaKinB (Fig. 3.9B). After
successful autophosphorylation of the kinase PaBphP and phosphoryl group transfer to the RR
PaAlgB, both PaKinB (lane 4-5) and PaKinB_P390S (lane 9-10) were added to the mix. This
conserved prolin residue (P390) was shown to be responsible for the activity of the phosphatase
PaKinB (Chand et al., 2012). The assay revealed the P390S variant is no longer capable of
dephosphorylating PaAlgB. Therefore, these results confirm the phosphatase activity of
PaKinB is responsible for dephosphorylating the RR PaAlgB of the kinase PaBphP.

A 520 2 10 20 2 10 20 30 M 5 20 2 10 20 2 10 20 30 min
PaBphP AlgB KinB 180 .~ PaBphP AlgB KinB
130 »r -
95 2t
- - - n ¢ atedeke
—-—- S8 Ll Rl R,
32p_PaBphP/AlgB | 43 PaBphP/AlgB/KinB (Coomassie)

PaB +A 10 40 PaB +A 10 40 PaB +A 10 40 PaB +A 10 40 min

KinB KinBjpg0s

" ’. 72 | - — — e - —
-- ‘55"‘ D - — - -

43 - /
32P-(PaB =)PaBphP/(A =)AlgB PaBphP/AlgB/KinB (Coomassie)

KinB KinBp3gs

Fig. 3.9: Phosphotransfer from the kinase PaBphP to PaAlgB and dephosphorylation of the response
regulator by the phosphatase PaKinB.

(A) Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v); right) after in vitro
radiolabeling of PaBphP with [y-*2P]-ATP for 20 min under ambient light conditions (samples were taken after 5
and 20 min). Autophosphorylation of PaBphP was analyzed by adding PaAlgB for additional 20 min (samples
were taken after 2,10 and 20 min). Phosphotransfer to the RR PaAlgB was followed by removing [y-*?P]-ATP
from the reaction and addition of PaKinB for additional 30 min (samples were taken after 2, 10, 20 and 30 min).
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(B) Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/V); right) after in vitro
radiolabeling of PaBphP with [y-*2P]-ATP for 10 min under ambient light conditions (first and fifth lane “PaB”).
Autophosphorylation of PaBphP was analyzed by adding PaAlgB for additional 10 min (second and sixth lane
“+A”). Phosphotransfer to the response regulator PaAlgB was followed by removing [y-3?P]-ATP from the
reaction and addition of PaKinB or PaKinBpsgs for additional 40 min (samples were taken after 10 and 40 min).
PaBphP has a relative molecular weight of approximately 83 kDa, PaAlgB of 52 kDa and PaKinB as well as
PaKinBpsgos of 47 kDa (marker: Color Prestained Protein Standard, Broad Range, NEB).

3.7 The deletion of bphP, bphOP and kinB in P. aeruginosa PA14 do not
affect the bacterial growth

The next aim was to investigate the effect of various gene deletions in PA14. Gene knockouts
(KOs) can result in growth deficits of bacteria or even in non-viable cells. It is crucial to ensure
that the deletion mutants do not fail to grow under standard temperatures for subsequent
phenotypic experiments. Therefore, the growth patterns of the mutants PA14AbphP,
PA14AbphOP and PA14AkinB were examined. Growth was monitored for 26 h under aerobic
conditions at 37 °C in LB medium (Fig. 3.10A). The growth curves of the KO strains are similar
to those of PA14 wild type, indicating that the gene deletions have no impact on growth under
aerobic conditions. Additionally, the growth of PA14 and PA14AbphP was monitored in LB
media for 25 h under aerobic conditions and at different temperatures: 37 °C, 25 °C and 17 °C
(Fig. 3.10B). The growth curves indicate slower growth at lower temperatures, but no
significant difference can be observed between the two strains.

To determine at which time points native PaBphP is produced in P. aeruginosa under standard
conditions (37 °C and 17 °C, LB media), culture samples were taken during the growth (Fig.
3.10B, PA14). The total protein content was separated via SDS-PAGE, and PaBphP was
identified via immunological detection (Fig. 3.10C). Levels of native PaBphP were either very
low or undetectable from ti-t4 (data not shown). Although quorum sensing does not directly
control the induction of expression, the alternative sigma factor RpoS and the transcriptional
activator LasR has been clearly demonstrated to be involved in the process (Barkovits et al.,
2008; Barkovits et al., 2011). As previously demonstrated by Barkovits, the expression of the
bphOP operon was also cell density-dependent and started during the early stationary phase in
course of this work. The protein was detectable after 5 h at 37 °C (Fig. 3.10D). Over the next
5 hours (te-t10) and in the overnight sample (tzs), the signal intensity increased further. This
pattern was consistent in all similar experiments. Unexpectedly, PaBphP was already detectable
in cells grown at 17 °C during the exponential phase. For phenotypic experiments, several
overexpression plasmids were mobilized via conjugation in PA14 and PA14AbphP. These
strains were also employed in the assays and compared to the wildtype and the deletion mutant,

possessing empty vectors controls.
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Fig. 3.10: Effect of bphP-, bphOP- or kinB-deletion on bacterial growth compared to PA14 wild type at
different temperatures and detection of the native phytochrome in P. aeruginosa cells.

(A) LB overnight cultures of PA14 (black line), PA14AbphP (dark red line), PA14AkinB (purple line) and
PA14AbphOP (green line) were set to an initial ODso 0f 0.1 in LB media and incubated at 37 °C. Cell density was
monitored hourly for 10 h and after 25.75 h by measuring the optical density at 600 nm and plotted as the logarithm
of the bacterial count in two biological replicates.

(B) LB overnight cultures of PA14 (solid lines) and PA14AbphP (dotted lines) were set to an initial ODggo Of 0.1
in LB media and incubated at 37 °C (black lines), 25 °C (green lines) and 17 °C (blue lines). Cell density was
monitored hourly for 14 h and after 25 h by measuring the optical density at 600 nm and plotted as the logarithm
of the bacterial count in one biological replicate.

(C) Immunological detection of PaBphP using Rabbit a BphP-Serum (top) and corresponding Coomassie-stained
SDS-PAGE gel (10 % (w/v); bottom) of various samples from the growth curve (B). Total cells grown at 37 °C
are indicated by ts-tzs and cells grown at 17 °C by the following tio and tzs. Equal amounts of bacterial cells were
applied to each lane of the polyacrylamide gel. Native PaBphP has a relative molecular weight of approximately
83 kDa (marker: Thermo Scientific™ PageRuler™ Prestained Protein Ladder).

(D) Optical density values at 600 nm of the samples analyzed on the SDS-PAGE in “C”.
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3.8 Phosphorylation state of the kinase PaBphP and of the corresponding
response regulator PaAlgB regulates swimming motility

Swimming motility of P. aeruginosa is a flagellum-dependent movement and can be triggered
by low agar concentration in the medium (Moradali et al., 2017). To investigate the correlation
between the phosphorylation state of PaBphP/PaAlgB and the swimming ability of PA14
strains, cells were grown on LB-agar plates (0.3 % (w/v)) for 24 h (Fig. 3.11A). After overnight
incubation, the diameters of the swimming zones were manually measured (Fig. 3.11B). The
diameter increased in the following order: PA14AbphP +pBphP < PA14AkinB (+EV) < PA14
(+EV) = PA14AbphP (+EV) = PA14AbphP +pBphPHs13a, according to the RR phosphorylation
state. Compared to PA14, the swimming zone diameter decreased by 40 % for PA14AbphP
+pBphP and 22 % for PA14AkinB. This indicates that the function of the polar flagellum is
affected by high levels of unphosphorylated PaAlgB or low levels of phosphorylated PaAlgB

and their further downstream regulation steps.
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Fig. 3.11: Swimming motility of P. aeruginosa mutant and overexpression strains in comparison to PA14.

(A) The boxes represent the data from 25-75 % and display the mean (solid line in the box) normalized to PA14.
The whiskers show the data from the minimal to the maximal value. The asterisks mark the statistical significance.
The cultures were grown 3 h at 37 °C after induction of the gene expression with 0.1 % (w/v) L(+)arabinose under
ambient light conditions (580 nm dominates). 1 ul of every culture was applied on a 0.3 % LB-agar plate and
incubated 24 h at 30 °C. Swimming motility was analyzed by measuring the swimming zone of PA14 with the
empty vector (= EV), PAl4AbphP +EV, PA14AbphP + pBphP (= pHERD26T_PaBphP), PA14AbphP +
pBphPus13a (= pHERD26T _ PaBphP_ H513A) and PA14AkinB +EV. The experiment was performed using 12
biological replicates. Statistical analysis was performed on all data sets. Samples with a Gaussian distribution
(confirmed with Kolmogorov-Smirnov test) were compared with PA14+EV using unpaired two-tailed Student’s
t-test. Equality of variances in unpaired samples Student’s t-tests was assessed with an F-test. This was followed
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by a post hoc Bonferroni correction applied for multiple comparisons. Significance values were defined as follows:
*p < 0.0125; **p < 0.0025; ***p < 0.00025.

(B) Corresponding swimming zones of the strains showed in the box blot in “A” on swimming-agar (0.3 % (w/v))
with tetracycline and 0.1 % (w/v) L(+) arabinose (cf. Fig. S4).

The twitching motility, which is mediated by the attachment and retraction of type 1V pili on
solid surfaces (Moradali et al., 2017) was also tested in this study. Therefore, bacterial cultures
were applied to the plastic bottom under the LB-agar of the petri dish and the twitching zones
were stained with crystal violet after two days. Preliminary data indicate no difference in
twitching motility ability between PA14 and the bphP as well as kinB deletion mutants (data
not shown). Swarming motility, which is facilitated by the flagellum, type IV pili and
rhamnolipids was also investigated, but did not show clear results. The addition of tetracycline
and L(+)arabinose to low-nitrogen, semisolid LB-agar plates, resulted in the inhibition of

swarming motility for all tested strains.

3.9 Phosphorylation state of the kinase PaBphP and of the corresponding
response regulator PaAlgB regulate pyocyanin secretion

As previously mentioned, the PaBphP/PaAlgB TCS seems to be involved in the regulation of
virulence. Pyocyanin (PYQ) is a blue-green colored virulence factor secreted by P. aeruginosa.
It is synthesized from the precursor chorismate by a series of complex steps mediated by gene
products of two phzA-G operons, phzH, phzM and phzS (Fig. 3.12A). PYO is classified as a
phenazine and belongs to the nitrogen-containing heterocyclic compounds (Pierson and
Pierson, 2010). Its redox properties allow it to easily permeate through membranes and cause
oxidative cell damage (Lau et al., 2004). To investigate the interrelation between the
phosphorylation state of PaBphP/PaAlgB and the quantity of secreted PYO (Fig. 3.12B), the
total amount of this compound was measured from culture supernatants (Fig. 3.12C). The
amount of PYO decreased in the following order: PA14AbphP +pBphPusi3a > PA14AbphP
(+EV) > PA14 (+EV) > PA14AkinB (+EV) > PA14AbphP +pBphP, according to the RR
phosphorylation state. Compared to PA14, the quantity increased by 50 % for PA14AbphP and
57 % for PA14AbphP +pBphPhs13a, While it decreased by 76 % for PA14AbphP +pBphP and
72 % for PA14AkinB. This suggests that PYO secretion is based on high levels of
unphosphorylated PaAlgB or low levels of phosphorylated PaAlgB and their further

downstream regulation steps.
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Fig. 3.12: Pyocyanin secretion by P. aeruginosa mutants and overexpression strains in comparison to PA14.
(A) Biosynthetic pathway of pyocyanin (PYO) in P. aeruginosa, starting from chorismate, to phenazine-1-
carboxylic acid (PCA), to phenazine-1-carboxamide (PCN) by PhzH or 5-methyl-phenazine-1-carboxylic acid (5-
Me-PCA) by PhzM to ultimately PYO by PhzS. Figure modified from Kahl et al., 2020.

(B) The boxes represent the data from 25-75 % and display the mean (solid line in the box) normalized to PA14.
The whiskers show the data from the minimal to the maximal value. The asterisks mark the statistical significance.
The cultures were grown 5 h at 37 °C after induction of the gene expression with 0.1 % (w/v) L(+)arabinose under
ambient light conditions (580 nm predominant). The amount of secreted PYO was determined by measuring the
ODegsnm from culture supernatants: PA14 with the empty vector (= EV), PA14AbphP +EV, PA14AbphP +pBphP
(= pHERD26T_PaBphP), PA14AbphP +pBphPusisa (= pHERD26T_PaBphP_H513A) and PA14AkinB +EV. The
measured values were normalized to an ODggo = 1. The experiment was performed with 14 biological replicates.
Statistical analysis was performed on all data sets. Samples with a Gaussian distribution (confirmed with
Kolmogorov-Smirnov test) were compared using unpaired two-tailed Student’s t-test. Equality of variances in
unpaired samples Student’s t-tests was assessed with a F-test. This was followed by a post hoc Bonferroni
correction applied for multiple comparisons. Significance values were defined as follows: *p < 0.0125;
**p < 0.0025; ***p < 0.00025.

(C) Corresponding culture supernatants of the five strains showed in the box blot in “B”.
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Part 2 — Bathy and prototypical phytochromes in different non-
photosynthetic human and plant pathogens

3.10 Heterologous expression and purification of the A. tumefaciens and
P. syringae prototypical phytochromes was successful

The A. tumefaciens and P. syringae prototypical phytochrome genes were expressed using a tet
promoter-driven C-terminal Strep-tag 11 expression system, allowing purification and detection
of the encoded proteins (Fig. 3.13). The SDS-PAGE gels revealed the presence of AtBphP1 and
PstBphP2 with a relative molecular weight of ~ 85 kDa (Fig. 3.13A) and ~ 109 kDa (Fig.
3.13B), consistent with the predicted molecular mass calculated from the amino acid
composition. The proteins were immunologically detected using Strep-Tactin® AP conjugate
via western blot analysis. The gene encoding PstBphP1 was expressed using a T7 promoter-
driven C-terminal polyhistidine-tag expression system and coexpressed with the HO gene bphO
from P. syringae. The SDS-PAGE gel revealed the presence of PstBphP1 with a relative
molecular weight of ~ 83 kDa (Fig. 3.13C). The protein was immunologically detected using
6x-His tag monoclonal antibody via western blot analysis. Although, the chromophore was
produced together with PstBphP1, the protein was not sufficiently saturated (data not shown).
Therefore, an excess of BV IXa was added to the cell lysates of all three overproductions
(AtBphP1, PstBphP1, PstBphP2). PstBphP2 was only obtained in low amounts and the holo-

phytochrome resulted to be highly instable, preventing further experiments.
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Fig. 3.13: Homologous production of bacterial prototypical phytochromes from different organisms.

(A) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) and corresponding immunological detection against
Strep-tag Il (middle) of AtBphP1 with schematic representation of the overexpression vector pASK_AtBphP1
[5401 bp], encoding the phytochrome with a C-terminal Strep-tag Il (blue) in a tet promoter-driven (green) system.
The ampicillin resistance gene (purple) confers resistance to the mentioned antibiotic to bacteria carrying the
plasmid. Sample application of the total cells before (bl) and after induction (al) of the gene expression. The
cultures were grown over night at 17 °C after induction with 200 ng/ml AHT. Coomassie-stained SDS-PAGE gel
(10 % (w/v); right) of AtBphP1 after affinity chromatography purification (pP = purified protein) with Strep-
Tactin® Sepahrose® resin. The protein has a relative molecular weight of approximately 85 kDa.

(B) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) and corresponding immunological detection against
Strep-tag 1l (middle) of PstBphP2 with schematic representation of the overexpression vector pASK_PstBphP2
[6163 bp], encoding the phytochrome with a C-terminal Strep-tag Il (blue) in a tet promoter-driven (green) system.
The ampicillin resistance gene (purple) confers resistance to the mentioned antibiotic to bacteria carrying the
plasmid. Sample application of the total cells before (bl) and after induction (al) of the gene expression. The
cultures were grown over night at 17 °C after induction with 200 ng/ml AHT. Coomassie-stained SDS-PAGE gel
(10 % (w/v); right) of PstBphP2 after affinity chromatography purification (L = cell lysate, E = elution fraction,
pP = purified protein) with Strep-Tactin® Sepharose® resin. The protein has a relative molecular weight of
approximately 109 kDa.

