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Summary

Summary

Phytochrome pigments were first characterized in higher plants in the 1950’s [1].
These red/far red sensing biological photoreceptors were later reported also for
cyanobacteria [2], and also in other non-photosynthetic bacteria and fungi [3].
Phytochromes interconvert between red light (664/704 nm, Pgr states) and far-red
light (707/750 nm, Prr states) absorbing forms. This photoconversion represents a
double bond photoisomerization of the covalently bound bilin chromophores

In this work, four different research projects from the area of biological

photoreceptors were followed:

(i) The phytochromes CphA and CphB from the cyanobacterium Calothrix PCC7601
were investigated for the essential protein domains required to maintain the spectral
integrity. Both proteins fold into PAS-, GAF-, PHY-, and Histidine-kinase (HK)
domains. CphA binds phycocyanobilin (PCB) as chromophore and CphB binds
biliverdin (BV) IXa. Removal of the HK domains had no effect on the absorbance
maxima of the resulting PAS-GAF-PHY constructs (CphA: 663/ 707 nm, CphB:
704/750 nm, Pg/Pgg, respectively); these values are similar to the full length protein
CphA and CphB. Further deletion of the “PHY” domains caused a blue-shift of the
Pr and Prr absorption of CphA (Anax: 658/698 nm) and increased the amount of
unproperly folded apoprotein, seen as a reduced capability to bind the chromophore
in a photoconvertible manner. In CphB, however, this deletion practically impaired
the formation of Pgr. The intermediate that can be generated shows an absorption
band with very low oscillator strength, whereas the spectral features of the Pg form

remain unchanged.

(i) In an approach to generate non-naturally existing hybrid proteins, the blue-light
sensor kinase module (PAS motif) of P. syringae pv tomato was fused with the
red/far red photoreceptor HK from the cyanobacterial phytochrome CphA to study
the kinase activity of such a reprogrammed (swapped) sensor kinase. This



Summary

reprogrammed sensor LOV-kinase retained the typical photochemical properties of
PstLOV.

(ii) Recent genome sequence data of the model plant pathogen Pseudomonas
syringae pv tomato DC3000 have revealed the presence of two red/far red sensing
putative phytochrome photoreceptors (PstBphP1 and PsiBphP2) and one blue-light
photoreceptor (PstLOV). The bacterial phytochromes from P. syringae pv tomato
(PstBphPs) were recombinantly expressed in E. coli and characterized in vitro. Both
phytochromes show the general modular architecture of a three domain
chromophore-binding region (PAS-GAF-PHY) that is followed by a histidine kinase
domain at the C-terminal part. PstbphP1 is arranged in an operon with a preceding
gene encoding a heme oxygenase (PstbphO), whereas PstbphP2 is followed by a
response regulator. Heterologous expression of the heme oxygenase yielded a
green protein (Amax = 650 nm), indicative for bound biliverdin. Heterologous
expression of PstbphP1 and PstbphP2 vyielded the apoproteins for both
phytochromes, however, only in case of PsiBphP1 a holoprotein was formed upon
addition of biliverdin. The two phytochromes were also co-expressed with PstophO
as a two-plasmid approach yielding a fully assembled holoprotein for PstBphP1,
whereas again for PstBphP2 no chromophore absorbance could be detected. An
even further increased yield for PstBphP1 was obtained when the operon PstbphO:
PstbphP1 was expressed in E. coli. A construct placing the gene for PstBphP2
exactly at the position of PstbphP1 in this operon again gave the negative result
such that no phytochrome-2 chromoprotein was formed. The reason for the
improved yield for the operon expression PstbphO: PstbphP1 is the formation of a

complex formed between both proteins during biosynthesis.

(iv) The regulatory functions of these red/ far red genes and of the also present blue
light photoreceptor gene were studied by generating insertional knockout mutants.
As the commonly applied protocol of gene transfer by conjugation/homologous
recombination is a time-consuming process of low-efficiency, an alternative method

was developed in this study to create interposon- as well as point mutations of the

i
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corresponding photoreceptors genes by employing linear DNA constructs. Four
single mutant strains, bphP1A, bphP2A, bphOA, pspto 2896 (LOVA) and one
double mutant strain, bphP1AbphP2A were generated using the new method. The
bphO- and the pspto_2896 (LOV) genes encode the heme oxygenase and the blue
light-sensitive photoreceptor, described in sub-project (iii). The pspto_2896 mutant
strain was tested for the motility in blue light (447 nm), and all the other mutants
were tested under red/ far red (625, 660, 720, 740 nm) light for changes in their
motility. All mutant strains showed photokinesis response to the blue/red/ far red
light. Further, the effect of mutations on infectivity on plants was studied for the
phytochrome mutant strain (bphP14), and the blue-light photoreceptor (LOVA)
mutant strain. Our preliminary experiments of plant-mutant interaction indicate that
light perceived by the LOV-domain photoreceptor reduces bacterial growth (this
behavior is not observed for the mutant strain), whereas no such effect is observed
for the phytochrome photoreceptor.

1l



Zusammenfassung

Zusammenfassung

Die Existenz von Phytochromen wurde zuerst in den flnfziger Jahren des vorigen

Jahrhunderts in héheren Pflanzen nachgewiesen [1]. Diese rot/dunkelrot sensitiven

Photorezeptoren wurden spater dann fiir Cyanobakterien berichtet [2], und im

Folgenden auch in nicht-photosynthetischen Bakterien und Pilzen [3]. Phytochrome

konvertieren bei Belichtung zwischen Rotlicht-absorbierenden (664/704 nm, Pgr

Zustande) und Dunkelrot-absorbierenden Formen (707/750 nm, Prg Zustande).

Diese Photokonversion beruht auf einer Doppelbindung-Photoisomerisierung des

Chromophors.

In dieser Dissertation wurden vier verschiedene Aspekie dieser biologischen

Photorezeptoren bearbeitet:

(i)

Die Phytochrome CphA und CphB aus dem Cyanobakterium Calothrix
PCC7601 wurden dahin gehend untersucht, zu bestimmen, welche
Proteindoméanen essentiell sind, um die spektrale Integritat dieser
Chromoproteine aufrecht zu erhalten. Beide Proteine bilden PAS-, GAF-,
PHY-, und Histidine-kinase (HK) Doméanen. CphA bindet Phycocyanobilin
(PCB) als Chromophor und CphB bindet Biliverdin (BV) IXa. Es zeigte
sich, dass die Entfernung der HK-Domane keinen Effekt auf die
Absorptionsmaxima der verbleibenden PAS-GAF-PHY Konstrukte hatte
(CphA: 663/ 707 nm, CphB: 704/750 nm, fiir jeweils Pr/Prg; diese Werte
sind praktisch identisch zu denen der Vollldngenproteine). Eine
weitergehende Entfernung der ,PHY*“Domaéanen flhrte zu einer
Blauverschiebung beider Maxima flr CphA (Amax: 658/698 nm) und zu
einer gréBeren Menge an ungefaltetem Protein; dies lieB sich aus der
geringeren Menge an assemblierbarem Protein ableiten. Im Fall von CphB
fuhrte die gleiche Deletion jedoch zum fast vollstandigen Verlust der Pgg-

Absorption, wahrend die spektralen Eigenschaften der Pr-Form erhalten

iv
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(ii)

(i)

blieben. Wahrscheinlich bildet sich stattdessen ein Intermediat mit einer

deutlich geringeren Oszillatorstarke.