(C) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) and corresponding immunological detection against
polyhistidine-tag (middle) of PstBphP1l with schematic representation of the overexpression vector pET52_
PstBphP-BphP1, encoding the HO bphO with a N-terminal Strep-tag Il and the phytochrome with a C-terminal
polyhistidine-tag (blue) in a T7 promoter-driven (green) system). The ampicillin resistance gene (purple) confers
resistance to the mentioned antibiotic to bacteria carrying the plasmid. Sample application of the total cells before
(bl) and after induction (al) of the gene expression. The cultures were grown over night at 17 °C after induction
with 0.5 mM IPTG. Coomassie-stained SDS-PAGE (10 % (w/v); right) of PstBphP1 after affinity chromatography
purification (L = cell lysate, E = elution fraction, pP = purified protein) with TALON® Superflow™., The protein
has a relative molecular weight of approximately 83 kDa.

Marker: Thermo Scientific™ PageRuler™ Prestained Protein Ladder

3.11 Heterologous expression and purification of various bacterial bathy
phytochromes was successful

The bathy phytochrome genes from A. tumefaciens, A. vitis and X. campestris were expressed
using a T7 promoter-driven C-terminal polyhistidine-tag expression system, which permits
purification and detection of the encoded proteins (Fig. 3.15). In 2019, it was demonstrated that
AtBphP2, the phytochrome of A. tumefaciens, lacks autokinase activity (Xue et al., 2019). The
main hypothesis proposed was that the C-terminally located RR (cf. Fig. 1.3B) is rapidly trans-
and dephosphorylated. Therefore, the RR domain amino acid residue typically phosphorylated
by the kinase was mutagenized (D783; Fig. 3.14A). As predicted, the AtBphP2_D783N variant
exhibited an autokinase signal. However, additional investigations contradicted the initial

interpretation and revealed, through size exclusion chromatography (SEC) experiments, that
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the mutation significantly impacted protein conformation. According to the hypothesis of the
Lamparter laboratory, the RR module masks the conserved histidine residue in the HKD.
Through the mutation, the RR domain loosens, consequently enabling access to the
phosphorylation site (Xue et al., 2019). To verify if this is also true for AvBphP2, a similar
approach was conducted. Therefore, the corresponding residue was identified and exchanged:
Asp 793 (Fig. 3.14C). The substitution of Asp with Asn (D793N) resulted in an unstable protein
having a yellowish color, necessitating the use of an Asp-to-Ala variant (AvBphP2_D793A) for
further studies (Fig. 3.14A). Otero et al., 2016 categorized XccBphP as a bathy-like
phytochrome due to the absence of a pure Pfr-form under dark conditions. The construct lacking
the PAS9 domain examined in their study was also employed in this research (Fig. 3.14B). The
BphPs or their variants were purified via affinity chromatography and analyzed on an SDS-
PAGE gel. The predominant chromatography products have a molecular weight of ~ 95 kDa
(Fig. 3.15A-D; AtBphP2, AvBphP2), ~ 70 kDa (Fig. 3.15F; XccBphP) (Klinke et al., 2014) and
~ 60 kDa (Fig. 3.15G; XccBphPAPAS9) (Otero et al., 2016), consistent with the predicted
molecular mass calculated from the amino acid composition. The recombinant phytochromes
and the variants were purified in their holo-forms. To reach chromophore saturation, BV IXa
was added in excess to the cell lysate after cell disruption.

The R. tataouinensis bathy phytochrome gene was expressed in E. coli Top10 using an araBAD
promoter-driven N-terminal polyhistidine-tag expression system, enabling purification and
detection of the encoded protein. The predominant chromatography product has a relative
molecular weight of ~83 kD (Fig. 3.15 E), consistent with the predicted molecular mass
calculated from the amino acid composition. The R. tataouinensis phytochrome was produced
and purified in its holo-form by coexpressing it with the Bradyrhizobium sp. ORS278 HO hmuO
encoded on the same plasmid. This HO provided the chromophore BV IXa in sufficient

amounts.
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Fig. 3.14: Domain arrangement of various bathy phytochromes and an amino acid sequence alignment of
the response regulator domain region of two bacterial phytochromes.

(A) Schematic structure of AtBphP2 and AvBphP2 (cf. Fig. 1.3B, C) with the substitution of the conserved Asp
residue in the RR domain. This residue is typically phosphorylated by the HKD and was exchanged to generate
AtBphP2_D783N (Xue et al., 2019) and AvBphP2_D793A.

(B) Schematic structure of XccBphP (cf. Fig. 1.3D) without the PAS9 regulatory domain (Otero et al., 2016).

(C) Section of an amino acid sequence alignment (blastp, protein-protein BLAST®) of the A.tumefaciens
phytochrome (top) and the A. vitis phytochrome (bottom) response regulator domain region to find the amino acid
residue corresponding to AtBphP_D783 in A. vitis (D793).
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Fig. 3.15: Homologous production of bacterial bathy phytochromes from different organisms.

(A) Coomassie-stained SDS-PAGE gel (10 % (wi/v); left) of affinity chromatography purification of AtBphP2
[95 kDa] with TALON® Superflow™ (polyhistidine-tag purification) and schematic representation of the
overexpression vector pET21b_AtBphP2 [7911 bp], encoding the phytochrome with a C-terminal polyhistidine-
tag (blue) in a T7 promoter-driven (green) system.
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(B) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) of affinity chromatography purification of
AtBphP2_D783N [95 kDa] with TALON® Superflow™ (polyhistidine-tag purification) and schematic
representation of the overexpression vector pET21b_AtBphP2_D783N [7911 bp], encoding the phytochrome with
a C-terminal polyhistidine-tag (blue) in a T7 promoter-driven (green) system.

(C) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) of affinity chromatography purification of AvBphP2
[97 kDa] with TALON® Superflow™ (polyhistidine-tag purification) and schematic representation of the
overexpression vector pET21b_AvBphP2 [7953 bp], encoding the phytochrome with a C-terminal polyhistidine-
tag (blue) in a T7 promoter-driven (green) system.

(D) Coomassie-stained SDS-PAGE gel (10% (w/v); left) of affinity chromatography purification of
AvBphP2_D793A [97 kDa] with TALON® Superflow™ (polyhistidine-tag purification) and schematic
representation of the overexpression vector pET21b_AvBphP2_D793A [7953 bp], encoding the phytochrome with
a C-terminal polyhistidine-tag (blue) in a T7 promoter-driven (green) system.

(E) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) of affinity chromatography purification of RtBphP2
[83 kDa] with TALON® Superflow™ (polyhistidine-tag purification) and schematic representation of the
overexpression vector pBAD/HisB-RtBphP2-HmuO [6995 bp], encoding the phytochrome with a N-terminal
polyhistidine-tag (blue) in an araBAD promoter-driven (green) system.

(F) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) of affinity chromatography purification of XccBphP
[71 kDa] with TALON® Superflow™ (polyhistidine-tag purification) and schematic representation of the
overexpression vector pET24a_XccBphP, encoding the phytochrome with a C-terminal polyhistidine-tag (blue) in
a T7 promoter-driven (green) system.

(G) Coomassie-stained SDS-PAGE gel (10 % (w/v); left) of affinity chromatography purification of
XccBphPAPAS9 [59 kDa] with TALON® Superflow™ (polyhistidine-tag purification) and schematic
representation of the overexpression vector pET24a_XccBphPAPAS9, encoding the phytochrome with a C-
terminal polyhistidine-tag (blue) in a T7 promoter-driven (green) system.

Sample application of the total cells before (bl) as well as after induction (al) of the gene expression, cell lysate
(L), flow-through fraction (F), washing fraction (W), different elution fractions, and the concentrated protein after
dialysis (pP). The ampicillin or kanamycin resistance gene (purple) confers resistance to the mentioned antibiotic
on bacteria carrying the plasmid.

Marker: Color Prestained Protein Standard, Broad Range, NEB (A, B); Unstained Protein Standard, Broad Range,
NEB (C-G).

3.12 An HWE type HKD was identified in AvBphP2

Although all investigated BphPs share the organization of the photosensory domain, their
output domains differ (cf. Fig. 1.3). BphP1 of A. tumefaciens as well as P. syringae and BphP2
of R. tataouinensis share their photosensory and regulatory domains entirely with PaBphP (De
Luca et al., 2019; Rottwinkel et al., 2010; Shah et al., 2012). AtBphP2 and PstBphP2 both
contain a so-called HWE kinase domain. In A. tumefaciens, the HWE kinase domain is located
downstream of the photosensory domain and precedes the attached C-terminal located RR
domain. In P. syringae, the HWE kinase domain is arranged downstream of a typical HKD,
forming the C-terminus of the phytochrome (Karniol and Vierstra, 2004). For the phytochrome
of A. vitis it is reasonable to assume that it also has an HWE kinase domain due to its close
similarity to AtBphP2. This hypothesis was verified by conducting multiple sequence alignment
(Fig. 3.16) and using InterPro to identify the kinase domain as an HWE-like one (IPR011102;
PF07536). BphP of X. campestris completely lacks a kinase output domain, but carries an PAS9
domain, likely involved in protein-protein interaction (Klinke et al., 2014). All phytochromes
with a kinase domain possess an H-box containing a conserved His residue (pink) subject to

autophosphorylation, irrespective of whether they are bathy (black) or prototypic (white). The
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H-box is followed by an N-box with a conserved Asn residue (pink) and up to three G-rich
boxes that include conserved Gly residues (yellow). HWE kinase domains are characterized by
the presence of an HWE motif (light blue) and the absence of a F-box (green). The HWE motif
consists of uniquely conserved amino acid residues, including a His in the N-box and a Trp-X-
Glu sequence near the G1-box (Herrou et al., 2017; Karniol and Vierstra, 2004).
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Fig. 3.16: Amino acid sequence alignment of the kinase region of different bathy and prototypical BphPs.
Section of an amino acid sequence alignment (blastp, protein-protein BLAST®) of the kinase region of bathy
phytochromes (black) PaBphP, RtBphP2, AtBphP2 and AvBphP2 as well as of the prototypical phytochromes
(white) AtBphP1, PstBphP1 and PstBphP2. All BphPs possess an H-box (pink; H-box HKD and HKDnwe) with a
conserved His residue, an N-box (pink; N-box HKD and HKDwwe) with a conserved Asn residue and up to three
G-rich boxes (yellow) with conserved Gly residues. HWE type kinase domains lack an F-box (green) with an
L/1+F (Leu/lle+Phe) motif and are characterized by an HWE (His+Trp+Glu) motif.
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3.13 Spectral absorption properties identify AtBphP1 as a conventional
and PstBphP1 as an unconventional prototypical phytochrome

In order to gain more insight into the role of bacterial phytochromes in these organisms, their
absorption characteristics were analyzed under identical conditions and settings optimized for
PaBphP. Regarding their absorption properties, most prototypical phytochromes adhere to the
classical definition of phytochrome behavior. In particular, AtBphP1, the phytochrome of the
plant pathogen A. tumefaciens, is a model for phytochrome spectral behavior (Karniol and
Vierstra, 2003). Far-red light irradiation (791 nm) resulted in the photoconversion to a distinct
Pr-form with Amax 702 nm, while red light irradiation (667 nm) yielded a distinct Pfr-form with
Amax 748 nm (Fig. 3.17A; Tab. 3.2). As described for prototypical phytochromes, AtBphP1
exhibits a pure Pr-form, without Pfr contamination in the absence of light (Tab. 3.1). In contrast
to AtBphP1, PstBphP1 exhibits an unusual behavior and shows no pure Pr-form (Fig. 3.17B;
Tab. 3.2). It maintains residual Pfr-fractions of 27 % and 16 % under far-red light illumination
or in the absence of light, respectively. Even under red light conditions PstBphP1 failed to
accumulate a pure Pfr-form. The maximum Pfr-fraction measured was set at 100 % Pfr for the
calculation, despite this unconventional spectroscopic behavior. In addition to the above-
described light conditions, all BphPs were investigated for their spectral behavior under
exposure to blue light. The idea to study the effect of blue light arose from previous research,
which showed PaBphP to be sensitive to it (Mukherjee et al., 2019). AtBphP1 and PstBphP1
show mixed forms with equal Pr and Pfr fractions under blue light conditions (Tab. 3.1). The
difference spectra (Fig. 3.17, gray dashed lines) demonstrate the disparities between the far-red
light irradiated and red-light irradiated forms and summarize the previously mentioned
findings. Since these two forms of AtBphP1 are easily distinguishable, the difference is greater

than that of PstBphP1, where the two forms are more similar.
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Fig. 3.17: Spectral absorption properties of heterologously produced prototypical phytochromes from
A. tumefaciens and P. syringae under different light conditions.

Absorption spectra (mathematically smoothed with Origin, Version 2022. OriginLab Corporation, Northampton,
MA, USA. “Loess, Use Proportion for Span, Span 0.1””) of AtBphP1 (A) and PstBphP1 (B) after illumination with
far-red light (791 nm, 5 min, dark red lines), with blue light (426 nm, 5 min, blue lines), with red light (667 nm,
5 min, red lines) and after dark reversion (24 h, black lines). The extend of conversion cannot be improved by
longer exposure times. All data were generated from single sets of measurements (excepted PstBphP1 dark, black
line). BV IXa was added in excess after cell lysis prior to purification. Manually calculated difference spectra (far-
red irradiated minus red irradiated form; mathematically smoothed) were integrated into the graphs (gray dashed
lines).

3.14 The spectral absorption properties of PaBphP are widespread among
the bathy type phytochromes

In contrast to most prototypical phytochromes, which show a distinct Pfr-form when exposed
to red light, the bathy PaBphP does not exhibits a pure Pfr-form, independent of the quality and
intensity of incident red light (cf. Fig. 3.4A). The spectrum shows the same amount of Pr and
Pfr fractions (Fig. 3.18A). A pure Pfr-form is only present in complete darkness, during the
light-independent dark reversion. The study conducted by Rottwinkel et al., 2010 provided
initial indications that the spectral patterns of the phytochromes in the Alphaproteobacteria
A. tumefaciens and A. vitis may resemble those of PaBphP. The investigations appeared to be
valuable, prompting the inclusion and systematic examination of additional protein variants,
RtBphP2, and XccBphP, to determine their prevalence among bathy type BphPs (Fig. 3.18; Tab.
3.1). Far-red irradiation (791 nm) results in the photoconversion of all tested bathy
phytochromes into a pure Pr-species. The Pr-form of RtBphP2 displayes a Amax 684 nm and
very broad spectrum with an unusually low amplitude (Fig. 3.18B; Tab. 3.1). Regarding the
two bathy phytochromes from Agrobacterium and Allorhizobium, the wildtype protein and
variants lacking the phosphor-acceptor aspartate within the receiver domain were employed.
[llumination of AtBphP2, AtBphP2_D783N, AvBphP2 and AvBphP2_D793A with far-red light
yields spectral forms that closely resemble each other, with minimal absorption at 750 nm (Fig.
3.18C-F; Tab. 3.1) and Pr Amax between 698 and 702 nm (Tab. 3.2). The far-red light adapted
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forms of XccBphP and XccBphPAPAS9 are most similar to the Pr-form of PaBphP, in showing
no absorption at 750 nm (Fig. 3.18G, H; Tab. 3.1). However, the Pr Amax Of the X. campestris
phytochrome is shifted to a shorter wavelength (686 nm) in comparison to PaBphP (Tab. 3.2).
Based on the spectra of the respective pure forms of Pr and Pfr, the Pr/Pfr-fractions were
determined spectroscopically for each phytochrome (cf. chapter 2.6.11; Tab. S2). Contrary to
the pronounced Pr-forms, illumination with red and blue light consistently results in a mixture
of Pr/Pfr-forms (Tab. 3.1). Observed differences in Pr/Pfr-fractions among various
phytochromes exposed to identical illumination conditions can be attributed to changes specific
to each phytochrome. The involved parameters are the Amax Of Pr and Pfr in the Soret- and Q-
band regions, their corresponding extinction coefficients and photoisomerization quantum
yields as well as rates of dark reversion. Only incubation in darkness led to the highest level of
Pfr-form in all bathy phytochromes, thus distinguishing them from prototypical BphPs that
exhibit the highest Pfr-form quantity under red light exposure. However, XccBphP and
AvBphP2, along with its protein variant AvBphP2_D793A, accumulates hardly any pure Pfr-
state (Fig. 3.18E-G). This is in slight contrast to the AvBphP2 published spectra, which show a
higher accumulation of the Pfr-form when incubated in the dark (Rottwinkel et al., 2010).
Despite this unconventional spectroscopic behavior, the maximum Pfr-fraction measured was
set at 100 % Pfr for the calculation (cf. chapter 3.13, PstBphP1). The XccBphP truncated
version lacking the PAS9 output domain behaves like a typical bathy phytochrome and keeps
a steady state in the homogeneous Pfr-form (Fig. 3.18H). In the wildtype variant of XccBphP,
the PAS9 domain seems to interfere with chromophore binding and the thermodynamics of
dark reversion (Otero et al., 2016). The difference spectra (Fig. 3.18, gray dashed lines) show
the disparities between the far-red light irradiated and red-light irradiated forms and summarize
the previously mentioned findings. The shifts of the Pr and Pfr Amax values (Tab. 3.2) are also
clearly visible in the difference spectra. In summary, all five phytochromes and their variants
exhibit the development of a Pr-form after exposure to far-red light, a Pfr-(enriched) form after
incubation in the dark and mix forms with different Pr/Pfr-fractions in response to blue or red
light.
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Fig. 3.18: Spectral absorption properties of heterologously produced bathy phytochromes from
P. aeruginosa, R. tataouinensis, A. tumefaciens, A. vitis and X. campestris under different light conditions.