Im zweiten projekt wurde der Versuch unternommen, nicht-natdrlich
vorkommende hybride Proteine zu erzeugen. Hierzu wurde die Blaulicht-
sensitive LOV-Domane eines Photorezeptors aus Pseudomonas syringae
(pv. tomato) mit der HK-Doméne eines Rotlicht-sensitiven Phytochroms
(aus CphA) fusioniert. Ziel dieses Ansatzes war die Frage, ob sich die
Kinaseaktivitat auch mit einer veranderten Lichtdetektions-Doméane
steuern lasst. Die im Rahmen dieses Projekts erhaltenen Ergebnisse

zeigen zunachst den Erhalt der typischen Blaulicht-Photochemie.

Im dritten projekt wurden Untersuchungen an dem Pflanzen-pathogenen
Modellorganismus P. syringae (pv. tomato DC3000) durchgefiihrt.
Genomsequenz-Analysen ergaben die Existenz zweier Gene fir Rot-
/Dunkelrot-sensitiven Phytochrome (PstBphP1 und PsiBphP2) und eines
weiteren Gens fir einen Blaulicht-sensitiven Photorezeptor (PstLOV). Die
Phytochrome wurden rekombinant in E. coli exprimiert und in vitro
charakterisiert. Beide Proteine zeigen die typische modulare Struktur einer
Dreidoméanen Chromophor-Binderegion (PAS-GAF-PHY), an die sich C-
terminal eine Histidinkinase anschlieBt. PstbphP1 liegt in einem Operon
vor, in dem ein Hamoxygenase- (HO) kodierendes Gen vorangeht,
wahrend PstbphP2 von einem Gen gefolgt wird, das flir einen response
regulator kodiert. Heterologe Expression des HO-Gens ergab ein griines
Protein (Amax = 650 nm), dessen Farbe charakteristisch flir gebundenes
Biliverdin ist. Die heterologe Expression von PstbphP1 und PstbphP2
ergaben in beiden Fallen die Apoproteine, allerdings lie sich nur im Fall
von PstophP1 das Holoprotein durch Zugabe von Biliverdin erzeugen.
Beide Phytochrome wurden auch mit der Hamoxygenase ko-exprimiert,
aber auch in diesem Falle konnte nur fur PstophP1 das Holoprotein

nachgewiesen werden, wahrend fir sein Paralog PstophP2 keine
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Chromophorabsorption nachgewiesen werden konnte. Eine noch mehr
erhéhte Ausbeute an Protein mit verbesserten spekiralen Eigenschaften
wurde erhalten, wenn die vorhandene Operonstruktur ausgenutzt wurde,
allerdings versagte dieser Ansatz wiederum fur PstophP2 (hier wurde
Basen-genau das kodierende Gen fur PstophP2 an die Stelle von
PstbphP1 gesetzt). Als Ursache fur die deutlich verbesserte Ausbeute von
PstophP1 konnte eine Komplexbildung dieses Proteins mit der HO
wahrend der Expression nachgewiesen werden, die offensichtlich

stabilisierend auf das Phytochrom wirkt.

Die regulatorische Funktion der Rot-/Dunkelrot-sensitiven Phytochrome
und auch des Blaulicht-sensitiven Rezeptors fir das Bakterium wurden im
vierten Teilprojekt durch knock-out insertierte Mutanten nachgewiesen. Da
die 0Oblicherweise angewandte Methode des Gentransfers mittels
Konjugation/homologer Rekombination sehr zeitaufwandig und von
geringer Effizienz ist, wurde in dieser Arbeit eine alternative Methode
entwickelt, um nun mit Hilfe linearer doppelstrangiger DNA Interposon-
und Punktmutationen dieser Photorezeptoren zu erzeugen. Vier
Einzelmutanten, bphP1A, bphP2A, bphOA, pspto_2896 (LOVA) und eine
Doppelmutante, bphP1AbphP2A, wurden auf diese Weise erzeugt. Die
bphO- und pspto_2896 (LOV) Gene kodieren die bereits in (iii) diskutierten
Hamoxygenase und den Blaulicht-sensitiven Photorezeptor. Der
pspto_2896 Mutant-Stamm wurde auf seine Motilitdt in blauem Licht
getestet (447 nm), wahrend alle anderen Mutanten in rotem bzw.
dunkelrotem Licht (625, 660, 720, 740 nm) auf Anderungen ihrer Motilitat
untersucht wurden. Es wurden fiir alle Mutanten Anderungen in ihrer
Photokinese gefunden. Darlber hinaus wurde untersucht, ob die
Mutantenstamme (bphP71A und der Blaulicht-Photorezeptor defiziente
Stamm, LOVA) eine veranderte Infektivitat gegendber Pflanzen aufwiesen
(Arabidopsis thaliana). Erste Ergebnisse zeigen, dass der Blaulicht-

Photorezeptor im Wildtyp-Stamm im Vergleich zur Mutante unter

vi



Zusammenfassung

Belichtung zu verringertem Wachstum fihrt, wéhrend kein entsprechender

Effekt fur den Phytochrom-Rezeptor nachweisbar war.

vii
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Introduction

1. Introduction

Light is probably the most important environmental factor in nearly all ecosystems.
However, only a small part of the overall solar radiation (Figure 1) reaches the earth
surface. The solar radiation is limited at both “ends” of the visible spectrum: most of
the biologically harmful UV radiation (below 295 nm) is absorbed by the atmospheric
ozone layer, whereas a large portion of the infrared radiation is absorbed by water

and CO; in atmosphere [4;5].
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Figure 1: Solar radiation. Visible light extends from ca. 380 nm to ca. 780 nm and is
detected through different photoreceptors of different organism.

Living organisms are directly or indirectly dependent on solar radiation for their
survival and maintenance. In case of humans, the “visible” spectral range extends
from 380 nm to nearly 780 nm. An even wider range has been reported for a number
of animal species: their visual sensitivity extends far into the UV region. In order to
monitor the quality of the incident light, nearly all living species have developed
photoreceptors in order to sense and to respond to light. As the most obvious
example, such properties are critical for photosynthetic organisms to optimize their
growth behavior and metabolism. Ultimately, practically all life on earth originates

from photosynthetic activity, in a direct or an indirect dependence [6;7].
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1.1 Photoreceptors

Nature has developed a number of different photoreceptor families which allow
monitoring the quality, quantity, direction, and duration of light. In general,
photoreceptors are composed of the light-absorbing entity, the chromophore (from

the Greek word chromos=color), and a protein moiety [7;8].

The biological photoreceptors can be classified into six major families: rhodopsins,
the phytochromes, the xanthopsins, the cryptochromes, the phototropins and the
BLUF proteins (Figure 2). In the following, all classes of photoreceptors will be briefly
presented; as the phytochromes were the topic of this thesis, they will be described

at the end in greater detail.

Cryptochrome DASH

Phytochrome

LOV

BLUF

PYP ;
Rhodopsin

Rhodopsin LoV P

Bacteria Eukaryotes Archaea ]l
] ]

Plants Animals Fungi
Phytochrome Rhodopsin Phytochrome
Cryptochrome Cryptochrome WC-1 .
Phototropin Rhodopsin

ZEITLUPE/ADO/FKFI
Rhodopsin (lower plant)
BLUF(Euglena)

Figure 2: Distribution of photoreceptor proteins in the three domains of life. These
photoreceptor proteins of six well characterized photoreceptor families function in
nature to mediate light induced signal transduction. Rhodopsins are nearly
ubiquitous. The phytochromes can be found in bacteria, fungi, and plants. A number
of blue light-sensitive receptor families have been identified: the xanthopsin-type
PYP-proteins in bacteria, and the blue light-sensing flavin-binding receptors; the LOV
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domain-containing photoreceptor proteins are present in archaea, bacteria and
eukaryotes (except animals; LOV: Light, Oxygen, Voltage); the BLUF-proteins are
found in plants and bacteria (photosensory proteins carrying a Blue Light Using FAD
domain), and the cryptochrome DASH family: cryptochromes in Drosophila,
Arabidopsis, Synechocystis and Homo. PYP: Photoactive Yellow Protein; ZEITLUPE
(ZTL)/ADAGIO(ADO)/ Flavin Binding Kelch Repeat F-Box proteins.

1.1.1 Rhodopsins

Rhodopsins are found in higher and lower animals (vertebrates as well as
invertebrates) as the principal visual pigment. In this function, the chromophore in all
cases is the 11-cis isomer of retinal (vitamin-A aldehyde) [9]. Light-sensing, retinal
based pigments are also found in a great number of bacteria and archaea. In
contrast to the eukaryotic rhodopsins, in the prokaryotic (bacterial) rhodopsins, the
chromophore in all cases known so far is the all-trans isomer of retinal. In addition,
another classification has to be made for the bacterial rhodopsins: based on the
same building principle, two functionally different types of rhodopsins can be
identified: light driven energy pumps and sensory rhodopsins. Bacteriorhodopsin
(BR) and halorhodopsin (HR) are light driven energy pumps, and sensory
rhodopsins | (SRI) and sensory rhodopsin Il (SRII) perform light-sensing functions.
These receptors, BR, HR, SRI and SRII, were initially reported for an archaeon,

Halobacterium salinarum, [10].

All rhodopsins are membrane-embedded proteins and consist of a bundle of seven
membrane-spanning alpha helices that form an internal pocket in which the retinal
chromophore is bound [11]. Binding is always accomplished via the formation of a
Schiff base built with the side chain of a lysine residue. The Schiff base is
protonated, adding positive charge to the polyene chain of the chromophore and
thus providing an easy tuning of the absorption maximum by the surrounding amino
acids of the binding pocket. The retinal chromophore, when activated by light
undergoes a double bond photo-isomerization and thus induces a conformational
change in the protein, rendering the photoreceptor active. The retinal molecule can
adapt several cis-trans isomeric forms. Rhodopsins found in prokaryotes and algae
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commonly contain (in their dark or resting state) an all-trans retinal isomer that
isomerizes to 13-cis upon light activation. On the other hand, rhodopsins of the
animal kingdom bind an 11-cis isomer of retinal that photo-isomerizes to the all-trans
isomer [9;12] (Figure 3a and b). This change acts as a molecular switch to activate a
downstream signaling pathway within the cell. Thus these retinal-binding proteins
are the molecular basis for a variety of light-sensing systems from phototaxis in

algae to visual perception and circadian clock in animals [13].
1.1.2 Xanthopsins

Xanthopsins use p-coumaric acid as their light sensitive chromophore, which is
linked by a thioester bond to a cysteine side chain [14] (Figure 3c). Xanthopsis are
also knows as “photoactive yellow proteins” (PYP) and they were first isolated from
an archaeon, Ectothiorhodospira halophila [15]. PYPs are water-soluble proteins and
undergo a light-induced photocycle triggered by the photo-isomerization of its
chromophore [14]. They are photochemically and spectroscopically well
characterized proteins. This class of receptor proteins is thought to be responsible
for a negative phototactic response [16]. It is also involved in the expression of
chalcone synthase [17], which is a key enzyme for the synthesis of photo-protective
pigments. In Rhodospirillum centenum and Thermochromatium tepidum, genes
encoding PYP domains have been found to be followed by genes encoding

bacteriophytochrome [17;18].
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Figure 3: Chromophores of different photoreceptors utilized for photon-capture. (a)
11-cis retinal, chromophore of rhodopsins found in the dark states in animals, (b) all-
trans retinal, chromophore of rhodopsins found in the dark state in prokaryotes and
algae, (c) trans-p-coumaric acid, chromophore of xanthopsin undergoes as
photochemical reaction a cis/trans isomerization of its double bond upon photon-
capture; (d) Flavin derivatives (FMN, FAD), found in cryptochromes, phototropins,
ZTL/ADO/FKF1, and the BLUF photoreceptors; all these blue light-sensitive
photoreceptors bind similar flavin co-factors (flavin adenine dinucleotide (FAD) or
flavin mononucleotide (FMN). Phytochromes chromophores are explained on 1.2.1
and Figure 6.

1.1.3 Flavin containing photoreceptors

The blue region of the spectra (430-500 nm) provides the highest energy content in
the visible spectrum. On the one hand, higher energy content can facilitate energy
utilization in photosynthetic processes, but on the other hand it also represents a
caution signal for the avoidance of energy-rich blue/UV light, which may cause
severe damage in living organisms. Three major types of flavin-containing
photoreceptors, viz. cryptochromes, BLUF domains and LOV domains (of

phototropins) are found in the different forms of life.



Introduction

1.1.4 Cryptochromes

Cryptochromes (from the Greek word krypto chroma = hidden color) were the first
identified group of flavin-containing photoreceptors (Figure 3d). These proteins use
FAD as chromophore. Cryptochromes share a high degree of sequential and
structural similarity to DNA photolyases but lack the activity of typical DNA
photolyase enzymes; instead, they carry a C-terminal tail for signal transduction [19].
These blue-light photosensors are present in lower and higher eukaryotes, including
algae, plants, insects and animals [20-23]. Cryptochromes play a pivotal role in the
generation and maintenance of circadian rhythms. In higher plants they are involved
in the processes that regulate germination, hypocotyls elongation, photoperiodism
and pigment accumulation. Recently, a new family of cryptochrome protein, the
CRY-DASH (DASH: Drosophila, Arabidopsis, Synechocystis, Homo) was reported
from some eubacteria (Synechocystis sp PCC6803, Vibrio cholerae). CRY-DASH
proteins do not possess the C-terminal tail found in typical cryptochromes and show

DNA photolyase activity in single stranded DNA.
1.1.5 BLUF-Proteins

This family of photoreceptors was named BLUF according to their function and
chromophore: “sensor for blue light using FAD (Elavin Adenine Dinucleotide)”. They
have been reported from bacteria and lower eukaryotes [24]. Members of this family
are known to be involved in photophobic responses in Euglena gracilis and
Synechocystis [21] and in the transcriptional regulation in Rhodobacter sphaeroides
[25]. Many BLUF domains are part of multidomain proteins involved in catalytic

conversion of regulatory cyclic nucleotides, such as cAMP and c-di-GMP.
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1.1.6 The LOV proteins: phototropin and ZTL/ADO/FKF1 families

Phototropin photoreceptors have been identified from a genetic analysis using the
model plant Arabidopsis thaliana. The nph1- (non-phototropic hypocotyl) mutants of
Arabidopsis lack the commonly found hypocotyl phototropism to blue light [26]. The
NPH1 protein was named phototropin 1 (phot1) after its functional role in
phototropism [27]. Phototropins regulate a number of blue light induced responses
like chloroplast relocalization, stomatal opening and phototropism [28]. There are

two phototropins (phot1 and phot2) in Arabidopsis thaliana.