Absorption spectra (mathematically smoothed with Origin, Version 2022. OriginLab Corporation, Northampton,
MA, USA. “Loess, Use Proportion for Span, Span 0.1”) of PaBphP (A), RtBphP2 (B), AtBphP2 (C),
AtBphP2_D783N (D), AvBphP2 (E), AvBphP2_D793A (F), XccBphP (G) and XccBphPAPAS9 (H) after
illumination with far-red light (791 nm, 5 min, dark red lines), with blue light (426 nm, 5 min [C-H], 10 min [A,
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B], blue lines), with red light (667 nm, 5 min [B-H], 10 min [A], red lines) and after dark reversion (24 h [A, E,
F], 1 h [B-D], 96 h [G-H], black lines). The extent of conversion cannot be improved by longer exposure times.
The data always originate from single sets of measurements (except for AvBphP2_D793A dark, black line).
BV IXa was added in excess after cell lysis prior to purification (except for RtBphP2, coexpression with HO
hmuO). Manually calculated difference spectra (far-red irradiated minus dark incubated form; mathematically
smoothed) were integrated into the graphs (gray dashed lines).

Tab. 3.1: Pr/Pfr-fractions of recombinant purified bacterial phytochromes from P. aeruginosa,
R. tatouinensis, A. tumefaciens, A. vitis, X. campestris, P. syringae and various variants of the proteins under
dark, red light, blue light, or far-red light conditions. The dashed line separates the bathy (top) and the
prototypical (bottom) BphPs. A calculation error of £ 5 % (for AtBphP2 and the variant + 8 %) applies.

+5/8 % Pfr (%) Pr (%) Pfr(%) Pr(%) Pfr(%) Pr(%) Pfr(%) Pr (%)
dark red light blue light far-red light
(667 nm) (426 nm) (791 nm)

PaBphP 100 0 50 50 33 67 0 100
PaBphP_D194H* 12 88 11 89 n.d. n.d. 2 98
PaBphP_S261A* 96 4 94 6 n.d. n.d. 93 7
RtBphP2 100 0 53 47 83 17 2 98
AtBphP2 100 0 66 34 81 19 4 96
AtBphP2_D783N 97 3 57 43 72 28 0 100
AvBphP2 97 3 81 19 56 44 1 99
AvBphP2_D793A 92 8 78 22 60 40 0 100
XccBphP 72 28 56 44 13 87 0 100
XccBphPAPAS9 96 4 57 43 16 84 0 100
AtBphP1 0 100 98 2 69 31 1 99
PstBphP1 16 84 92 8 47 53 27 73

*irradition with interference filters (red 690+10 nm, far-red 75045 nm); n.d. = not determined
Aa=0%*0.01+(1-a) * 0.05 or Ao =a * 0.01 + (1-a) * 0.08 for AtBphP2 and AtBphP2_D783N

Tab. 3.2: Summary of the maximum absorption wavelength of the respective Pr- as well as Pfr-forms (Soret
and Q bands) and the approximate time points when half of the molecules of a bathy phytochrome
population (= DR ti) of P. aeruginosa, R. tataouinensis, A. tumefaciens, A. vitis, X. campestris and various
variants of the proteins are in their inactive Pfr-form or half of the molecules of a prototypical phytochrome
population (= DR t12) of A. tumefaciens and P. syringae are in their inactive Pr-form. The dashed line
separates the bathy (top) and the prototypical (bottom) BphPs.

Phytochrome Pfr Amax (Soret / Q band) Pr Amax (Soret / Q band) DR ti2
PaBphP 410/ 752 nm 398 /702 nm 15 min
PaBphP_D194H 394 /699 nm 394 /699 nm n.d.
PaBphP_S261A 400/ 750 nm 400/ 749 nm n.d.
RtBphP2 405 / 757 nm 390 / 684 nm 1-2 min
AtBphP2 407 / 753 nm 394 /702 nm <5s
AtBphP2_D783N 413 /756 nm 394 /701 nm <5s
AvBphP2 395 /748 nm 388 /698 nm 5 min
AvBphP_D793A 388/ 751 nm 387 /698 nm n.d.
XceBphP 407 / 754 nm 392 /686 nm 3-4 h*
XccBphPAPAS9 414/ 754 nm 392 /686 nm 50 min
AtBphP1 406 / 748 nm 394 /702 nm 20-30 min
PstBphP1 396 nm/ n.d. 394 /700 nm 5 min**

*XccBphP reached a maximum of 78 % Pfr; **PstBphP1 reached a maximum of 84 % Pr; n.d. = not determined
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3.15 The autokinase activity of bathy and prototypical BphPs differs — but
still shares similarities

All bathy phytochromes examined in this study share the formation of a well-defined Pr-form
in response to far-red light and accumulation of a pure Pfr- or Pfr-enriched form in the absence
of light. To assess whether the correlation between the absorbing form and autokinase activity
in PaBphP remains consistent among bathy phytochromes, the autophosphorylation activity of
AtBphP2_D783N, AvBphP2_D793A and RtBphP2 was evaluated (Fig. 3.19). All of them show
a consistent decrease in autokinase activity when light is absent. Although these proteins display
comparable autophosphorylation signals under far-red, blue, and red light, their calculated
Pr/Pfr-fractions differ. Therefore, establishing a direct correlation between autokinase and Pr-
fraction is not as straightforward as for PaBphP (cf. Fig. 3.4E). However, it is proposed that the
level of active kinase in a particular phytochrome can be determined from the spectrally derived
Pr/Pfr-fraction, given that the Pr-form alone has autokinase activity (Tab. 3.1).

Moreover, the autokinase activity of the protein variants lacking their phosphor-accepting
aspartate (AtBphP2_D783N, AvBphP2_D793A) was compared to that of their respective wild
type versions. AtBphP2 does not undergo autophosphorylation (Fig. 3.20A), consistent with the
findings of Xue et al., 2019 (cf. chapter 3.11). In comparison to AtBphP2, the impact of the
amino acid exchange in AvBphP2 is less evident. AvBphP2 exhibits a clear signal under far-red
light conditions, a weaker one when exposed to blue light and almost no signal in red light or
darkness (Fig. 3.20B). These data are consistent with the measured UV/Vis spectra (Fig. 3.18E)
and Pr/Pfr-fractions calculation (Tab. 3.1). Nevertheless, it is worth noting that the signal
observed is most likely the result of transphosphorylation rather than pure autokinase activity.
Since the phosphor-accepting amino acid residue in the response regulator domain is not
substituted, a rapid transfer of the phosphoryl group from the His residue in the HKD to the
Asp residue in the RR domain is facilitated.

All of the prototypical phytochromes analyzed in this study exhibit a distinct Pr-form under far-
red light conditions and accumulate a pure Pfr- or Pfr-enriched form in response to red light.
To gain further understanding into phytochrome activity in general, the prototypical
phytochromes AtBphP1 and PstBphP1 were assessed for their autokinase activity. For AtBphP1
it was not possible to identify a protein conformation (Pr or Pfr) lacking autokinase activity
(Fig. 3.21A). In the absence of light, the signal on the radiogram was strongest. However, clear
signals were also detected under far-red, blue and red light conditions, albeit with lower
intensity. Despite the unusual absorption spectra, clearer results for the kinase activity of
PstBphP1 can be identified (Fig. 3.21B). PstBphPl materialize different levels of
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phosphorylation depending on the incoming light and the resulting protein conformation. The
protein exhibits the highest level of phosphorylation in the Pfr-enriched form when exposed to
red light. Although weaker phosphorylation signals were detected under blue light conditions,
the phytochrome remains partially active. The Pr-form, as the dark-adapted state and existing
in far-red light, does not undergo autophosphorylation, thus being inactive.
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Fig. 3.19: Autokinase activity of heterologously produced PaBphP, AtBphP2_D783N, AvBphP2_D793A and
RtBphP2 under different light conditions.

Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v), right) after in vitro
radiolabeling of PaBphP (A), AtBphP2_D783N (B), AvBphP2_D793A (C) and RtBphP2 (D) with [y-*?P]-ATP
under far-red (791 nm), blue (426 nm) and red (667 nm) light as well as dark conditions. The autophosphorylation
reaction was terminated after 5 min and samples were separated by gel electrophoresis. Proteins were pre-
irradiated with the respective light for 5 min or incubated dark overnight before adding the radiolabeled ATP.
PaBphP has a relative molecular weight of approximately 83 kDa, AtBphP2_D783N and AvBphP2_D793A of
95 kDa and RtBphP2 of 83 kDa (marker: Color Prestained Protein Standard, Broad Range, NEB).
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Fig. 3.20: Autokinase activity of heterologously produced AtBphP2, AtBphP2_D783N, AvBphP2 and
AvBphP2_D793A under different light conditions.

Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v), right) after in vitro
radiolabeling of AtBphP2 and AtBphP2_D783N (A) as well as AvBphP2 and AvBphP2_D793A (B) with [y-3P]-
ATP under far-red (791 nm), blue (426 nm) and red (667 nm) light as well as dark conditions. The
autophosphorylation reaction was terminated after 5 min and samples were separated by gel electrophoresis.
Proteins were pre-irradiated with the respective light for 5 min or incubated dark overnight before adding the
radiolabeled ATP. The proteins have a relative molecular weight of approximately 95 kDa (marker: Color
Prestained Protein Standard, Broad Range, NEB).
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Fig. 3.21: Autokinase activity of heterologously produced AtBphP1 and PstBphP1 under different light
conditions.

Autoradiogram (left) and corresponding Coomassie-stained SDS-PAGE gel (10 % (w/v), right) after in vitro
radiolabeling of AtBphP1 (A) and PstBphP1 (B) with [y-32P]-ATP under far-red (791 nm), blue (426 nm) and red
(667 nm) light as well as dark conditions. The autophosphorylation reaction was terminated after 5 min (A) or
10 min (B) and samples were separated by gel electrophoresis. Proteins were pre-irradiated with the respective
light for 5 min or incubated dark overnight before adding the radiolabeled ATP. AtBphP1 has a relative molecular
weight of approximately 85 kDa and PstBphP1 of 83 kDa (marker: Color Prestained Protein Standard, Broad
Range, NEB).
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3.16 Dark reversion rates of various bathy and prototypical BphPs differ

In addition to light-induced photoconversion, phytochromes also undergo a light-independent
dark reversion process (Taylor, 1968). This process affects the level of physiologically active
or inactive phytochromes within the bacterial cell and results in the accumulation of the Pfr-
form in bathy phytochromes and the Pr-form in prototypical phytochromes. To compare the
DR rates of different phytochromes, pure Pr-forms were generated by irradiating all bathy
BphPs with far-red light and pure Pfr-forms were generated by exposing all prototypical BphP
to red light. Absorption spectroscopy was used to track the subsequent dark adaptation for 24 h
(PaBphP, AtBphP2, AtBphP2_D793N, AvBphP2, RtBphP2, AtBphP1, PstBphP1) or for 96 h
(XccBphP and XccBphPAPAS?9). The Pr/Pfr-fractions were calculated for every time point (Fig.
3.22). AtBphP2 (turquoise line) and the corresponding AtBphP2_D793N variant (orange line)
exhibits the fastest DR with a half-life of less than 5 s, supporting the findings of Piatkevich et
al., 2013. This proves that the altered amino acid residue has no impact on DR processing (Tab.
3.2). Moreover, the Pr-states of RtBphP2 (green line) and AvBphP2 (pink line) are also highly
unstable and promptly adopt the Pfr-form in the absence of light, achieving 50 % Pfr in about
1-2 min or 5 min, respectively. In comparison, the relaxation rate of PaBphP (black line), with
DR t12 of approximately 15 min, is slower than that of the other phytochromes. The DR rate of
XceBphP (burgundy line) and its truncated version XccBphPAPAS9 (gray line) is very slow,
albeit the formation of the Pfr-state is accelerated for the truncated version. According to Otero
et al., 2016, the PAS9 output domain modulates the chromophore during its dark adaptation
kinetics. XccBphPAPAS9 has a ground state formation half-life of approximately 50 min,
whereas the DR process of XccBphP requires 3-4 h to reach 50 % Pfr and attains a maximum
of 78 % after 96 h dark incubation. The DR dynamics of the prototypical PstBphP1 (purple
line) closely resembles those of AvBphP2, with DR ti, of about 5 min. However, it can only
achieve a maximum of 84 % Pfr. The second phytochrome in A. tumefaciens, the prototypical
AtBphP1 (light blue line), displays a slower DR rate compared to its bathy BphP counterpart.

Its half-life is around 20-30 min, which is slower than the most phytochromes from both types.
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Fig. 3.22: Kinetics of dark reversion of different bathy and prototypical phytochromes.

(A) Sufficient far-red irradiation to allow formation of Pr-form preceded the incubation in darkness. Pr-to-Pfr
conversion was monitored for a period of 24 h (AtBphP2, turquoise line; AtBphP2_D793N, orange line; RtBphP2,
green line; AvBphP2, pink line; PaBphP, black line) or 96 h (XccBphP, burgundy line; XccBphPAPAS9, gray

line) and the kinetics were plotted in a line chart.

(B) Sufficient red irradiation in sufficient time to allow formation of Pfr-form preceded the incubation in darkness.
Pfr-to-Pr conversion was monitored for a period of 24 h (PstBphP1, purple line; AtBphP1, light blue line) and the

kinetics were plotted in a line chart.

Insets: dark reversion up to 60 min; calculated half-life times (50 % BphPs in Pfr- or Pr-form) in Tab. 3.2
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4 Discussion

Part 1 — Understanding the function of the phytochrome in the
heterotrophic bacterium Pseudomonas aeruginosa

Light plays a multifaceted and crucial role for countless living organisms across all kingdoms.
Heterotrophic bacteria, such as P. aeruginosa, do not require light as a source of energy, but
rather prioritize estimating the wavelength of incoming light and converting it into cellular
signals (Kottke et al., 2018). Genome analysis has identified the bacterial phytochrome PaBphP
as the only light receptor currently found in the human opportunistic pathogen P. aeruginosa.
Since the function of the far-red/red light sensor in this nosocomial bacterium remains largely
unknown, the present study aims to clarify its physiological role. Therefore, the results need to
be placed into the complex network of biofilm formation, virulence factor secretion, and
motility. Consistent with the mechanism of most other bacterial phytochromes, PaBphP acts as
a light-triggered histidine kinase within a TCS (Bhoo et al., 2001). This study offers insights
into the biochemical and spectroscopic behavior, as well as into the autokinase activity of
PaBphP, along with its recently identified RR PaAlgB (Mukherjee et al., 2019).

4.1 The bacterial phytochrome PaBphP — An unorthodox far-red/red light
sensor or the reevaluation of a traditional pattern?

Conducting research on P. aeruginosa is of immense importance due to its high clinical
relevance as a human pathogen (Botelho et al., 2019; Diggle and Whiteley, 2020). Furthermore,
this pathogenic organism is one of the first heterotrophic bacteria that has been identified to
possess a phytochrome (Bhoo et al., 2001; Davis et al., 1999). As previously hinted, the present
study reinforces the conception that PaBphP functions as a light sensor, exhibiting light-
dependent kinase activity. However, the earlier work has not demonstrated a significant
difference in autokinase activity between far-red and red light conditions (Tasler et al., 2005).
Later, it was discovered that at least under dark conditions the autophosphorylation activity of
the bathy PaBphP is remarkably decreased (Mukherjee et al., 2019; Yang et al., 2011).
Additionally, only insufficient research has been hitherto conducted on the autokinase activity
of bathy BphPs, and, thus, no protein conformation has been conclusively identified as inactive.
In contrast, many prototypical phytochromes have a well-defined active or inactive state based
on the exposure to far-red or red light, respectively (Giraud et al., 2005; Multamaki et al., 2021,
Scheerer et al., 2010; Xue et al., 2019). To identify the triggers of autokinase activity in bathy
BphPs, it is imperative to analyze the spectral behavior of PaBphP thoroughly. Employing UV-
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Vis spectroscopy, it becomes evident that the P. aeruginosa phytochrome behaves atypically.
While most prototypical phytochromes behave consistently to the classical taxonomy,
displaying a Pr-form (Amax 700 nm) under far-red light and a Pfr-form (Amax 750 nm) under red
light conditions, this pattern is not observed for PaBphP (Fig. 4.1) (Bhoo et al., 2001; Scheerer
et al., 2010; Tasler et al., 2005). Although this bathy BphP also exhibits a distinct Pr-form in
response to far-red light, exposure to red light, regardless of the intensity or quality, exclusively
produces a Pfr-enriched form with equal fractions of Pr and Pfr. Finally, a pure Pfr-form can

only be achieved under complete dark conditions.

bathy phytochrome prototypical phytochrome

A B

PaBphP AtBphP1

relative absorbance
relative absorbance

600 700 800 600 700 800

wavelength (nm) wavelength (nm)

Fig. 4.1: Comparative overview of spectral behavior of the bathy phytochrome PaBphP and AtBphP1,
representative of most prototypical phytochromes.

(A) Bathy PaBphP under far-red light (dark red line), red light (red line) and dark conditions (black dashed line)
in its Pr-, Pfr-enriched and pure Pfr-form, respectively.

(B) Prototypical AtBphP1 under far-red light (dark red line) and red light (red line) conditions, in its pure Pr- and
Pfr-form, respectively.

This study provides proof of a direct correlation between PaBphP Pr-form, dominating under
far-red light, and the highest level of kinase activity. Contrary to Mukherjee’s results, which
indicate constant activity under all light conditions, this work reveals a variation in the
autophosphorylation levels. With decreasing Pr-fractions of PaBphP exposed to blue or red
light, the level of kinase activity decreases equally. Only darkness leads to the pure Pfr-form,
interrelated with the lowest autokinase activity. The identical autophosphorylation behavior
was demonstrated for locked variants of the phytochrome that are insensitive to external light
exposure. The Pr-locked variant, with a clearly blocked dark reversion, exhibited kinase
activity, whereas the Pfr-locked variant, with inhibited photoconversion, was kinase inactive.
Based on these findings, a model was established which defines PaBphP as a molecular
regulator. Rather than acting as a typical on/off switch, it gives P. aeruginosa the ability to fine-
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tune its cellular response in relation to the incoming light wavelength and the resulting Pr/Pfr-
fractions (Fig. 4.2).

Pf X Pfr < Pr
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Pfr &J dark ,/ red | | blue far-red
| »
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Fig. 4.2: PaBphP acts as a molecular light switch to adjusts its histidine kinase (HK) activity.

The phytochrome PaBphP functions as a switch that regulates the autokinase output in the bacterial cells. It is not
a simple on/off system, but rather adjusts HK activity as Pr-fractions increase (= a decreases) and Pfr-fractions
decrease (= a increases). Far-red light is associated with the highest Pr-fractions, lowest a, and highest HK activity.
Dark conditions are associated with the lowest Pfr-fractions, highest a, and lowest HK activity. Blue and red light
exhibit a mix of Pr/Pfr-fractions and reduced HK activity when compared to far-red light conditions or enhanced
HK activity when compared to dark conditions. In a PaBphP population, exposure to blue light generally yields
higher Pr-fractions than exposure to red light. The a value defines the fraction of Pfr available in a phytochrome
population (a = [P+ ]/([Px]+[P:])).

4.2 The reaction of the far-red/red light sensor PaBphP to blue light — A
special feature or biophysically explainable?

What seems peculiar at first can be comprehensively elucidated with the absorption bands of
the phytochrome chromophores (Fig. 4.3). In addition to the typical Q band defining Pr
(Amax700 nm) and Pfr (Amax750 nm), phytochromes exhibit a protein band and a Soret band
(Eilfeld and Rudiger, 1985; Gouterman, 1961). The Soret band characterizes molecules with a
conjugated m-system, such as the phytochrome chromophores, being tetrapyrrole molecules.
Due to the position of this Soret band at around 400 nm, blue light is able to stimulate PaBphP,
thereby triggering a spectroscopic response and causing a modification in the Pr/Pfr fractions.
Thus, blue light is also implicated in regulating the autokinase output (Fig. 4.2). This principle
also applies to other (bacterial) phytochromes. Therefore, spectral, and phenotypical behavior
of various bacteria under blue light is occasionally reviewed in the literature (Hatfield et al.,
2023; Mukherjee et al., 2019; Wu et al., 2013).
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Fig. 4.3: Three prominent absorption bands of phytochromes shown by the example of PaBphP.

Three distinct bands are visible in the conformations of PaBphP under far-red (dark red line), blue (blue line), red
(red line) light and dark conditions. The absorption of aromatic amino acids results in the protein band (~ 280 nm).
The Soret band (~ 400 nm) and the Q band (~ 700 nm) are characteristic of tetrapyrroles. Compared to the Pr-
form, the Pfr-form is red-shifted in the Soret and Q band (~ 50 nm).

4.3 The phytochrome has the ability to form a photoconvertible holo-
protein with different BV isomers — PaBphP a promiscuous light receptor?
P. aeruginosa was the first organism discovered to possess the genetic information for two
active HOs, each able of cleaving heme with different regiospecificity yielding different BV
isomers. Although both HOs are responsible for the oxidation of heme, they have distinct
functions within the opportunistic pathogen. First discovered was HemO (synonym PigA), a
HO that produces the unusual BV isomers BV IX and BVIX3 (Ratliff et al., 2001; Wegele et
al., 2004). Since pathogenic organisms require iron to successfully infect host cells and the
bioavailability in the environment is exceedingly limited, they develop several effective iron
scavenging strategies (Josts et al., 2019; Vasil and Ochsner, 1999). Therefore, the gene for
HemO is expressed under iron-limiting conditions for mining the heme-iron by targeting the -
and 6-meso carbons of heme (Ratliff et al., 2001). Compared to a-hydroxylating HOs found in
other pathogenic organisms with the major function of extracting the heme-iron, the p/3-target
site of HemO is atypical (Ratliff et al., 2001; Rivera and Zeng, 2005; Wegele et al., 2004). The
production of BV IXa in P.aeruginosa is primarily assigned to its second HO BphO,
commonly known as the “classical” pathway (Tasler et al., 2005; Wegele et al., 2004). The
specific biological reason for the BV IXB/6 production is not completely clear. It is possible
that BV IXp and/or BV IX$ transcriptionally or post-transcriptionally regulates the hemophore

HasA because its extracellular level is decreased when both BV isomers are absent. HasA is
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usually secreted by P. aeruginosa to scavenge heme from their host and bring it back to the
bacteria (Mourifio et al., 2016). An additional hypothesis posits for a functional separation in
heme oxidation pathways: the production of HemO is increased to regulate iron homeostasis
whereas BphO is produced in the early stationary phase to provide the chromophore for PaBphP
(Barkovits et al., 2008; Ratliff et al., 2001; Tasler et al., 2005; Wegele et al., 2004).
Nevertheless, in addition to BV IXa, at least one of the HemO products (BV 1X9) is a possible
chromophore for PaBphP, allowing the formation of a photoconvertible holo-phytochrome (cf.
Fig. 3.1) (Tasler et al., 2005; Wegele et al., 2004). In agreement with existing literature (Wegele
et al., 2004), the data of this study demonstrate that the affinity of BV 1Xd to PaBphP is lower
than the one of the natural chromophore, resulting in a holo-phytochrome complex of
PaBphP:BVIX5 only one-fifth of the PaBphP:BV IXo complex. Covalent binding to the
conserved cysteine residue located in the PAS domain necessitates a C 3 vinyl side chain on
the bilin A-ring (Karniol et al., 2005; Lamparter et al., 2003). Since BV X5 possess this same
A-ring side chain as the natural chromophore BV 1Xa, formation of a photoconvertible holo-
phytochrome is possible. The incubation with BV IX3 leads to the formation of a covalent bond,
proved by zinc-induced red fluorescence. Additionally, BV Xllla has the same side chain,
enabling to form a covalent bond with Cys 12 of PaBphP. BV llla, 3,3’DHBYV, as well as meso
BV share a similar A-ring with BV IXa (cf. Fig. S5), allowing the insertion into the binding
pocket without a covalent bond (similar as BV IXa to PaBphP_C12A). All these in vitro
formed photoconvertible holo-PaBphPs exhibit blue- or red-shifted Pr and Pfr Amax (Tasler et
al., 2005). Most of these BV isomers do not occur naturally or in P. aeruginosa, indicating that
their in vitro-binding is without any biological function. It is possible that the covalent bond
between BV IXd and Cys 12 is solely due to its chemical similarity to BV 1Xa and has no

biological role.

4.4 The BphP/AlgB/KinB regulation system of P. aeruginosa — Part of a
complex network?

— The prolonged quest for the response reqgulator of the kinase PaBphP —

The phytochrome PaBphP was long believed to be an orphan histidine kinase since the identity
of the corresponding RR was unknown. The genomes of Deinococcus radiodurans,
Pseudomonas putida, and Rhizobium leguminosarum comprise a tricistronic phytochrome
operon (Bhoo et al., 2001), whereas only the bicistronic form is found in P. aeruginosa
(Barkovits et al., 2008). Consequently, the gene for the associated RR (bphR) is not placed with
the gene for the HO (bphO) and the gene for the apo-phytochrome (bphP), resulting in
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difficulties trying to identify BphR in the opportunistic pathogen. Furthermore, the significant
number of genes encoding elements of one- or two-component regulatory systems in
P. aeruginosa hindered the elucidation of the RR. About 20 years ago, around 60-70 RRs were
identified in the genome of these Gammaproteobacteria (Gooderham and Hancock, 2009;
Rodrigue et al., 2000; Stover et al., 2000). However, almost 10 years ago, the number of
putative RR had already exceeded 100 (Heine, 2014). Meanwhile, the Pseudomonas database
(pseudomonas.com), which is constantly updated, lists more than 180 described and postulated
“signal transduction response regulator (receiver domain)”. Despite these challenges, PaAlgB
was identified as the RR of PaBphP around four years ago (Mukherjee et al., 2019). PaAlgB
itself has been extensively studied for years, particularly in relation to PaKinB. Over two
decades ago, kinB was identified downstream of algB in P. aeruginosa and proven to encode
the corresponding histidine kinase phosphorylating the RR PaAlgB (Ma et al., 1997). Almost
13 years later, it was demonstrated that PaKinB is critical for numerous virulence-associated
phenotypes, including quorum sensing, biofilm formation, and motility. However, this
regulation was found to be unrelated to the kinase activity of PaKinB and the resulting
phosphorylation state of PaAlgB, suggesting that their coupled activity does not match the one
of a conventional TCS model (Chand et al., 2011). Mukherjee and colleagues hypothesized that
activation of PaAlgB requires phosphorylation by an unknown kinase. In their experimental
approach, the kinB knockout mutant exhibited a smooth colony biofilm phenotype, which
would revert upon defects in the upstream element, necessary for PaBphP phosphorylation.
These spontaneously arising suppressor mutants were isolated and whole genome sequencing
revealed deletions or mutations in the algB as well as in the bphP gene. After further
verification, PaBphP was finally confirmed as the phosphorylating kinase and PaKinB as the

antagonistic phosphatase (Mukherjee et al., 2019).

— Long believed as a kinase: the special phosphatase PaKinB —

Whether proteins containing a histidine kinase domain function as a kinase or phosphatase can
typically be determined by analyzing their H-box. The region surrounding the phosphor-
accepting histidine residue (PaBphP, H513; PaKinB, H385) is critical for the identification. An
aspartate (D) or a glutamate (E) residue in the H+1 position is considered crucial for histidine
kinases (Casino et al., 2014; Multamaéki et al., 2021; Willett and Kirby, 2012). For phosphatase
activity it is deemed important to have a threonine (T) or an asparagine (N) residue in the H+4
position (Willett and Kirby, 2012). The presence of D514 at the H+1 site of PaBphP confirms

its function as a kinase. Similarly, the presence of E386 at the H+1 position in PaKinB also
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indicates its kinase activity, as proven 25 years ago (Ma et al., 1997). PaKinB has the ability to
phosphorylate itself and even transfer the phosphoryl group to the RR PaAlgB. However,
during in vitro experiments this transphosphorylation is of short duration and, after
approximately 5 min, the phosphatase activity of PaKinB takes over, causing
dephosphorylation of PaAlgB. Furthermore, no autophosphatase activity was observed for
PaKinB (Chand et al., 2012). The presence of T389 in the H+4 position confirms that PaKinB
acts as a phosphatase, as described in current literature (Mukherjee et al., 2019) and
demonstrated in course of this study. PaBphP possesses an asparagine residue located at the
H+4 position (N517), indicating potential phosphatase activity. However, no supporting
evidence has been found yet. Additionally, this hypothesis was not verified in preliminary

experiments conducted in this work (data not shown).

— The phytochrome PaBphP is part of a truly complex requlation system —

The confirmed PaBphP/PaAlgB/PaKinB network and the results of the phenotypical assays
are summarized in a light-dependent regulation model (Fig. 4.4). Phenotypic experiments under
ambient light conditions demonstrate decreased PYO secretion and swimming motility for the
bphp overexpression strain and the kinB knockout mutant, when compared to PA14. It is
assumed that these two strains behave similarly to PA14 under far-red light conditions or other
light conditions, generating high Pr-fractions in the phytochrome population. In such instances,
the kinase PaBphP and its corresponding RR PaAlgB are phosphorylated, causing changes in
cellular responses. Conversely, the bphP deletion mutant and the strain overproducing the
inactive PaBphP variant (H513A) exhibit increased PYO secretion and swimming motility,
when compared to PA14. It can be inferred that these two strains demonstrate behavior similar
to PA14 under light exclusion with the phytochrome population in Pfr. Under these conditions,
the kinase and its RR are in their unphosphorylated state. The signal and the precise
involvement of the phosphatase PaKinB in ongoing processes remains unclear at this time.
Since previous research conducted by our group has focused on biofilm regulation related to
PaBphP and the existing literature has also established a correlation, biofilm formation will be
discussed below and integrated into the regulation models. Quorum sensing (QS) activates the
expression of algB, while photosensing activates its function. The model currently disregards
the QS input through RhIR since the presence or absence of light can potentially override the
effect (Mukherjee et al., 2019).

Moreover, the BphP/AlgB/KinB system is highly conserved in the Pseudomonas genus. The
algB/kinB bicistronic operon, with AlgB as the cognate RR of BphP, is conserved across all
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sequenced species (P. aeruginosa, P. fluorescens, P. protegens, P. stutzeri, P. entomophila,
P. syringae, P. putida). The phytochrome gene bphP, is the direct downstream genetic neighbor
of bphO in the genomes of P. aeruginosa, P. fluorescens, P. syringae and P. protegens. In
P. stutzeri, P. entomophila, and P. putida the gene for the HO (bphO) is separated by two or
more genes from bphP. Notably, P. syringae and P. putida possess two phytochromes (bphP1,
bphP2). None of the Pseudomonas genomes include a tricistronic operon with the gene for the
RR (bphR) (pseudomonas.com; Mukherjee et al., 2019).

Light ?
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Far-red
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Fig. 4.4: PaBphP is the histidine kinase required for activation of PaAlgB, and the phosphatase PaKinB is
able to dephosphorylate the response regulator.