A sequencial and biochemical characterization shows that these phototropins
consist of two stretches of PAS domains in their N-terminal part that show light
detection capability due to an incorporated FMN chromophore. Such domains can
be regulated by light, oxygen and voltage, after which the name LOV domain was
assigned to these blue light absorbing PAS domains of phototropins [29]. The LOV
signaling module is widely distributed in all three kingdoms of life with the exception
of animals. LOV modules are present not only in photosynthetic plants and
prokayotes, but also in fungi, proteobacteria, varieties of plants and animal
pathogens [30].

The LOV domain binds an oxidized FMN as chromophore. Blue light illumination
causes the formation of a covalent bond between the C4a position of flavin and the
SH-group of a conserved cysteine, and this photoadduct can slowly reconvert to the
unbound state in a time scale from minutes to hours. The plant-derived phototropins
possess two LOV domains (LOV1 and LOV2) in a tandem array that are functionally
coupled with a downstream serine/threonine kinase. The covalent binding of FMN
upon blue-light absorption leads to a conformational change in the protein and

results in enhanced kinase activity, and this activation is dark reversible [28].

The ZTL/ADO/FKF1 family is the last class of LOV domain-containing
photoreceptors that has recently been identified mainly in higher plants. It comprises
three members: Zeitlupe (ZTL, also referred to as Adagio, ADO); Flavin-binding,
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Kelch Repeat, F-box 1 (FKF1); and LOV Kelch, Protein 2 (LKP2). These proteins are
believed to play a key role in control of circadian rhythm in higher plants [31]. They
possess an N-terminal LOV domain, followed by an F-box characteristic of this class
of proteins that direct ubiquitin-mediated degradation, and six Kelch repeats
predicted to fold into a B propeller. The LOV domain of this novel photoreceptor
family also binds an FMN as chromophore, and displays analogous photochemical
properties, but unlike the phototropin LOV domains, ZTL, FKF1, and LKP2, it does
not recover to the ground state in the dark [28] or their decay may occur in a quite
slow mode that will take several days [32]. This distinct photochemical property
might correlate with the relatively slow responses triggered by FKF1, ZTL, and LKP2
(e.g. induction of flowering) in comparison to the rapid responses controlled by the

phototropins (e.g. chloroplast movements) [33].

The LOV domains from different organisms regulate the activity of numerous output-
or effector domains such as kinases, phosphodiesterases, zinc finger motifs or
stress sigma factors. Plant phototropins play an important role in phototropism,
hypocotyl development, chloroplast movement, stomata opening and leaf expansion
with dependence on blue lights [29] (Figure 4). NPH1 encodes a plasma membrane-
associated protein known to be essential for most of the phototropic responses in
Arabidopsis. In fact, the involvement of the blue light photoreceptor in hypocotyl
extension in green seedlings was already reported in 1984 [34]. The response to
changes in light conditions involves a variety of photoreceptors that can modulate

gene expression, enzyme activity and/or motility.
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Figure 4: Depiction of the three types of photoreceptors comprehensible for plants
with the assigned functions of each photoreceptor as described by various studies.
The figure is adapted from Lin et al., 2002.

1.2 Phytochromes

Phytochromes, among the best characterized photoreceptors, comprise a
widespread family of red/far-red light responsive photoreceptors. Phytochrome
pigments were first characterized in higher plants in the 1950’s [1]. Vierstra and
Quail isolated the full length phytochrome protein from Avena sativa in 1982 [35] and
the complete amino acid sequence of this phytochrome was obtained through the
identification of the encoding gene in 1985 [36]. Phylogenetic and biochemical
studies have dramatically expanded the phytochrome superfamily to other domains
of life. Phytochromes have been discovered in bacteria [2;37;38], fungi [3] and slime
molds [39]. In 2005 Karniol et al. organized the members of the phytochromes
superfamily into distinct subfamilies that include plant phytochromes,
bacteriophytochromes, cyanobacterial phytochromes, fungal phytochromes and
phytochrome-like sequences (Figure 5) [40].
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Some bacteria contain different families of phytochromes indicating that a variety of
light-signaling systems can co-exist. For example, Synechocystis contains two Cphs
(Cph1 and Cph2) and three Phy-like sequences (TaxD1, PlpA and RcaE) [37;40],
while Calothrix contains two types of phytochromes, a Cph protein (CphA) and a
BphP protein (CphB) [41].
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Figure 5: Phylogenetic analysis of the phytochrome superfamily. The phylogenetic
organization of the Phy-superfamily is based on an alighment of the GAF domain
(adapted from [40]. The major phytochrome classes are: Plants (Phy), cyanobacteria
(Cph), Eubacteria (Bph), Fungi (Fph); Phy-like subfamilies of phytochrome are
indicated.
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1.2.1 The phytochrome chromophore

All phytochromes carry a covalently attached open-chain tetrapyrrole (bilin)
chromophore that absorbs light in red and far-red region. Three different bilins have
been identified as chromophores: Plants use phytochromobilin (P®B), [42] and
cyanobacteria use in their “canonical” phytochrome phycocyanobilin (PCB) [2;43].
PCB is also a chromophore of the light-harvesting pigment, phycocyanin, and differs
from POB only by a further reduction of the vinyl group at the C18 position to an
ethyl group [43], whereas other bacteria and fungi use biliverdin [3;44;45].

The bilin chromophores incorporated in all phytochromes derive from the oxidative
metabolism of heme. First, a heme oxygenase converts the heme into biliverdin IXa
(BV), which can be directly attached as chromophore of the BphPs and Fphs via a
thioether linkage at C3? (Figure 6) to a conserved cysteine upstream of the P2/PAS
domain [46;47].

11
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Protein—Cys/

PCB
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Figure 6: Structural formula of phytochrome chromophores. Biliverdin IXa (BV), the
chromophore of the BphPs and Fphs, binds to the protein via a thioether linkage at
position C32% Phycocyanobilin (PCB), the chromophore of cyanobacterial
phytochromes and phytochromobilin (P®B), the chromophore of phytochromes from
plants, are covalently attached at position C3'. BV and P®B carry a vinyl group at the

12
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C18 position, whereas PCB contains an ethyl group. The structural differences in the
rings A and D are marked in red.

In cyanobacteria, BV is converted to phycocyanobilin (PCB) via a four electron
reduction, mediated by ferrodoxin dependent bilin reductases of the PcyA subfamily
[48]. In higher plants, BV is converted to phytochromobilin (P®B) through the action
of the homologous two—electron bilin reductase phytochromobilin synthase. The
bilins P®B and PCB are covalently attached to the protein at position C3' (Figure 6)
of A-ring via the side chain of a conserved cysteine in the P3/GAF domain of the
photosensory core [49;50]. The attachment of P®B and PCB chromophores by Phy
and Cph takes place via a common mechanism of thioether formation from the
cysteine side chain to the ethylidene group present at the C3' carbon of the bilin A-
ring. In contrast to P®B and PCB, BV does not contain the A-ring ethylidene group
required for formation of a thioether linkage with the GAF domain cysteine. Instead,
BV carries a vinyl group at this position (Figure 6), to which the covalent binding is

accomplished in a very similar manner (to position 3?).

The chromophore triggers the conversion between two thermally stable states, Pg
and Pgg (Figure 7). In the Pg ground state, the chromophore absorbs red light (Amax ~
660/700 nm) triggering a Z-to-E photoisomerization of the C15=C16 double bond,
and thus converting the protein into the far-red light absorbing Prr state (Amax ~
710/750 nm). The Pg state reverts to Pgr either in the dark at ambient temperature

or instantaneously by a light-induced sequence of reactions [51].

13
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Figure 7: Absorption spectrum of CphA of Calothrix PCC 7601 in the Pg- (black line),
the Peg-form (red line), and as Pg-Pgr difference spectrum (blue line).

Recently, the three-dimensional structures of the cyanobacterial phytochrome Cph1
in the Pgr state and bacteriophytochrome of Pseudomonas aeruginosa PaBphP in
Per state has been solved [52;53]. Based on these X-ray studies and Raman and
NMR-studies reported in parallel, the geometry of the tetrapyrrole methine bridges
has been shown to be ZZZssa and ZZEssa in the Pr and Pggr states, respectively
(Figure 8).

14
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Figure 8: Photoconversion of a cyanobacterial phytochrome. The structure of the
phycocyanobilin (PCB) chromophore is given as ZZZssa and ZZEssa for the Py and
Per states, respectively. The conformation change is marked in blue.

1.2.2 The biosynthetic pathway of bilins: Heme oxygenases

Heme oxygenases (HO) from mammals were the first of this family of enzymes to be
identified [54]. The HO catalyzes the oxidative degradation of heme to yield biliverdin
(BV) IXa, iron (Fe?*), and carbon monoxide (CO). In eukaryotic HOs, NADPH and
NADPH-cytochrome P450 reductase serve as the electron donor [55]. HOs fulfil a

15
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number of biological functions: they are involved in heme catabolism, iron utilization
and cellular signaling. The first bacterial gene with homologies to eukaryotic HOs
was the gene hmuO from the pathogenic bacteria Corynebacteriu diphtheriae and
Corynebacterium ulcerans [56]. In C. diphtheriae and C. ulcerans the HO reaction is
utilized to release iron from heme to overcome the low concentrations of free-iron as
a need for successful colonization (infection) which is the major function of HOs from
pathogenic organisms. Their function in iron utilization has been shown for HOs from
other pathogenic bacteria, including Neisseria meningitidis (HemQO) and
Staphylococcus aureus (lsdG/lsdl). Other pathogens like Staphylococcus
epidermidis, Listeria monocytogenes, and Bacillus anthracis have homologues of
IsdG and Isdl [57].

In addition to their function in iron utilization, bacterial HOs are also involved in the
phytobilin biosynthesis. Phytobilins are open-chain tetrapyrrole molecules that are
synthesized in plants, algae, and cyanobacteria and that are the precursors of the
chromophores for the light-harvesting phycobiliproteins and the photoreceptor
phytochrome [58]. In the course of bilin biosynthesis, the product of the HO reaction,
BV IXa, is subsequently converted to one of the major bilins present in
cyanobacteria, phycocyanobilin or phycoerythrobilin (Figure 9). Unlike plant and
cyanobacterial phytochromes, bacteriophytochromes (BphPs) from prokaryotes

have been shown to utilize a BV chromophore [3].

The first cyanobacterial HO that had been cloned and characterized was HO-1 from
Synechocystis sp. PCC6803 [59]. The genome of Synechocystis sp. contains two
genes, ho1 and ho2, encoding potential HOs [59]. The recombinant HO-1 protein
was shown to catalyze the conversion from heme to BV IXa but HO-2 lack of
biochemical data as it is formed as an insoluble protein in recombinant expression.
Genes encoding putative HO-1s and HO-2s can be found in the available genomes
of other sequenced cyanobacteria, including Anabaena sp. PCC7120,

Thermosynechococcus elongatus, and Nostoc punctiforme [58].
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Figure 9: Pathway of the biosynthetic formation of the phytochrome chromophores.
Bilins originate from porphyrin biosynthesis at the branching point to chlorophylls
and heme compounds (insertion of Mg or Fe). Heme oxygenase releases the central
iron atom from heme groups and opens the porphyrin compound under oxygen
consumption forming a bilin (biliverdin IXa, BV). Biliverdin reductases form
phytochromobilin or phycocyanobilin by performing either a two (P®B) or a four
electron reduction (PCB); this latter compound can be electronically re-organized to
generate phycoerythrobilin, PEB. BV is found as a chromophore in
bacteriophytochromes, P®B is the genuine chromophore of plant phytochromes, and
PCB is mostly present in the canonical cyanobacterial phytochromes, and in

cyanobacteriochromes.

Besides the group of HOs involved in phytobilin biosynthesis and iron utilization from
heme, other HOs have been identified in mostly nonphotosynthetic bacteria [3]. The
genes coding for these HOs are usually found in operons together with a gene
encoding a bacterial phytochrome and are designated as bphO (bacterial

phytochrome heme oxygenase). The opportunistic pathogen Pseudomonas
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aeruginosa harbors two functional HOs, bphO and pigA, each capable of oxidizing
heme to a different BV isomers (BV X3 and BV 1Xd) [60].

1.2.3 The modular domain architecture of phytochromes

Phytochromes are large chromoproteins (comprising of up to 1100 aa in plant
phytochromes and between 650 and 1300 aa in prokaryotic phytochromes). Two
main domains can be identified, an N-terminal light-sensory domain and a C-
terminal regulatory domain. Figure 10 shows the domain structure of various
phytochrome types found in plant (Phy), cyanobacteria (Cph), other bacteria (Bph)
and fungi (Fph). The N-terminal photosensory region binds the bilin cofactor and is
composed of three conserved domains, termed P2 or PAS- (Per-ARNT-Sim)
domain, P3 or GAF- (cGMP Phosphodiesterase/adenyl cyclase/FhlA domain), and
P4 or PHY domain (uppercase letters are used to denote the Phy domain
specifically). The C-terminal regulatory module contains a histidine kinase (HK) or
histidine kinase-related (HKR) domain (Figure 10). Plant Phys have an additional N-
terminal extension termed P1 known to stabilize the light-induced Pgr form [61] and
two additional regulatory PAS domains (PAS1 and PAS2) located between the light-
sensing and the signalling domains. These regions of the protein have been shown
to be important for nuclear localization [62]. Fph proteins have distinct N-terminal
extensions and additional C-terminal response regulator domains. Fused response
regulator (RR) proteins are found in a minority of Bph but are common in Fph
proteins. Canonical phytochromes thus consist of a PAS-GAF-PHY N-terminal
photosensory module, typically combined with a C-terminal HK- or HKR module. The
tandem sequence of PAS, GAF, and PHY domains attached to HK- HKR modules