The sensor histidine kinase PaBphP is in its inactive Pfr-form and is not phosphorylated in the absence of light.
Under (far-red) light conditions the chromophore BV IXo undergoes a conformational change that alters the
protein interactions. Consequently, PaBphP converts into its active Pr-form and autophosphorylates on the
conserved histidine residue 513 on the HKD. This enables the transfer of the phosphoryl group to the receiver
domain of the corresponding RR PaAlgB. The consequence of this phosphotransfer is the activation of PaAlgB,
which acts as a transcriptional regulator. PaAlgB indirectly triggers the expression of inhibitors of the signaling
pathway for the pyocyanin operon, swimming motility and biofilm formation. PaKinB, the membrane-bound
phosphatase, is also a crucial player in the TCS as the antagonist of the kinase PaBphP. The phosphatase is able
to dephosphorylate and inactivate the RR PaAlgB by a so far unknown signal and exert influence on phenotypic
behavior. The model only includes far-red and dark conditions for simplicity. Proportional regulation occurs for
all other light conditions, according to the Pr/Pfr-fractions based on the “molecular switch” presented in Fig. 4.2.
“Biofilm formation” is shown in light gray and italicized, as it was not a direct focus of this study. (Created with
BioRender.com)

The signaling pathway beyond PaAlgB activation remains intricate and requires further

elucidation. The results of this work and existing literature have aided in establishing a detailed
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PaBphP-dependent regulation scheme (Fig. 4.5). Mainly, research indicates that the “Alg-
system” of P. aeruginosa has a significant impact on the regulation of the PYO biosynthesis,
the swimming motility, and the biofilm formation. Light-dependent phosphorylation of PaAlgB
via PaBphP promotes activation of the protease AlgW (Borges et al., 2020; Chand et al., 2012).
MucA is an anti-sigma factor, which normally binds and inhibits the sigma factor AlgU (also
known as AlgT). The activated protease AlgW degrades MucA, triggering the release of AlgU
(Damron et al., 2009; Intile et al., 2014; Vakulskas et al., 2015; Wu et al., 2004). Free AlgU
can positively regulate its own expression and increases the expression of algD, encoding a key
regulator of alginate biosynthesis and resulting in an overproduction of this polysaccharide
(Cross and Goldberg, 2019; Damron et al., 2009; Kimbara and Chakrabarty, 1989; Martin et
al., 1993; Wozniak and Ohman, 1991). However, increased amounts of alginate do not
necessarily indicate enhancements in biofilm formation but might rather impact colony
structure and architecture (Boyd and Chakrabarty, 1995; Franklin et al., 2011). This is also
explaining the smooth mucous colonies lacking wrinkles observed in the kinB deletion mutant
strain, wherein PaAlgB is phosphorylated (Mukherjee et al., 2019). In addition, released AlgU
positively regulates the expression of algR and amrZ. Both encoded proteins are transcriptional
regulators that additionally activate the alg operon and algD expression, enhancing the alginate
overproduction (Borges et al., 2020; Cross and Goldberg, 2019; Damron et al., 2009). There
are also reports that PaAlgB directly influences the expression of algD, thereby amplifying the
alginate effect again (Hershberger et al., 1995; Leech et al., 2008). AlgR is part of a classic
TCS as a RR and has demonstrated the capability to regulate some genes independent of its
activation by the kinase (Deretic et al., 1992; Yu et al., 1997). One of these independent
regulations involves the binding of the rsmA promoter, resulting in overexpression of the gene.
The abundance of RsmA cause partially released proteins that do not bind to the non-coding
SRNAs rsmY/Z, leading to inhibition of biofilm formation (Franklin et al., 2011; Intile et al.,
2014; Irie et al., 2010; Stacey and Pritchett, 2016). The post-transcriptional regulator RsmA is
additionally regulated by the GacS/GacA TCS. When the kinase GacS undergoes
autophosphorylation, it leads to the transphosphorylation of the RR GacA. Activated GacA
triggers the expression of rsmY/Z, which consequently binds to RsmA, promoting biofilm
formation (Vakulskas et al., 2015). Furthermore, free RsmA has the ability to inhibit Vfr
(virulence factor regulator), thus inhibiting the fleQ gene, encoding the flagellar master
regulator FleQ that downregulates their biosynthesis (Dasgupta et al., 2002; Tart et al., 2006;
Tart et al., 2005). As the swimming motility of the bacteria is based on flagellar movement, it
is diminished in strains with phosphorylated PaAlgB. However, AlgR can also directly inhibit
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Vir (Jones et al., 2014; Vakulskas et al., 2015), while the transcriptional regulator AmrZ can
inhibit fleQ expression. This results in a double negative effect on flagella biosynthesis (Jones
et al., 2014; Tart et al., 2006). Finally, the regulation of the PYO synthesis is controlled by the
transcription regulator AlgR, depending on its phosphorylation state. Phosphorylated AlgR
activates the expression of the negative transcriptional regulator czcR. CzcR is capable of
inhibiting the phzA1-G1 operon, necessary for the first step of the PYO synthesis (cf. Fig.
3.12A), resulting in low PYO levels (Little et al., 2018).

Upon closer examination of the various regulatory pathways in P. aeruginosa, it is apparent
that an interrelation has to exist among maturation of biofilms, flagella synthesis and PYO
production and its secretion. It is often necessary to equally up- or downregulate the expression
of the relevant factors to achieve successful infections. For instance, decreased flagella
production may imply reduce biofilm maturation or formation due to their essential role in the
initial adherence to surfaces (Haiko and Westerlund-Wikstrom, 2013; O'Toole and Kolter,
1998; Yamamoto et al., 2012). Contrary, abundantly flagellated bacteria may promote surface
attachment and thus biofilm maturation. In addition, it is beneficial for the organisms to avoid
regulation PYO secretion and biofilm formation in opposite ways (Costa et al., 2017). The blue-
green virulence factor has been demonstrated to be toxic not only to other bacteria, but also to
eukaryotes (Price-Whelan et al., 2007). During P. aeruginosa infections, PYO can harm the
lung cells of cystic fibrosis patients, by reducing oxygen to ROS, thereby promoting biofilm
formation (Costa et al., 2017; Lu et al., 2014). Furthermore, PYO acts as an oxidant to
contribute to redox balancing of bacteria in anoxic biofilm zones, potentially promoting
survival (Jo et al., 2022). PYO production or its secretion assists in regulating the redox status
of the cells across different layers of the multicellular bacterial communities (Friedheim, 1931;
Price-Whelan et al., 2007). By participating in the electron transport chain, PYO can facilitate
the reoxidation of NADH through its own reduction (Jo et al., 2022). Under conditions of
limited resources and nutrients or poor energy balance, there is often an excess of electrons, but
PYO can serve as an electron sink (Okegbe et al., 2017). The generated NAD™ can act as an
electron acceptor to absorb the excess electrons (Dietrich et al., 2013; Price-Whelan et al.,
2007). The reduced PYO can be reoxidized in the oxic zones of the biofilm. In summary, it is
hypothesized that the coordination of biofilm formation, flagella biosynthesis, and PYO
secretion allows bacteria to establish harsh infections and increase the virulence of
P. aeruginosa. Whether this infection strategy is suitable for a light/dark-adapted regulation

will be discussed in “Part 2” in comparison with other phytochromes.
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Fig. 4.5: The regulation of biofilm formation, alginate production, pyocyanin synthesis and flagellar biosynthesis (reflected in swimming motility) in P. aeruginosa is
attained via a complex network involving the light dependent kinase PaBphP and the phosphatase PaKinB acting as antagonistic players.

The preceding paragraph comprehensively describes the detailed regulation steps. The model omits the level of regulation in the individual steps (transcriptional regulation, post-
transcriptional regulation, phosphorylation, protein-protein interaction, protease activity, non-coding sRNAs, ...), unless explicitly stated. For simplicity, the model solely presents
regulatory steps relevant to the subjects of this study. Further intermediary steps containing more precise information are not included.

94



Discussion

Part 2 — Comprehensive systematic analysis of various BphPs
provides new insights into light-triggered signaling processes

“Das Licht Uberliefert das Sichtbare dem Auge, das Auge iiberliefert’s dem ganzen Menschen.
[...]. Die Totalitat des Inneren und AuReren wird durchs Auge vollendet.“ (Goethe,
Farbenlehre). What Johann Wolfgang von Goethe said in his lifetime remains highly relevant
to our current understanding of phytochromes. If we see the phytochromes as the eye of the
cell, the light transduction processes align with Goethe’s concepts: Light transmits the visible
to the eye, completing the combination of the inner and outer world for the individual (Ubers.
d. Verf.). Figuratively, this means that light transmits an environmental signal to the
phytochrome, which then converts it into an intracellular process, ultimately triggering a
cellular response. A comparative analysis was conducted, to verify if the hypothesis that
PaBphP does not act as a typical on/off-far-red/red switch is also valid for other bathy
phytochromes. This is the first study, which examines various BphPs found in Proteobacteria
under identical conditions. It allows to create a global statement about the potential function of
these light receptors. Thus, this work focused on analyzing spectroscopical properties and
autokinase outputs under well-defined circumstances. A direct quantitative correlation of both
was achieved by calculating the Pr/Pfr-fractions of each spectrum by a novel application. The
detailed investigation of the kinase activity offers a substantial contribution, addressing a gap
in the existing literature. Based on the results of phenotypical assays on P. aeruginosa and the
function of other BphPs postulated in the literature, conclusions could be drawn regarding the
general function of bathy phytochromes. The study analyzes not only the two defined pure
states (Pr and Pfr), but also the naturally occurring forms with different Pr/Pfr-fractions and
their significance for the organisms.

4.5 The presence of HWE type histidine kinases - Extending the diversity
within the histidine kinase subfamilies?

While the phytochromes PaBphP, AtBphP1, RtBphP2 and PstBphP1 adhere to the classical
PAS-GAF-PHY-HKD sequence, the composition of the other phytochromes deviates from this
common domain structure (cf. Fig. 1.3). XccBphP lacks an HKD with autokinase activity
entirely, whereas AtBphP2, AvBphP2 and PstBphP2 possess HWE-type kinase domains. Their
classification as a histidine kinase (HK) superfamily, together with HisKA2, is based on unique
sequence motifs in both the catalytic as well as non-catalytic region (Herrou et al., 2017;
Karniol and Vierstra, 2004). The subfamily is named after the conserved HWE motif (cf. Fig.
3.16), which includes a histidine (H) in the N-box and a tryptophan-X-glutamate (WXE) residue
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sequence near the G1-box (Karniol and Vierstra, 2004). In addition, HWE kinase domains are
characterized by the absence of an F-box and the replacement of the first asparagine (N) in the
N-box with a glutamate (E) residue (Herrou et al., 2017; Karniol and Vierstra, 2004). The
function typically fulfilled by the F-box in classical HKs is executed through hydrophobic
residue within the G2-box in HWE kinase domains (Herrou et al., 2017). The fundamental
chemistry necessary for transferring the y-phosphoryl group from ATP to the histidine in the
H-box is undoubtedly comparable between classical HKs and HWE kinases. In typical HKSs,
there is a glutamate or an aspartate (E/D) residue at position H+1 serving as a catalytic base by
deprotonating the histidine. The deprotonation enhances its nucleophilicity, promoting the
attack of the y-phosphoryl group. The first asparagine (N) within the N-box also interacts with
the acidic H+1 residue, amplifying the effect (Casino et al., 2014; Dago et al., 2012; Herrou et
al., 2017). In HWE kinase domains, an arginine (R) is located at position H+1. There is no
indication that this residue is involved in the deprotonation of the histidine in the H-box.
Instead, the glutamate (E) at the H minus 3 position or in the N-box is probably responsible
(Herrou et al., 2017).

Typical HKs are widely distributed among all domains of life, while the majority of HWE
kinases are exclusively present in the family of Rhizobiaceae within the class of
Alphaproteobacteria (Herrou et al., 2017; Karniol and Vierstra, 2004; Rinaldi et al., 2016).
Investigation on the HWE Kkinase superfamily, motivated by the interest in bacterial
photobiology and protein photosensors, has revealed a distinct correlation between these
kinases and bacterial photoreception, involving phytochromes and blue-sensing LOV domains
(Correa et al., 2013; Herrou et al., 2017; Karniol and Vierstra, 2003; Karniol and Vierstra,
2004; Kim et al., 2014; Rinaldi et al., 2016). Classical HKs and HWE kinases are composed of
a DHp and a CA domain (cf. Fig. 1.4) allowing for autophosphorylation (Karniol and Vierstra,
2004). The critical differentiation between the two is predominantly not within the domain itself
but rather in the downstream two-component phosphoryltransfer pathway that they participate
in. The cognate RR of HWE kinases is mainly associated directly with the protein, and typically
does not signal via classical DNA-binding. It consists of a REC domain that either lacks an
output domain or possesses an atypical one. There is evidence indicating that HWE kinases and
their associated RRs act in signaling pathways with numerous sensory kinase inputs. In these
systems, the RRs can modulate gene expression through protein-protein interactions or by
controlling transcription termination regulating proteins (Herrou et al., 2017). Using InterPro
and SMART, the associated RRs of AtBphP2 and AvBphP2 were identified as CheY-like RRs
(IPR011006) or CheY-homologous REC domains (SM000448). Thus, the RRs of these two
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phytochromes seem to perform solely phosphoaccepting REC domain functions. They are
merely intermediate elements, with the phosphoryl group being further transferred to generate
a cellular response (Galperin, 2010). In PstBphP2, there is no RR downstream, but a typical
HKD is located upstream of the HWE kinase domain. The importance of autophosphorylation
in the HKD, the HWE kinase domain, or both domains for subsequent processes remains
unclear (Shah et al., 2016).

In summary, categorizing the HWE kinases as a subfamily of HKs is a logical decision based
on their unique motifs and their associated uncommon RR signaling without DNA-binding.
However, their fundamental mode of autokinase activity does not substantially differ from that

of typical HKs, as demonstrated in the autophosphorylation assays in this work.

4.6 The paradox of bathy and prototypical phytochromes — Do they end up
sharing more similarities or more differences?

— The spectral behavior of bathy and prototypical phytochromes in comparison —

While the spectral behavior of the bathy phytochromes RtBphP2 and XccBphP was largely
similar to that described in the existing literature, differences were observed for AtBphP2 and
AvBphP2. RtBphP2 has only been studied under dark and far-red light conditions so far (De
Luca et al., 2019), with the results of this work in agreement. Under red and blue light
conditions, RtBphP2 exhibits mixed Pr/Pfr-forms like PaBphP, but those of RtBphP2 have a
significant red-shift to Pfr (750 nm). In present results XccBphP showed a distinct Pr-form
under far-red light conditions, a nearly balanced Pr/Pfr-form under red light conditions and a
Pfr-enriched form under dark conditions. A clear Pfr-form could only be generated in a protein
variant lacking the PAS9 output domain (Otero et al., 2016). In the course of this study,
identical observations were made, and, in addition, a mixed form was measured under blue light
conditions, which shifts to Pr (700 nm) identically to the PaBphP spectrum. Otero and
colleagues attribute the lack of a clear Pfr-form in the absence of light to differences in the
quaternary structure. Unlike XccBphP, which is present as a dimer, XccBphPAPAS9 exists as
a monomer, leading to structural disparities that impact the chromophore binding to the
photosensory domain and the thermodynamics of the dark reversion (DR) (Otero et al., 2016).
The bathy phytochrome XooBphP of the related organism X. oryzae exhibits a similar spectral
behavior to XccBphP. However, this BphP is able to produce a distinct Pfr-form, even though
its PAS4 output domain is still attached (Verma et al., 2020). Contrary to prior research, which
asserted that a clear Pr-form is unattainable for the bathy phytochrome AtBphP2 (Karniol and
Vierstra, 2003; Lamparter et al., 2017), the present study proves that a distinct Pr-form can
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actually be achieved under far-red light conditions. The spectra obtained under red light
conditions as well as in darkness are consistent with those in the literature, while under blue
light conditions, a Pfr-shifted mixed form is observed. There are only minimal differences in
the spectral behavior between AtBphP2 and the variant with the substituted phosphoaccepting
aspartate in the REC domain (D783N). Only a Pfr-enriched form was measurable during this
study for the bathy phytochrome AvBphP2 in the absence of light. Nevertheless, there is already
evidence indicating that the protein is capable of forming a distinct Pfr-form (Rottwinkel et al.,
2010). Furthermore, there were no significant differences in the spectral behavior observed
between AvBphP2 and AvBphP2_D793A.

The measured spectra of the prototypical phytochrome AtBphP1 also align with the existing
literature (Karniol and Vierstra, 2003; Scheerer et al., 2010). As previously indicated in chapter
4.1, AtBphP1 exhibits a clear Pr-form under far-red light and dark conditions, a clear Pfr-form
under red light conditions and a mixed form is only observed under blue light conditions. The
same observations hold true for the prototypical phytochrome DrBphP, found in
D. radiodurans. The Pr- and the Pfr-form are strictly distinguishable under far-red and red light
conditions, without any Pr/Pfr-mixed or enriched-forms present (Multaméki et al., 2021). In
contrast, PstBphP1 of P. syringae, which was also investigated in this study, deviates from this
pattern, and exhibits characteristics of an unconventional prototypical phytochrome. According
to the existing literature, it is incapable of producing a Pfr-form under any light condition. Each
spectrum of PstBphP1 displays high Pr-fractions (Hatfield et al., 2023; Shah et al., 2012). With
RpBphP2, the phytochrome of R. palustris, another example is added to the series of
unconventional prototypical phytochromes. It has been observed that RpBphP2 cannot undergo
a pure Pfr-form when exposed to red light (Giraud et al., 2005).