typifies all classes of phytochromes and phytochrome-related proteins [63;64].
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Figure 10: Domain structure of phytochromes. These photoreceptors consist of two
functionally separable regions: an amino-terminal conserved PAS/GAF/PHY tri-
domain photosensing core and a carboxy-terminal domain involved in dimerization
of the phytochrome polypeptide chain and in generating the output signal. Conserved
phytochrome domains in phytochrome form plants (Phy), cyanobacteria (Cph),
Eubacteria (Bph) and Fungi (Fph) are P2/PAS, Per/Arnt/Sim domain; P3/GAF, cGMP
phosphodiesterase-Adenylcyclase-FhlA; P4/Phy, Phytochrome specific domain; HK-
or HKRD; Histidine-kinase (related) domain; RR, Response regulator domain. Plant
phytochromes have an additional N-terminal extension termed P1, two additional PAS
domains in C-terminal. BphPs and Fphs differ from plant Phy and Cph in the location
of the conserved cysteine (C) residue that forms the covalent linkage to the bilin
chromophore. Both plant phytochromes and Fph proteins have N-terminal
extensions. In general, Fph proteins have C-terminally fused response regulator (RR)
receiver domains; such domain is present in only few Bphs (in several cases a gene
encoding the response regulator can be found closely located, downstream of the

phytochrome gene).
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The definition of a classical phytochrome includes the covalent binding of bilins P®B
or PCB via a cysteine located in the GAF domain and the red/far-red reversible
photochemistry performed solely by the PAS/GAF/PHY core module such as found
in plant phytochromes. Phytochromes using BV have been named
bacteriophytochromes (BphPs) if found in bacteria, or called fungal phytochromes
(Fphs) when identified in fungi. The BV binding site (also via a cysteine residue) is
usually located in the frontal PAS domain. Moreover, cyanobacteria contain more
diverse biliprotein photosensors with a minimal architecture consisting GAF/PHY or
even GAF-only photosensory modules, which were named Cph2s and
cyanobacteriochromes (CBCRs) [65;66]. Also the designation “cyanochrome” has

recently been proposed for CBCRs [67].

1.2.4 Phylogenetic analysis of the phytochrome superfamily

1.2.4.1 Plant phytochromes (Phy)

Phytochrome was discovered and its basic photochemical properties were first
described through physiological studies of light sensitive lettuce seed germination
and photoperiodic effects on flowering [68]. The pigment itself was initially isolated
from extracts of dark grown (etiolated) plant tissue in 1959 [1]. In most plant species,
the plant phytochromes are encoded by a small gene family. There are five different
genes (phyA, phyB, phyC phyD and phyE) in Arabidopsis thaliana which encode
phytochromes, called phytochrome A, B, C, D and E [69;70]. The sequence
homologies between these different phytochromes are about 50%. Only
phytochrome B and D show a higher homology to each other of ca. 80%. In those
monocotyledonous plants that were studied so far, such as corn or rice, only phyA,
phyB and phyC genes have been identified [71]. Angiosperms, gymnosperms, ferns,
mosses and algae usually contain three to five phytochrome genes. Phylogenetic
analysis has shown that development of an ancestral phytochrome bifurcated before

the divergence of seed plants [72].

The various phytochromes perform partly overlapping but distinct roles. In rice, all
three phytochromes promote de-etiolation and delayed flowering in long-day (LD)
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conditions, whereas in short-day (SD) conditions PhyB delays flowering and PhyA
promotes flowering, especially in plants where the PhyB function is destroyed
(Takano et al, 2005). In Arabidopsis, both PhyA and PhyB promote seed
germination and de-etiolation in response to far-red (FR) and red (R) light,
respectively. PhyA promotes flowering, whereas PhyB delays flowering. Similarly,
PhyD and PhyE promote seedling de-etiolation and suppress shade avoidance

responses [73;74].

1.2.4.2 Cyanobacterial phytochromes (Cphs)

The cyanobacterial phytochrome Cph1 from Synechocystis sp. PCC6803 was the
pioneer member of this family. The recombinant apoprotein autocatalytically
assembles with phycocyanobilin (PCB) at the canonical cysteine to generate a
dimeric R/FR photochromic chromoprotein in vitro [2;37]. After assembly with PCB,
Cph1 shows “typical” R / FR spectra, the Pr/Prr absorptions maxima (654 nm and
706 nm) compared to the absorption maxima of plant phytochromes (666 nm and
730 nm) have a slight blue shift. This is most probably due to the absence of a
double bond in the 1-electron system of the chromophore PCB compared to P®B
(PCB carries an ethyl group at ring D instead of the vinly group in P®B). All the
members of this family, including the bacteriophytochromes, possess the PAS, GAF,
PHY domains as well as the two conserved sub-domains found in the transmitter
modules of two-component histidine kinases. The tryptic digestion of proteins [75;76]
or the use of engineered truncated phytochrome proteins [77] has evidently shown
that the PHY sub-domain is essential for full phytochrome functionality although in its
absence the chromophore is still adhered to the bilin binding pocket. The crystal
structure of the PAS-GAF-PHY domain of the cyanobacterial phytochrome Cph1 has
given support the phy domain is required to provide strength to the bilin binding and
photoreversibility [52]. The Cphs have a highly conserved histidine kinase domain at
their C-terminus. Histidine kinases, together with response regulator proteins of the
CheY-type, represent the prominent “two-component system” (TC) in many
prokaryotic species [37;78;79]. Other important representatives of this family are
CphA from Calothrix sp. PCC7601 [41] and AphA from Anabaena sp. PCC 7120
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[80]. A second cyanobacterial phytochrome, Cph2, was also identified from
Synechocystis and shown to covalently attach a bilin [81]. In contrast to Cph1, Cph2
lacks a histidine kinase domain but instead contains GGDEF and EAL output
domains [63].

1.2.4.3 Bacterial phytochromes (BphPs)

The bacteriophytochromes (BphPs) are spread widely through the bacterial
kingdom, with most known members are found in non-photosynthetic eubacteria and
photosynthetic purple bacteria [3;38;82]. There are other potential BphP candidates
in some cyanobacteria e.g. Calothrix, Nostoc and Oscillatoria [3;83] which are
reported to contain both Cph and BphP type phytochromes [41]. BphPs bind the
P®B-/PCB precursor BV as the chromophore, while Cphs and plant phys bind (non-
covalently) BV poorly or not at all. The absorption maxima of the Pg and Pgg froms of
the chromoproteins is remarkably red-shifted (Amax 700 nm and 750 nm, respectively)
compared to plant phys, consistent with the addition of one double bond in the T-
electron system of BV than P®B. The BV binding is genetically well supported by the
presence of a heme oxygenase gene often physically linked to the phytochrome
genes in the same operon, that convert heme to BV, though no further reduction of
BV to PCB or P®B is possible due to absence of reductase activity of HO [3;58;82].
Crystal structures for some of these BV-binding phys, available from Deinococcus
radiodurans, Rhodopseudomonas palustris and Pseudomonas aeruginosa
[47;53;84:85], clarify the binding accounted by these phytochromes to the bilin
ligand.

Bacteriophytochromes have an N-terminal PAS-like domain that contains the
cysteine residue for bilin linkage instead of the canonical cysteine located in the GAF
domain in plant phys and Cphs to attach bilins. A slightly different binding
mechanism of the bilin has to be proposed but has not yet been proven [40;86;87].
Spectroscopic studies indicate that most BphPs function as typical Phys, with the Pr
form generated during the autocatalytic attachment of the bilin. Pgg is created only
upon light absorption and can either photoconvert back to Pg by Fr or reverts
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nonphotochemically from Pgg back to Pg. The Prr form is reported to be less stable
for some of these prokaryotic phytochromes as the dark reversion process is quite
fast compared to plant phys [86;88]. Bacteriophytochrome proteins function in many
cases as two component histidine kinases (TC-HKSs), as often a canonical HKD is
found C-terminally to the photosensory core. Some species also have a response
regulator (RR) domain appended to the HKD or in some cases have a new type of
HKD designated as HWE-HKD (conserved histidine, tryptophan and glutamic acid
residues in HKD) [88-90].

In Agrobacterium tumefaciens, Bradyrhizobium, and Rhodopseudomonas palustris,
a novel subfamily of BphPs was identified that works in reverse, appropriately being
called backwards or bathy BphPs. Bathy BphPs assemble BV to generate a Pg-like
transient intermediate that rapidly converts non-photochemically to a stable Prg
ground state. These photoreceptors behaving opposite or different to the BphPs and
the canonical Phys have absorption spectra after assembly that resemble the
predicted Prr spectrum without Pr contamination while Pg, generated after

photoconversion with FR, is unstable and dark reverts to Pgr [82;88].
1.2.4.4 Fungal phytochromes (Fphs)

Also in various filamentous fungi the bilin binding sequence motifs were discovered.
This finding suggested the presence of the light receptive phytochromes in the
eukaryotic fungal kingdom besides plants [3]. This family of phytochromes is
apparently closely related to bacteriophytochromes. Fphs contain a GAF domain
with the conserved histidine preceded by a hydrophobic residue (this residue is in
place of the functional cysteine residue) and an N-terminal PAS domain with the
chromophore-binding cysteine similar to that in BphPs (Figure 10). The Fphs can
covalently assemble with BV in vitro and yield photochromic proteins after irradiation
with R/FR light wavelengths [44;45]. The fungal Fphs have distinct N-terminal
extensions in the photosensory core and are linked to typical HKDs followed by
response regulator domains (RR/REC), hence likely to function in TC-HK cascades
[91].
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1.2.4.5 Phy-like sequences

RcaE (Regulator of chromatic adaptation) was the first functional phytochrome-like
protein identified in a prokaryotic system [92]. RcaE, which controls complementary
chromatic adaptation (CCA), is required for both red and green light responsiveness
in Fremyella diplosiphon. RcaE binds a bilin chromophore through a conserved
cysteine in vitro and in vivo but the holoprotein was reported to not being

photochromic [93].

Another Phytochrome-like protein CikA (Circadian input kinase A) in S. elongatus
(ScCikA) has been reported to reset the circadian clock in the cyanobacterium
Synechococcus elongatus PCC7942 after a dark pulse [94]. However, recent studies
have indicated that ScCikA does not function as a photoreceptor but as a redox
sensor [95]. Moreover, the Cys residue that covalently ligates the chromophore in
phytochromes is not conserved in the ScCikA protein. On the other hand, the CikA
homolog in Synechocystis sp. PCC6803 (SyCikA) retains this conserved Cys
residue in GAF domain. The expression of SyCikA in Synechocystis or PCB-
producing E. coli, exhibited the identical absorption spectrum peaking at UV (~324
nm) and violet (~402 nm) [96].

Synechocystis TaxD1 has two GAF domains, one showing the canonical cysteine-
histidine dipeptide in the position of chromophore binding, whereas the other one
shows a proline-histidine sequence. TaxD1 is involved in the regulation of positive

phototaxis in response to low-fluence R and FR [97;98].

Another Phytochromes-like protein which plays an important role in phototaxis is
PixJ1 from Synechocystis (SyPixJ1), Thermosynechococcus elongates (TePixJ1)
and Anabaena (Nostoc) (AnPixd1). SyPixJ1 contains two GAFs domains but
cysteine is present in second GAF. The SyPixJ1-GAF2 showed a conversion
between a blue light absorbing form (Py, ~425 nm) and a green light absorbing form
(Pg, ~535 nm) [99]. Dark incubation led Py to revert to Py, indicative of stability of the
P, form in darkness. Red or far-red light irradiation, which is effective for
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photochemical conversion of the known phytochromes, produced no change in the
spectra of P, and P4 forms. The TePixJ1, which carry only one GAF with Cys
residue also showed the similar photoconversion and peaks of P, and Py as
SyPixJ1-GAF2 [100]. In case of AnPixJ1, there are four GAF domains, three carry a
Cys residue, but only one (GAF-2) showed a reversible and full photoconversion
between a green-absorbing form (P4, 543 nm) and a red absorbing form (Pgr, 648
nm) [101].

1.2.5 The phytochrome photoconversion

The photochemical conversion processes of phytochrome have been intensively
investigated. An important property of phytochromes is their photochromicity that
allows the double bond isomerization to be reversed upon irradiation with light of an
appropriate wavelength, thus rendering them light-driven, thermally stable systems.
The immediate effect of light absorption is photoisomerization of one of the
chromophore’s double bonds which induces conformational changes in the protein
moiety. Since Pr and Pgr have partially overlapping absorption spectra in most
regions of the light spectrum, Pr — Prr photoconversion processes lead to the
formation of a photoequilibium consisting of a mixture of Pg and Prg forms under
saturating illumination (the long wavelength absorption of the Prr state, however,
allows to selectively excite this form and to study the photochemical
photoconversion in the Pg form). Photoequilibrium statistics indicate that red light
produces a mixture of roughly 87% Prr and 13% Pg, whereas far-red light irradiation
can convert >99% of phytochrome to the Pgr form owing to the lack of significant Pr
absorption in the far-red (FR) region of the light spectrum [65].

From time-resolved absorption measurements, low temperature trapping and
vibrational spectroscopic methods, three intermediates have been identified during
the Pr — Pgrr pathway (Lumi-R, Meta-R,, and Meta-R;), and at least two
intermediates (Lumi-F and Meta-F) during the reverse Prg — Pg reaction (Figure
11). The first step of the Pr to Prg conversion is the Z-to-E photoisomerization of the
C15=C16 double bond which is complete after several ps [42;102;103]. The first
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stable photoproduct after red light irradiation of the Pgr state is called Lumi-R
absorbing near 700 nm. Ultrafast Vis/Vis pump-probe spectroscopy and picosecond
time-resolved fluorescence spectroscopy at room temperature have determined the

time scale of the formation of Lumi-R to be in the picosecond range [104;105].

>-1000C >-60°C
HS ms

Lumi-R Meta R,
~ 660 Nm J 0 ms \>-20°C
>-400C us

Meta-F Lumi-F

W
>-90°C

Figure 11: Phytochrome photoconversion processes. The figure shows a
temperature-program dependent conversion where the initial photochemical
processes occur also at very low temperatures, whereas the following intermediates
are arrived through a gradual increase in temperature. The photoproducts Lumi-R and
Lumi-F are photoconvertable into Pg and Pgg respectively in low temperature.