In summary, the spectral behavior pattern of PaBphP is adhered to all examined bathy
phytochromes. None of the bathy BphPs is capable of generating a clear Pfr-form upon
exposure to red light. Only darkness initiates the formation of a pure or a highly enriched Pfr-
form. The location of the Soret band, as explained in chapter 4.2, is responsible for the
variations in the Pr/Pfr-fractions under blue light conditions between the different BphPs. Even
in prototypical phytochromes, the differentiation between the Pr- and Pfr-forms is not always

entirely strict. In certain examples, red light can generate solely a Pfr-enriched form.

— The autokinase output of bathy and prototypical phytochromes in comparison —

The autokinase activity of bathy phytochromes has not been adequately studied thus far. There

are only initial studies investigating the trigger for autophosphorylation of PaBphP and
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AtBphP2. The research on PaBphP solely utilized a locked variant (Yang et al., 2011) or yielded
less clear results than those presented in this work (Mukherjee et al., 2019). Additionally, this
study conclusively disproved previous findings that the Pfr-form of AtBphP2
autophosphorylates significantly stronger than the Pr-form (Karniol and Vierstra, 2003) or as
strong as the Pr-form (Xue et al., 2019). In return, the existing literature provides some more
research on the autokinase activity of prototypical phytochromes (Tab. 4.1). The results
generated in the course of this study on AtBphP1 and PstBphP1 substantiate prior findings
(Bhoo et al., 2001; McGrane and Beattie, 2017; Njimona and Lamparter, 2011; Xue et al.,
2019).

Tab. 4.1: Summary of the active forms (= highest level of autophosphorylation in kinase assay) of bathy and
prototypical phytochromes from various organisms. The BphPs of X. campestris and X. oryzea do not have
an HKD (instead PAS9 or PAS4 output domain). The BphP of D. radiodurans possess an HKD but it has
only phosphatase activity. The phytochrome of the cyanobacterium F. diplosiphon is included in the list
because it bears remarkable similarities to bacterial phytochromes.

Organism BphP Active form Reference
Bathy Phytochromes
Pseudomonas aeruginosa PaBphP Pr This study, 1, 2
Agrobacterium tumefaciens AtBphP2 Pr This study
Allorhizobium vitis AvBphP2 Pr This study
Ramlibacter tataouinensis RtBphP2 Pr This study
Xanthomonas campestris XceBphP no HKD 3
Xanthomonas oryzea XooBphP no HKD 4
Prototypical Phytochromes
Agrobacterium tumefaciens AtBphP1 Pr This study, 5-9
Pseudomonas syringae PstBphP1 Pfr This study, 10, 11
Ramlibacter tataouinensis RtBphP1 Pr 12
Rhodopseudomonas palustris RpBphP2 Pr 13

RpBphP3 Pr 13
Deinococcus radiodurans DrBphP no autokinase 6
Fremyella diplosiphon FdCphB Pr 14

(1) Mukherjee et al., 2019; (2) Yang et al., 2011; (3) Otero et al., 2016; (4) Verma et al., 2020; (5) Karniol and
Vierstra, 2003; (6) Multamaki et al., 2021; (7) Njimona and Lamparter, 2011; (8) Scheerer et al., 2010;
(9) Xue et al., 2019; (10) Bhoo et al., 2001; (11) McGrane and Beattie, 2017; (12) Baker et al., 2016;
(13) Giraud et al., 2005; (14) Quest et al., 2007

The autokinase readout and the Pr-fractions of PaBphP have a strong interrelation, as explained
in chapter 3.3. However, utilizing signal intensities observed in an autoradiogram cannot
provide a reliable quantification of the kinase activity as a whole. To address this issue, a
collaboration with the department of Biophysics (RPTU) allowed the development of a precise

method employed in this study to calculate the Pr/Pfr-fractions in each spectrum of PaBphP,
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AtBphP1/2, AvBphP2, RtBphP, and PstBphPl. The Pr-fractions (for PstBphP1 the Pfr-
fraction), which indicate the active proportion of the phytochrome population, can be correlated
with their autophosphorylation activity using this novel method. Furthermore, it enables the
quantification of His-kinase activity with all naturally occurring intermediate states.

In summary, the autokinase output of all investigated bathy phytochromes aligns with the
pattern of the P. aeruginosa BphP. Each phytochrome exhibited a substantial decline in its
kinase activity when a highly enriched or pure Pfr-form accumulated in the absence of light.
Thus, the Pr-form is the active form of PaBphP, AtBphP2, AvBphP2 and RtBphP2. The Pr-form
of AtBphP1 and the Pfr-form of PstBphP1 could be confirmed as the active ones. Based on
these results, the PaBphP model of the “molecular light switch” (cf. Fig. 4.2) can be accordingly
expanded. Furthermore, the literature advocates for incorporating preliminary data of

prototypical phytochromes in the expanded model (Fig. 4.6).

(bathy BphPs|

Pfr < Pr

Y 4
dark ,/ red ll blue far-red
V4
IS
Pfr a Pr
low HK activity high

Fig. 4.6: Bathy and prototypical phytochromes act as molecular light switches to adjust their histidine
kinase (HK) activity.

Bathy and prototypical phytochromes function as switches that regulate the autokinase output in the bacterial cells.
It is not a simple on/off system, but rather adjusts HK activity as Pr-fractions increase (= o decreases) and
Pfr-fractions decrease (= a increases). Far-red light (for bathy BphPs) and darkness (for prototypical BphPs) are
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associated with the highest Pr-fractions, lowest o, and highest HK activity. Darkness (for bathy BphPs) and red
light conditions (for prototypical BphPs) are associated with the highest Pfr-fractions, highest o, and lowest HK
activity. Blue and red light exhibit mixed forms with different Pr/Pfr-fractions and kinase activity based on the
Pfr-fraction. The a value defines the fraction of Pfr available in a phytochrome population (o = [P« ]/([P#]+[Pr])).
The model for the prototypical BphPs is only preliminary (transparent background) because comprehensive
investigations on their spectral and autokinase behavior were not conducted in this study. The behavior of
PstBphP1 deviates completely from the model due to its contradictions.

In the context of autokinase activity, further questions can be asked: What is the role of the apo-
form of a phytochrome? Does the phosphotransfer to the RR also rely on light stimulation? Do
the investigated bathy phytochromes possess a light-regulated phosphatase activity similar to
that of the BphP in D. radiodurans (Multamaki et al., 2021)? For PaBphP, it was demonstrated
that the apo-phytochrome exhibits a low autokinase activity, and only the addition of the
chromophore BV [Xa and the pure Pfr-form can fully inhibit the signal. Additional research is
necessary to determine the behavioral patterns of other bathy BphPs in their apo-forms, but it
is plausible that they function as a type of BV-sensor in the absence of light (J. C. Lagarias,
personal communication). Currently, it remains unclear if and to what extent an apo-
phytochrome has any physiological impact on these organisms.

To capture solely the autophosphorylation activity of AtBphP2 and AvBphP2, protein variants
were employed lacking the phosphoaccepting aspartate in the HWE kinase associated RR. In
order to observe a further transfer to the RR domain, the respective wildtype variants of both
phytochromes were utilized. No phosphotransfer was detected between AtBphP2 and its RR
domain, potentially due to an in vitro protein conformational effect, as described by Xue et al.,
2019. In contrast, AvBphP2 exhibited phosphotransfer to its RR domain under far-red light
conditions, resulting in a significant stronger signal than that observed under blue light, red
light, or dark conditions. Only PaBphP exhibits a strict transfer pattern to its separate RR
PaAlgB. The transfer was possible under all light conditions (far-red > blue > red), while no
transfer was detected in the absence of light. However, it is assumed that the transfer is not
triggered by light, but instead, reliant on the quantity of phosphorylated kinase, which is itself
light-dependent. Evidence for light-regulated phosphatase activity of bathy BphPs was neither

discovered during this study, nor were any reports of it found in the existing literature.

— The structural signal transduction of bathy and prototypical phytochromes in
comparison —

When analyzing the model, it is noteworthy that there is usually no difference in the
conformation in which bathy and prototypical BphPs are active. Both types of phytochromes
exhibit the highest kinase output in their Pr-form (except PstBphP1). The Pr-form is present in
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bathy BphPs under far-red light conditions, whereas in prototypical BphPs, the form exists
under far-red light conditions and as the ground state in the absence of light. However, in
darkness bathy BphPs are in their inactive Pfr-form, indicating that autophosphorylation in
bathy and prototypical phytochromes occurs in the same protein conformation but is not
stimulated by identical light/dark conditions. At this point, an additional contradiction arises:
while plant prototypical phytochromes demonstrate Pfr activity upon exposure to red light, this
is not consistently observed with prototypical bacterial phytochromes. Plant phytochromes
photoregulate various physiological processes, including seed germination, floral initiation, and
development, specifically responding to red light (Borthwick et al., 1952a; Butler et al., 1959;
Mathews, 2006). Therefore, it is hypothesized that prototypical BphPs share more similarities
with bathy BphPs rather than with plant phytochromes. To further investigate the complex
interplay between the active conformation of bathy and prototypical phytochromes,
examinations of the protein structures and the signal transduction are required.

The exact mechanism of structural signal transduction in phytochromes, which involves a
conformational change of the photosensory domain after stimulus detection, remains largely
unclear. Light absorption initiates a sequence of intermediate states and structural alternations
that are transmitted from the bilin chromophore, which is located in the N-terminal
photosensory domain, to the C-terminal HKD, resulting in its autophosphorylation. The
changes are based on three structural levels, namely the chromophore-binding pocket, the
photosensory module, and the output domain (Fig. 4.7A). Furthermore, it is improbable that the
modifications transpire in a linear cascade; instead, the regulation involves a multifaceted
interplay among these three hierarchical tiers (Takala et al., 2020). Most of the phytochromes
have been crystallized in their dark-adapted state because solving the crystal structure of their
light-activated forms has proven to be challenging (Lee et al., 2022). The phytochrome DrBphP
from D. radiodurans, exhibits unique crystal structure clarification in both its Pr and Pfr state
of the full-length protein (Burgie et al., 2016; Takala et al., 2014). While extensive research
has been conducted on the signal transduction of this prototypical BphP (Bjorling et al., 2016;
Burgie et al., 2016; Isaksson et al., 2021; Macaluso et al., 2021; Takala et al., 2015; Takala et
al., 2020; Wabhlgren et al., 2022), there are only initial reports on bathy PaBphP and AtBphP2
as well as bathy-like XccBphP (Lee et al., 2022; Otero et al., 2021; Otero et al., 2016; Schmidt
et al., 2018). However, a change in the so-called “PHY-tongue” is potentially crucial and plays
a key role in the signal transduction process (Burgie et al., 2014; Isaksson et al., 2021; Takala
et al., 2014). This tongue serves as a structural component that connects the PHY domain to the
chromophore-binding pocket in the GAF domain, forming a hairpin structure. Through studies
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on DrBphP, it was observed that the (Z)/(E) isomerization of the chromophore (cf. chapter 1.3)
within the binding pocket is relayed to the PHY domain (Fig. 4.7A). The tongue transforms
from a B-sheet structure in the Pr-form to an a-helical configuration in the Pfr-form (Isaksson
etal., 2021; Takala et al., 2014; Takala et al., 2020; Wahlgren et al., 2022). Therefore, the PHY
tongue functions as a switch, controlling the placement of the GAF and PHY domain. These
structural adjustments cause the reorientation of the HKD, resulting in alternations in the dimer
interface that facilitate autophosphorylation (Lee et al., 2022; Takala et al., 2014; Takala et al.,
2020). Recent studies have identified a figure-eight knot in the PAS/GAF domain and a long
helix extending across the entire photosensory module (“spine”) as significant structural
elements in addition to the PHY tongue (Fig. 4.7B). A distinct contrast in the knot region and
the lower section of the helical spine of DrBphP between the Pr- and the Pfr-form describe an
additional signaling pathway (Isaksson et al., 2021). It is unclear whether the signal
transduction to the output domain relies on the synchronous function or redundancy of both
pathways — PHY tongue as well as knot/helical spine alternation (Isaksson et al., 2021; Takala
et al., 2014). A molecular dynamics simulation, based on the resolved crystal structure of the
photosensory domain of PaBphP (Yang et al., 2008), marked a significant milestone in
comprehending the bathy phytochrome signaling. The change in the PHY tongue also
contributes to the photocycle and signal transduction of this bathy BphP, however, the detailed
structural alternations involved in the phototransitions differ from those of prototypical
phytochromes (Fig. 4.7C). The helical backbones (red and blue helices), which transition from
an ll-framed close form (Pfr) to an O-framed open form (Pr) in bathy BphPs, exhibit
dissimilarities in prototypical phytochromes. In bathy BphPs the O-form permits accessibility
to the phosphorylation site within the DHp domain of the HDK in the Pr-conformation (Lee et
al., 2022). Although, the X. campestris phytochrome lacks an HKD, light-induced alternations
in its crystal structure can potentially facilitate the elucidation of the signal transduction
pathway. In XccBphP, the D-ring isomerization of the chromophore triggers the light-induced
transition of the PHY tongue to a B-sheet structure. This structural change causes the
dissociation of the dimer and the reorientation of the PAS9 output domain (Otero et al., 2021).
In summary, there is currently inadequate research to ascertain a clear structural comparison
between bathy and prototypical BphPs. Although the PHY tongue alternation from (-sheet to
a-helix (Pr/Pfr) is fundamental in both types, numerous distinctions in the transduction process
remain. Technological advancements can facilitate further understanding of crystal structure in
light- and dark-adapted states, as well as provide stronger comparisons between bathy and
prototypical phytochromes.
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Fig. 4.7: Overview of structural signal transduction in the prototypical DrBphP and the bathy PaBphP.
(A) Structure of the photosensory domain of the D. radiodurans prototypical phytochrome DrBphP in the Pr-state
(left) and in the Pr/Pfr-mixed state under red light conditions (right). Monomer 1 is highlighted with its PAS, GAF,
and PHY domain in various shades of green, while the sister-monomer 2 is colored in gray. The chromophore
biliverdin IXo (orange), the PHY -tongue (yellow), the knot, and the GAF-PHY helix are indicated by arrows in
monomer 1. The light-induced structural changes (PHY -tongue refolding and Helix straightening) are indicated in
boxes. Figure modified from Takala et al., 2020 (PDB Pr: 400P; PDB Pr/Pfr mix: 4001 from Takala et al., 2014).
(B) Structure of DrBphP includes the “tongue pathway” (Takala et al., 2014) as well as the “spine pathway”
(Isaksson et al., 2021), which relayed the signal to the PHY and further to the output domains. Crucial amino acids,
involved in the “spine pathway” are indicated. Figure adapted from Isaksson et al., 2021 (PDB: 400P).

(C) Simulated structure of full-length PaBphP, based on the crystal structure of the photosensory domain (Yang
et al., 2008) in the Pfr- (left) as well as Pr-state (right). Alternating structures of the sister-monomers are
highlighted in different colors (CA domains in orange and yellow; DHp domains in green and purple; helical
backbones, which are extended through the PAS, GAF, and PHY domains in red and blue). The black arrows in
the bottom view display the distances between the CA domains of the sister-monomers, which is shorter in the Pr-
state compared to the distance in the Pfr-state. Figure adapted from Lee et al., 2022.
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— The rate of dark reversion varies significantly among diverse phytochromes —

Dark reversion is the Pr-to-Pfr conversion in bathy phytochromes and the Pfr-to-Pr conversion
in prototypical phytochromes in a light-independent thermal process (Borthwick et al., 1952b;
Rockwell et al., 2006; Taylor, 1968). The time frame for the development of a pure Pr- or Pfr-
form after the onset of darkness can fluctuate greatly, ranging from mere seconds to several
hours, or even days (Chen et al., 2004; Rockwell et al., 2006). The DR time can be affected by
various cellular conditions such as temperature or pH (Jung et al., 2016; Legris et al., 2017,
Rockwell et al., 2006; Velazquez Escobar et al., 2015). For AtBphP2, it was demonstrated that
the same proton translocations which are responsible for the formation of the photoactivated
state, activating the output module, are also involved in the thermal back-isomerization of the
chromophore. Thus, the identical re-arrangement of protons also stimulates the deactivation of
the output module, similar to a negative feedback mechanism (Velazquez Escobar et al., 2015).
UV-Vis spectroscopy was utilized to determine the approximate half-life, indicating the point
where 50 % of the bathy BphP population is present in its Pr-form (prototypical BphPs in its
Pfr-form). Compared to the 15 min half-life DR of PaBphP, the other examined bathy BphPs
exhibit notably shorter DR times. However, XccBphP is an outlier, requiring 1-4 h to develop
50 % of its Pfr-form. The two prototypical phytochromes (AtBphP1, PstBphP1) have similar
DR times to PaBphP. Currently, it is completely unclear if there is a physiological reason
behind the time needed to develop the ground state. It can only be speculated whether the
combination of DR and temperature sensing has a biological impact, or whether a rapid DR
compensate for phosphatase activity. Phytochrome TCSs lacking a phosphatase or BphPs
without an autophosphatase activity may rely on rapid DR to efficiently return to their inactive
and unphosphorylated state. While PaKinB is described as a phosphatase in the regulatory
system with PaBphP and PaAlgB (Mukherjee et al., 2019), there is no literature supporting the
existence of phosphatases in the other studied phytochrome organisms.

4.7 Bathy phytochromes in different Proteobacteria — Model systems for a
new classification of their light sensing function?

Based on all described results, it can be postulated that bathy phytochromes function as
light/dark sensors rather than classical far-red/red light sensors. The hypothesis is that changing
Pr/Pfr-fractions, which modify the proportion of the autokinase active Pr-form, enables bacteria
to precisely adjust their kinase output in response to specific light qualities and environments.
Only darkness and the associated pure or highly enriched Pfr-form is able to turn the system
off. The precise evolutionary history of phytochromes having a Pr- or Pfr-ground state across
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all domains of life, and their potential independent or interconnected evolution cannot be
addressed in this study. However, the biological significance of having a sensor for darkness
and the ability to respond to diverse light qualities is explainable. All investigated organisms
that possess a bathy phytochrome are either plant pathogens or soil bacteria. The ubiquitous
human opportunistic pathogen P. aeruginosa, and the other bacteria (A. tumefaciens, A. vitis,
X. campestris, R. tataouinensis) are required to acclimate to the distinct ecological niche of
living in the soil or in association with plants. Having a bathy phytochrome could offer an
evolutionary advantage in specific environments with unique conditions. Based on the results
of this study and a comprehensive literature review, a model aiming to elucidate the function
of bathy phytochromes was developed (Fig. 4.8).

A. tumefaciens and A. vitis are Gram-negative, rod-shaped plant pathogenic soil bacteria, which
belong to the class of Alphaproteobacteria and to the family of Rhizobiaceae (Mousavi et al.,
2014; Mousavi et al., 2015; Ophel and Kerr, 1990; Tindall, 2014). They are closely related to
each other and have many homologous characteristics. Due to their ability to transfer tumor-
inducing (Ti) plasmids into host plant cells, A. tumefaciens and A. vitis are the best-known
agents of crown gall disease. The expression of the T-DNA within the plant leads to tumor
formation, resulting in the production of opines. A. tumefaciens and A. vitis can utilize these
opines as a food source (Burr and Otten, 1999; Chilton et al., 1977; Gelvin, 2010). The soil-
borne bacteria carry two genes which encode BV-binding phytochromes — the prototypical
AtBphP1/AvBphP1 whose photoproduct is the Pfr-form and the bathy AtBphP2/AvBphP2 whit
Pfr being thermally stable state (Lamparter et al., 2002; Rottwinkel et al., 2010). Thus, both
BphPs have possibly opposing functions and the respective organism is therefore able to adapt
even better to red light-rich and far-red light-rich habitats (Karniol and Vierstra, 2003;
Rottwinkel et al., 2010). The gene for the HO, which synthesizes and supplies the BphPs with
chromophore, is located outside the phytochrome operons (Karniol and Vierstra, 2003).
Proteome analysis for both species confirmed a light-dependent regulation of the flagellar
proteins FlaA and FlaB. The presence of light reduces flagellar biosynthesis, negatively
impacting bacterial virulence by inhibiting motility, and disrupting the bacteria-plant
interaction. Under light conditions, infection assays demonstrate reduced adhesion of the
bacteria to tomato roots and decreased cucumber infection. The tumor formation increased in
the absence of light, indicating higher virulence in darkness (Oberpichler et al., 2008). The
induction of tumor formation is directly related to the conjugation of the Ti plasmid into the

plant. Different research has demonstrated that the DNA-transfer is inhibited by light, which is
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potentially associated with the suppression of the type 1V secretion system (T4SS) (Bai et al.,
2016; Lamparter et al., 2021; Rottwinkel et al., 2010; Xue et al., 2021).

X. campestris pv. campestris is one of over 140 pathovars of X. campestris. The plant pathogen
is a Gram-negative bacterium which is assigned to the class of Gammaproteobacteria (Chan
and Goodwin, 1999). It can cause different plant diseases like black rot in cruciferous
vegetables, for example cabbage and cauliflower or in mustard plants (Williams, 1980). The
bacterium only encodes one bacterial phytochrome, the bathy-like XccBphP. In a bicistronic
operon, the gene for the HO BphO is arranged upstream from the phytochrome-coding gene.
The phytochrome is a confirmed light-dependent virulence repressor. In the presence of light,
XccBphP inhibits various secretion systems and the flagellar operon (especially flg and fli),
resulting in reduced swimming motility. Moreover, light inhibits xanthan production, which
has an enormous detrimental effect on biofilm formation (Bonomi et al., 2016). The
phytochrome XooBphP from X. oryzea regulates the transition from a sessile to a free-
swimming motile lifestyle and virulence-associated functions. It seems to act as a light-sensing
phosphodiesterase that modulates the intracellular secondary messenger cyclic di-GMP (c-di-
GMP), affecting biofilm development (Verma et al., 2020). Otero et al., 2021 proposed that
XccBphP from X. campestris has no recognizable biochemical activity and regulates the c-di-
GMP levels through its PAS9 domain and downstream signaling partners. The domain may
interact with a partner possessing either phosphodiesterase- or diguanylate cyclase activity. The
second messenger is degraded in response to light, triggered by activation of the PAS9 domain
and enzyme interaction, resulting in inhibited biofilm formation (An et al., 2020).

R. tataouinensis is a Gram-negative bacterium that can exist in either spherical cysts or rod-
shaped cells, depending on its environment. The Betaproteobacterium was discovered within
the novel genus of Ramlibacter and was identified as a new species after being isolated from a
semi-arid region of Tunisia (Heulin et al., 2003). R. tataouinensis possesses two genes that
encode phytochromes: the prototypical RtBphP1 and the bathy type RtBphP2, both able to bind
BV IXa. The gene for the HO hmuO is located in an operon along with RtbphP1. Nonetheless,
the heme-cleaving protein supplies the chromophore BV IXa for both phytochromes, RtBphP1
and RtBphP2 (De Luca et al., 2019). It is reported that the light sensors allow R. tataouinensis
to adapt to the day-night rhythm in their natural desert environment. The bacterium is forced to
cope with extreme conditions due to cold nights and hot days with varying water availability.
During the nighttime in dark conditions, the bacteria are characterized by cyst division and a
cyst-rod-cyst (CRC) cycle. The rods divide when exposed to red or far-red light. At sunrise,
associated with dew formation, red light induces this rapid division for effective use of available
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water and facilitates motility, dissemination, and colonization of new environments. Before the
midday, bacteria embed themselves again in cyst matrices consisting of EPS to avoid intense
sunlight, high temperatures, and desiccation. This process is potentially triggered by blue or
white light-sensing (De Luca et al., 2011; Heulin et al., 2003). A plausible scenario involves
the light-triggered phosphorylation of a RR by RtBphP2, which activates downstream signaling
pathways and inhibits EPS and cyst formation. Although De Luca et al., 2019 reported the
inhibition of rod formation due to autophosphorylation in the dark, they only mention the
autokinase activity of RtBphP1 (Baker et al., 2016).

The light-dependent behavior of the human pathogen P. aeruginosa is explained in chapter 4.4
in great detail. As all investigated bathy BphPs downregulate the virulence of their organism in
a light-dependent manner, the hypothesis proposed above, indicating that they act as light/dark
sensors rather than far-red/red light sensors can be further expanded. It is postulated that the
bacteria utilize phytochromes to synchronize their infection strategies with the circadian clock
and the day/night rhythm of their hosts. In living organisms physiological processes occur with
a periodicity of around 24 h (Bell-Pedersen et al., 2005). The circadian light/dark cycle
regulates sleep and wake periods, changes in body temperature, as well as hormone production
in humans (Curtis et al., 2014; Mas and Yanovsky, 2009; Scheiermann et al., 2013). Similarly,
this periodicity affects hormone release, certain development processes, as well as the loss of
substrates from seeds and roots in plants (Mas and Yanovsky, 2009). Additionally, gene
expression for defending against pathogens is decreased during the night (Bhardwaj et al., 2011,
Roden and Ingle, 2009). In summary, the circadian clock constitutes a complex network of
metabolic, and immunological pathways across all living beings. The circadian system has a
large impact on the regulation of infections and host-pathogen interactions (Barik, 2019).
Therefore, it appears that the Pfr-form of the BphPs associated with darkness triggers the
derepression of virulence gene expression in both plant as well as human pathogens.
Essentially, it is reasonable for P. aeruginosa not to inhibit biofilm formation and production
of virulence factors in the absence of light. The lack of light inside the human body can drive
infections of the lung and other parts or tissues. Additionally, the bacteria have the ability to
utilize light as an indication for detecting the highest efficacy of the host immune system.
Therefore, it is advantageous for the pathogen to infect during the night to circumvent the host
defenses (Mukherjee et al., 2019). Effective infections of the plant pathogens X. campestris,
A. tumefaciens, and A. vitis are also facilitated by maintaining virulence and flagella synthesis
in the absence of light. The defense mechanism does not need to be evaded during the night
since it is regulated by light and reaches its peak functionality during the day (Bonomi et al.,
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2016). Nevertheless, it remains a fine-tuning system dependent on the incident light rather than

an on/off system.

Circadian F™ N
Clock? !

Virulence Inhibition‘

[ Life Cycle | — Pfr | «— Pr — [ Life Cycle |

RBphP2 RBphP2
Cyst Division Rods Division
CRC cycle l J_
[ Virulence ] [ Virulence ]
PaBphP

Biofilm Formation; PYO Production; Flagella Synthesis
AtBphP? - (AvBphP2)
Flagella Synthesis; Tumor Formation; Conjugation (T4SS)

XccBphP
Biofilm Formation (Xanthan Production); Flagella Synthesis

Fig. 4.8: Bathy phytochromes negatively regulates P. aeruginosa, A. tumefaciens, A. vitis and X. campestris
virulence in a light-dependent manner.

Bathy BphPs inhibit bacterial virulence depending on the Pr/Pfr-fractions (represented by the gray virulence
inhibition triangle) of the phytochrome population in the cells, with the Pr-form as the active form (demonstrated
by the yellow star) and the Pfr- form as the inactive form. While the precise mechanism of regulatory pathways
and detailed signaling are not completely comprehended, it is hypothesized that the Pr-form suppresses virulence
(red box), whereas the Pfr-form halts inhibition, leading to increased virulence (green box). In P. aeruginosa a
part of the regulation system is shown in Fig. 4.5 and for X. campestris some candidate genes involved in the
regulation are derived from RNA-seq analysis (An et al., 2020; Bonomi et al., 2016). The light-triggered virulence
downregulation in P. aeruginosa results in reduced biofilm formation, reduced PYO production and reduced
flagellar synthesis, which is important for swimming motility; in A. tumefaciens and A. vitis it results in enhanced
flagellar synthesis, which is important for host attachment, and reduced tumor formation, triggered by Ti plasmid
conjugation; in X. campestris it results in decreased xanthan production and therefore lower rates of biofilm
formation as well as enhanced flagella synthesis. In R. tataouinensis light seems to trigger the inhibition of cyst
division and the cyst-rod-cyst (CRC) cycle, resulting in a life cycle with rods division (green box). The virulence
of the bacteria is not inhibited over night to achieve optimal infection efficiency by avoiding the human or plant
defense mechanisms, regulated by the circadian day/night cycle. If the bacteria possess an additional prototypical
phytochrome (AtBphP1, AvBphP1, RtBphP1) or blue light sensors (X.campestris, R.tataouinensis) with
potentially opposite functions, those are not incorporated in the model.
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— A short excursion into the world of prototypical phytochromes —

Prototypical BphPs also regulate significant processes within their respective organisms. The
phytochromes of the plant pathogen P. syringae demonstrate a light-triggered negative effect
on swarming motility (Wu et al., 2013). Additionally, both BphPs are associated with virulence
inhibition and initiation, as they participate in lesion formation and colonization of plant tissues
(McGrane and Beattie, 2017). The phytochrome of D. radiodurans contributes to the synthesis
of the carotenoid deinoxanthin, which provides protection against UV radiation for the bacteria.
The amount of the carotenoid is increased under red light exposure compared to far-red light or
dark conditions (Davis et al., 1999). The phytochromes RpBphP2, RpBphP3 and RpBphP4
from Rhodopseudomonas palustris as well as BrBphP3 from Bradyrhizobium are involved in
the regulation of their photosynthetic antenna complexes (Giraud and Verméglio, 2008).
BphG1 from Rhodobacter sphaeroides possesses a GGDEF- and EAL-output domain.
Therefore, the phytochrome modulates c-di-GMP levels via its phosphodiesterase- and

diguanylate cyclase activity, possibly also linked to virulence association (Tarutina et al., 2006).

Intensive research is necessary to enhance comprehension of the signal transduction networks
of bathy and prototypical phytochromes in various Proteobacteria. Although information on
downstream elements, including RRs, additional kinases, or potential phosphatases, remains
incomplete, further structural elucidation would reveal more about the signal transduction
processes. If an organism possesses multiple phytochromes or other light-sensing proteins, its
physiology necessitates an in-depth analysis from multiple perspectives while contextualizing

the transduction mechanisms.
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5 Summary

The ability to sense and respond to different environmental conditions allows living organisms
to adapt quickly to their surroundings. In order to use light as a source of information, plants,
fungi, and bacteria employ phytochromes. With their ability to detect far-red and red light,
phytochromes constitute a major photoreceptor family. Bacterial phytochromes (BphPs) are
composed of an apo-phytochrome and an open-chain tetrapyrrole, the chromophore
biliverdin IXa, which mediates the photosensory properties. Depending on the photoexcitation
and the quality of the incident light, phytochromes interconvert between two photoconvertible
parental states: the red light-absorbing Pr-form and the far-red light-absorbing Pfr-form. In
contrast to prototypical phytochromes, with a thermal stable Pr ground state, there is a group of
bacterial phytochromes that exhibit dark reversion from the Pr- to the Pfr-form. These special
proteins are classified as bathy phytochromes and range across different classes of bacteria.
Moreover, the majority of BphPs act as sensor histidine kinases in two-component regulatory
systems. The light-triggered conformational change results in the autophosphorylation of the
histidine kinase domain and the transphosphorylation of an associated response regulator,
inducing a cellular response. Spectroscopic analysis utilizing homologously produced protein
identified PaBphP, the histidine kinase of the human opportunistic pathogen Pseudomonas
aeruginosa, as a bathy phytochrome. Intensive research on PaBphP revealed evidence that the
interconversion between its physiological active and inactive states is influenced by light and
darkness rather than far-red and red light. In order to conduct a comprehensive systematic
analysis, further bacterial phytochromes were investigated regarding their biochemical and
spectroscopic behavior, as well as their autokinase activity. In addition to PaBphP, this work
employs the bathy phytochromes AtBphP2, AvBphP2, XccBphP from the non-photosynthetic
plant pathogens Agrobacterium tumefaciens, Allorhizobium vitis, Xanthomonas campestris, as
well as RtBphP2 from the soil bacterium Ramlibacter tataouinensis. All investigated BphPs
displayed a bathy-typical behavior by developing a distinct Pr-form under far-red light
conditions and undergoing dark reversion to their Pfr-form. Different Pr/Pfr-fractions can be
identified among the BphP populations in varying natural light conditions, including red or blue
light. The Pr-form is considered as the active form due to autophosphorylation activity in the
heterologously produced phytochromes when exposed to light. In the absence of light,
associated with the development of the Pfr-form, the phytochromes exhibited disabled or
strongly reduced autokinase activity. Additionally, light-triggered phosphorylation was
observed for the response regulator PaAlgB, which is linked to the phytochrome of
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P. aeruginosa. This study presents the first comparative investigation of numerous bathy
phytochromes under identical conditions. The work addressed a gap in the literature by
providing quantitative correlation between kinase activity and calculated Pr/Pfr-fractions
obtained from spectroscopic measurements. The biological role of PaBphP was partially
elucidated through phenotypic characterization employing P. aeruginosa mutant and
overexpression strains. The generation of a functional model was possible by considering the
postulated functions of the other phytochromes found in the literature. In summary, bathy
BphPs are hypothesized to modulate bacterial virulence according to the circadian day/night
rhythm of their hosts. The pathogens are believed to reduce their virulence during daylight
hours to evade immune and defense reactions, while increasing their virulence during the

evening and night, enabling more effective infections.
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6 Zusammenfassung

Die Fahigkeit zur Wahrnehmung und Reaktion auf verschiedenste Umweltbedingungen
ermoglicht Lebewesen eine schnelle Anpassung an ihre Umgebung. Um Licht als
Informationsquelle nutzen zu konnten, besitzen Pflanze, Pilze und Bakterien Phytochrome.
Diese Proteine bilden eine wichtige Photorezeptorfamilie, da sie in der Lage sind rotes wie auch
dunkelrotes Licht wahrzunehmen. Bakterielle Phytochrome (BphPs) bestehen aus einem
Apo-Phytochrom, sowie einem offenkettigen Tetrapyrrol, dem Chromophor Biliverdin IXa,
welches die photosensorischen Eigenschaften vermittelt. Phytochrome wandeln, je nach
Photoanregung und Qualitat des einfallendes Lichtes, zwischen zwei photokonvertierbaren
Zustanden um: der Pr-Form, die in der Lage ist, rotes Licht zu absorbieren und der Pfr-Form,
die zur Absorption von dunkelrotem Licht befahigt ist. Im Gegensatz zu prototypischen BphPs,
die einen thermisch stabilen Pr-Grundzustand aufweisen, gibt es eine Gruppe von
Bakteriophytochromen, welche im Dunkeln eine Reversion von der Pr- zur Pfr-Form zeigen.
Diese speziellen BphP-Typen werden als bathy Phytochrome bezeichnet und sind in
verschiedenen Bakterienklassen vorzufinden. Die meisten BphPs fungieren zudem als
Sensorhistidinkinasen in regulatorischen Zweikomponentensystemen. Eine, durch Licht
ausgeloste, Konformationsanderung fuhrt sowohl zu einer Autophosphorylierung der
Histidinkinase-Domane als auch zur Transphosphorylierung eines zugehérigen Antwort-
regulators, wodurch eine zelluldre Antwort generiert wird. Spektroskopische Untersuchungen,
mit homolog produziertem Protein, identifizierten die Histidinkinase PaBphP des humanen
opportunistischen Pathogens Pseudomonas aeruginosa als bathy Phytochrome. Ausfuhrliche
Studien an PaBphP ergaben Hinweise darauf, dass der Wechsel zwischen dem physiologisch
aktiven und inaktiven Zustand eher durch Licht und Dunkelheit, als durch rotes und dunkelrotes
Licht beeinflusst wird. Um eine umfassende systematische Analyse durchzufiihren, wurden
weitere bakterielle Phytochrome auf ihr biochemisches und spektroskopisches Verhalten, sowie
auf ihre Autokinase-Aktivitat hin untersucht. In dieser Arbeit wurden, zusétzlich zu PaBphP,
auch die bathy Phytochrome AtBphP2, AvBphP2, XccBphP aus den nicht-photosynthetischen
Pflanzenpathogenen Agrobacterium tumefaciens, Allorhizobium vitis, Xanthomonas campestris
und RtBphP2 aus dem Bodenbakterium Ramlibacter tataouinensis betrachtet. Diese
Phytochrome zeigten bathy-typisches Verhalten, durch die Ausbildung einer ausgepragten
Pr-Form unter dunkelroten Lichtbedingungen und ihrer Dunkelreversion zur Pfr-Form. Darlber
hinaus sind unter natlrlicherweise vorkommenden verschiedensten Lichtbedingungen, wie

beispielsweise rotem oder blauem Licht, unterschiedlichste Pr/Pfr-Fraktionen in den
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BphP-Populationen festzustellen. Die Pr-Form kann als aktive Form definiert werden, da unter
Lichteinfluss Autophosphorylierung fiir die heterolog produzierten Phytochrome beobachtet
wurde. Unter Ausschluss von Licht, was mit der Ausbildung der Pfr-Form einhergeht, zeigten
die Phytochrome keine oder stark reduzierte Autokinase-Aktivitat. AulRerdem wurde beim
Antwortregulator PaAlgB, der mit dem Phytochrome aus P. aeruginosa im Zusammenhang
steht, eine lichtabhéngige Phosphorylierung festgestellt. Die vorliegende Arbeit présentiert die
erste Studie, die eine derart hohe Anzahl an bathy Phytochromen unter identischen definierten
Bedingungen vergleicht. Die quantitative Korrelation der Kinase-Aktivitat mit den kalkulierten
Pr/Pfr-Fraktionen, aus spektroskopischen Messungen, erlaubt neue Einblicke in die
Funktionsweise dieses Phytochrom-Typ. Basierend auf den Ergebnissen von phénotypischen
Charakterisierungen mittels P. aeruginosa-Mutanten und Uberexpressionsstimmen lasst sich
ein Teil der biologischen Rolle von PaBphP aufklaren. Unter Beriicksichtigung, der in der
Literatur postulierten Bedeutung, der anderen Phytochromen wurde ein Funtionsmodell
generiert. Zusammenfassend wird die Hypothese aufgestellt, dass bathy BphPs ihre Virulenz
abhangig vom zirkadianen Tag-Nacht-Rhythmus ihres Wirts regulieren. Um im Laufe des
Tages auftretende Immun- und Abwehrreaktionen zu umgehen, wird angenommen, dass die
Pathogene ihre Virulenz entsprechend reduzieren. Erst im Verlauf des Abends und der Nacht

werden die Bakterien wieder virulenter, um die effektivsten Infektionen zu ermdglichen.
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Appendix

Tab. S1: Name of the bacterial strains, plasmids, and oligonucleotides used in this thesis in comparison to
the name in the collections of the department of Microbiology, RPTU “Gefrierkulturen_Gordon-85°C 3.0,
“Plasmide 3.1; Plasmidsammlung” and “Primer aktuell” with the assigned numbers. (EV = empty vectors
from “Plasmide 3.1; Leerplasmid-Sammlung”)

No.

Name in Thesis

Name in Collection

Pseudomonas aeruginosa strains

603
598
563
602
599
601
566

567

568

576
570
571

PAL4
PAL4AbphP

PAL4AbphP*

PA14AbphP pHERD26T

PAL4AbphP pHERD26T_PaBphP
PAL4AbphP pHERD26T_PaBphP_H513A

PA14AbphP*
pHERD26T_PaBphP_D194H

PA14AbphP*
pHERD26T_PaBphP_S261A

PAL14AbphP*
pHERD26T_PaBphP_C12A

PA14AkinB
PA14AbphOP
PA14AbphOP pHERD26T_PaBphP

Plasmids used in Escherichia coli

43 EV
46
1392
1393
1406
61
1407
1426
1427
1468
427
424
1429

pASK-IBA3
pASK_PaBphP
pASK_PaAlgB
pASK_PaKinBCD
pASK_PaKinBCD_P390S
pASK_AtBphP1
pET21b_AtBphP2
pET21b_AtBphP2_D783N
pET21b_AvBphP2
pET21b_AvBphP2_D793A
pET52_PstBphO_BphP1
pASK_PstBphP2
pBAD/HisB_RtBphP2HmuO

PAl4

PA14::JFPO1 new
PA14::JFPO1 old
PA14::.JFPO1 new pHERD26T
PA14::JFPO1 new pSH14P46
PA14::JFPO1 new pLMDQ02
PA14::JFPO1 old pKEBO1

PA14::JFPO1 old pKEBO2

PA14::JFPO1 old pLMDO1

PA14::CHP02
PA14::CHPO1
PA14::CHPO1 pSH14P46

pASK-IBA3
pASK-IBA3-BphP
pASK-1BA3-algB
pASK-1BA3-kinBCD
pCHPO03

pASK-1BA3-agpl Midi
pET21b-Agp2

pCHPO06

pETavi3496#2
pETavi3496#2-avp2-D793A
pET52bphOPhy1

pAH6
pBAD/HisB-RtBphP2-HmuO
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1435 pET24a_XccBphP
1436 pET24a_XccBphPAPAS9

Plasmids used in Pseudomonas aeruginosa

143 EV pHERD26T

609 pHERD26T_PaBphP

1279 pHERD26T_PaBphP_H513A
1280  pHERD26T PaBphP_D194H
1283 pHERD26T_PaBphP_S261A
1284 pHERD26T_PaBphP_C12A
168 EV pEXG2

1391  pEXG2_AbphP

1384  pEXG2_AbphOP

1385 pPEXG2_AkinB
Oligonucleotides

3309 PEXG2AbphOP_upF

3310 pEXG2AbphOP_upR

3311  pEXG2AbphOP_downF

3312 PEXG2AbphOP_downR

3512 PEXG2AkinB_upF

3513 pPEXG2AkinB_upR

3313 pEXG2AkinB_downF

3515 pEXG2AkinB_downF

3518 pASK-PaAlgB_fwd

3519 pASK-PaAlgB_rev

3520 pASK-PaKinBCD_fwd

3521 pASK-PaKinBCD_rev

3529 pASK-PaKinBCDP390S_fwd
3530 pASK-PaKinBCDP390S_rev
3595  pET21b-AtBphP2D783N_fwd
3596 PET21b-AtBphP2D783N_rev
3173 PEXG2_seqgF

3174 pPEXG2_segR

3315 AbphOP_seqF

3316 AbphOP_segR

3317 AKinB_seqF

pET24a-XccBphP
pET24a-XccBphPAPAS9

pHERD26T
pSH14P46
pSH14P46_H513A
pSH14P46_D194H
pSH14P46_S261A
pSH14P46_C12A
pEXG2
PEXG2AbphP
pCHPO1

pCHP02

PA14bphOP_upF
PA14bphOP_upR
PA14bphOP_downF
PA14bphOP_downR
PA14 72390 UpF

PA14 72390 UpR

PA14 72390 DownF_CH
PA14 72390 _DownR
algB_Xba_RBS_fwd
algB_xho _noSTOP_rev
kinB_CD_pASK_for
kinB_CD_pASK rev
kinB_CD_P390S_fw
kinB_CD_P390S_rev
pET21b-agp2D783N_fwd
pET21b-agp2D783N_rev
PEXG2-seqF
PEXG2-segR
shortbphOP_seqF
shortbphOP_seqR
shortkinB_seqF
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3318
1255
1497

AkinB_segR
pPET_seqF
PET _seqgR

shortkinB_seqR

T7 fwd
T7Term/Duet Down 2

* The plasmids pHERD26T_PaBphP_D194H, pHERD26T_PaBphP_S261A, and pHERD26T_PaBphP_C12A were
used in an incorrect bphP deletion mutant (gene is correctly deleted, but strain is GmR) from J. Pielage, 2017.
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Fig. S1: Peak wavelengths of the light sources used to establish the photostationary states of the BphPs for
UV/Vis spectroscopy and kinase assays, as well as the peak wavelength of the light sources in the 37 °C
incubation room determined by an optical multichannel analyzer (Ocean Optics OMA, USB2000+UV/Vis).
(A) Normalized emission spectra of the blue LED (DLE-038-046 from Everlight Electronics) with 426 (70) nm,
the red with 667 (2) nm and the far-red laser diode with 791 (2) nm (both LNCT28PS01WW from Panasonic).

(B) Normalized emission spectra of the red (690 nm; LOT-Oriel) and far-red (753 nm; Kodak) interference filters.
(C) Normalized emission spectra of the light sources in the 37 °C incubation room.
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Fig. S2: Photograph (A) and technical drawing (B) of the new illumination set-up used for the radioactive
kinase assays.

It consists of a main pod (A2) with a screw cap (A1), both made of black polylactide to protect the sample from
unwanted ambient light. A diode can be inserted from the bottom (A3, B). The phytochrome sample itself is in
an Eppendorf tube (B). Figure and description from Merle Strack.

kDa kDa .
Fig. S3: Comparison of ,Prestained protein marker,
proteintech” (left) and “Color Prestained Protein Standard,
Broad Range; NEB” (right) on a PVDF membrane after
100 western-blot transfer from an SDS-PAGE gel.
95 The marker on the left side from “proteintech” is not running
75 . properly, so it is possible that actually larger proteins may be
7 misinterpreted compared to the relative molecular mass of the
marker proteins.
60 P
55
45
43
33 34
25 — 26
15 17

1: Prestained protein marker;
proteintech

2: Color Prestained Protein Standard,
Broad Range; NEB
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Tab. S2: Fit parameters for the pure form spectra P}’r(f/) and P2(¥) of the simulated bathy-phytochromes.
1: PaBphP, 2: AtBphP2, 3: AtBphP2_D783N, 4: AvBphP2, 5: AvBphP2_D793A, 6: RtBphP2, 7: XccBphP,
8: XccBphPAPASS. Table from Merle Strack.

Py (V) P ()
Gy G, G; G, Gy G, G; G,
€| 13165+ 3 | 13926 + 16 |14946 + 108 - 14172 +4 | 14572 +29 | 15208+ 4 | 15572 + 13
1 |w| 72149 | 1216+54 | 187975 - 503+8 | 704+30 | 2001+13 | 81221
a| 375+21 | 594+78 | 49960 - 351+35 | 392440 | 687+12 | 121+8
7€| 12956+ 7 | 13196 + 18 | 13936 + 20 | 15195 + 71 | 14059 + 30 | 14422 + 85 | 14859 + 19 |15771 + 193
2 |w| 534+17 | 786+14 | 1389+21 | 1700+52 | 492+23 | 606+65 | 1825+44 | 2690 + 89
a| 177428 | 49238 | 1215+49 | 529+47 | 23482 | 254+85 | 1046+88 | 428+90
7€| 12988+ 2 | 13297 +4 | 14056+ 22 | 15027 + 75 | 14164 +4 | 17289+ 34 | 14659+ 11 | 15037+ 6
3 |w| 5654 | 883+10 | 1411+37 | 2156+42 | 523+5 | 1237+55 | 481+13 | 19688
a| 204+6 | 598+31 | 837+68 | 513+42 | 407%7 56 + 4 124+8 | 1229+3
7€| 13133+2 | 14194+ 2 | 15155+ 21 - 14139 +3 | 14490+ 20 | 15226 +5 ]
g’ w| 756+2 | 1090+7 | 1963+ 18 - 487+10 | 737+16 | 1872+4
a| 421+3 | 66014 | 741+15 . 245+24 | 411+27 | 10985 ]
7€| 13009+ 2 | 13396+ 14 | 14300 + 22 | 14677 + 18 | 14398+ 2 | 15498 + 11 - -
6 |w| 538+6 | 890+8 | 908+25 | 1936+13 | 971+7 | 2453+12 - -
a| 677+34 | 2059+41 | 735+56 | 2021+43 | 744+11 | 1720+ 14 - -
e 14551+ 4 | 15082+9 | 15783+2 | 15783+ 11
7 |lw from APAS9 scaled with 1.01 642+3 | 633+12 | 2493+6 | 1023+ 14
a 592+10 | 232414 | 7744 | 290+9
7€| 13049+ 1 | 13616+3 | 14049+ 4 |15080+36 | 14574+ 1 | 15130+3 | 15692+8 | 15897 +3
8 |w| 7392 | 553+4 | 1419+13 | 2161+22 | 660+2 | 539+6 | 1124+12 | 2453+6
a| 484+4 82+2 | 713%21 | 42416 | 661+3 | 137+6 | 3788 | 6904
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Fig. S4: Original proportioned, uncut photo of the swimming zones of P. aeruginosa from Fig. 3.11.
In Fig. 3.11 PA14 +EV, PA14AbphP +EV, PA14AkinB +EV and PA14AbphP +pBphP are derived from “A” and

PAL4AbphP +pBphPhsiaa is derived from “B”.
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covalent bond
Pfr A, blue-shifted

Fig. S5: Chemical structures of biliverdin isomers (modified from Tasler et al., 2005).
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