The extent of the photoreversible Pr — Prr phototransformation upon red light
illumination was determined to be about 0.75 for Cphs [2] and about 0.87 for plant
Phys [106]. In both cases, the quantum yield @ of 0.15 is relatively low. The

subsequent reaction steps occur on the microsecond to millisecond time scale.
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Intermediate states of the photocycle of different Phys have been addressed by
Fourier transform infrared and resonance Raman spectroscopy using low-
temperature trapping techniques [104;107;108]. At room temperature, the Lumi-R
(~688 nm) decay occurs in microseconds to Meta-R; (~663 nm), followed by its
conversion into Meta-R; (~725 nm) in milliseconds that ultimately yields Per
[104;107;109] (Figure 11). The Meta-R. formation is characterized by a significant
red shift of the first absorption maximum and is the key step of the Pgr formation in
milliseconds. Recently, however, Ulijjasz and coworkers reported the unexpected
isomerization of the C4=C5 double bond from NMR analysis of a GAF domain in the
R/FR sensor Cph2 from the thermophilic cyanobacterium Synechococcus sp. OS B’
[110].

The Prr to Pgr conversion has been investigated less intensely. Until now, two
intermediates have been identified, Lumi-F and Meta-F. While the Pr photoreaction
occurs in 40-200 ps, the Prg photoreaction is much faster and occurs on the time
scale of a few picoseconds [105;111-113]. The femtosecond kinetics of Prr— Pgr
photoconversion of phyA carrying native (P®B) and modified (PCB) chromophore
showed an ultrafast excited-state relaxation within ~150 fs. Following, the
chromophore returns to the first ground state intermediate (lrg 750) in 400-800 fs
followed by two additional ground states (Irr 675 and pseudo-Pg) which are formed
with lifetimes of 2-3 ps and ~400 ps [105]. The intermediates Lumi-F and Meta-F
have been shown in cyanobacterium phytochrome CphA to absorb at 635 and 640

nm at low temperature, respectively [114].

Recently, Matysik and coworkers have presented investigations on the
photoconversion Prg —Pgr of Cph1 by characterizing Pggr, Lumi-F, Meta-F and Pg
states using Magic-Angle Spinning NMR. First, the double bond photoisomerization
forming Lumi-F occurs which is transformed to Meta-F by the release of mechanical
tension. Only this second reaction step leads to a disruption of the hydrogen bond of
the ring D nitrogen to Asp207 and triggers signaling (Figure 12). In the Pr state,

there is reformation of hydrogen bond to water [115].
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Figure 12: Structure of the chromophore and binding pocket in the Prg (A), Lumi-F (B),
Meta-F (C) and Py states (D). The conjugated system is depicted in red and protein
residues are in green [115].

Compared to the forward reaction, the order of events is changed, probably caused
by the different properties of the hydrogen bonding partners of N24, leading to the
directionality of the photocycle. Despite intensive and extensive investigations with
vibrational and optical spectroscopy [104;107;108;115;116] the molecular and

mechanical characteristics of these intermediates remain to be discovered.
1.2.6 Three dimensional structures of phytochromes

Until 2005, the study of the structural interactions of phytochrome protein and
chromophore was possible only indirectly by their spectroscopic properties and via
comparison with theoretical calculations, or it was limited to methods such as amino
acid mutation. In the recent few years, three phytochrome crystal structures have
been reported in the Pg state [47;52;84;85] and one in Pgg state [53].
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The first three-dimensional structural data were obtained for the 35 kDa PAS-GAF
bi-domain fragment of bacteriophytochrome from Deinococcus radiodurans, DrBphP
and provided an important insight into the 3D molecular structure. The structure
clearly revealed the covalent attachment of BV at its C3? position, an extended, still
slightly bent chromophore conformation, and strong interactions between the
propionate side chains and amino acid side chains. The nitrogen atoms of pyrrole
rings A, B, and C are all hydrogen bound and immobilized, leaving only ring D
loosely stabilized and ready for photoisomerization (Figure 13). The structure
reveals strong interactions between rings A, B, and C, but does not provide a
mechanism to explain how the photoisomerizing ring D might be fixed in either of its
conformations, Pr or Prr. A later presented crystal structure from
Rhodopseudomonas palustris (RhBphP3) also revealed a similar structure as
DrBphP rendering most of the three dimensional facts true for bacteriophytochromes
[85]. The RpBphP3 - CBD crystal structure determined in the Pg state enhanced the
appreciation of the structural basis of reversible Pr/Prr photoconversion and the

factors bestowing an unusual photoconversion behavior of RpBphP3.

Ser206

Figure 13: Three-dimensional structure of phytochrome (A) In DBphP, the PAS-GAF
domains of this phytochrome shows the dense network of hydrogen bonds between
several important amino acids of the protein and the BV chromophore (in yellow) in
its Pr state (PDB code number 209c) [84]; (B) In PaBphP, at the interface between the
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GAF and PHY domains in PaBphP-PCD, conserved residues Tyr250, Asp194, Ser459,
and Arg453 and the chromophore form extensive hydrogen bond interactions to
stabilize ring D in the 15Ea (Pggr) configuration (PDB code humber 3C2W) [53].

However, the chromophore pocket was clearly incomplete in these fragments.
These crystal structures are all from truncated phytochromes void of the PHY
domain, which has been shown to be required for Prg stability [49;77;81], and they

do not undergo a full photoconversion between the Pr and Pgr states.

The X-ray structure of the complete sensory module (PAS-GAF-PHY tri-domain) of
the N-terminal part of the cyanobacterial phytochrome 1 (residues 1-514, Cph1A2)
from Synechocystis sp.6803 in the Pg state has been resolved in 2008 [52]. This
protein, although truncated to exclude the HK domain, behaves similar to the full
length protein in photochemical measurements [75]. Thus, it would give the
complete picture of a photochemically active phytochrome and the protein-
chromophore modifications during photoconversion between the two types, Pg and
Per. In all cases, the Pg chromophore adopts a (5Z)-syn, (10Z)-syn, (152)-anti
configuration. The structure indicates close packing around chromophore rings A, B

and C, especially around the C10 atom connecting rings B and C.

Later also the crystal structure of the PaBphP-PCD BphP from Pseudomonas
aeruginosa with an intact, fully photoactive photosensory core (comprising all three
domains) in its dark-adapted Prr state has been determined in 2008 [53]. The
PaBphP structures, which include the entire PAS-GAF-PHY core, reveal a (5Z)-syn,
(10Z)-syn, (15E)-anti configuration for the Prgr chromophore (Figure 13B). As
speculated at the interface between the GAF and PHY domains in PaBphP-PCD,
conserved residues Tyr250, Asp194, Ser459, and Arg453 and the chromophore
form extensive hydrogen bond interactions to stabilize ring D in the 15Ea (Peg)

configuration.

The unique feature of the Cph1 and PaBphP structure is a long, tongue-like
protrusion from the PHY domain that seals the chromophore pocket, giving an

explanation for the role of the PHY domain to accomplish an efficient photochemistry
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[64] (Figure 14). In the tertiary structure of these four proteins (DrBphP, RpBphP3,
PaBphP and Cph1A2), the PAS domain penetrates the GAF domain to form a knot
in which the N-terminal extension passes through the large insert in the GAF

domain.

Figure 14: Structures of photosensory regions of various phytochromes. Top left,
PAS-GAF fragment of DrBphP in the Py state (PDB accession 209C); top right, PAS-
GAF-PHY fragment of PaBphP in the Pgr state (PDB accession 3C2W) and (bottom)
PAS-GAF-PHY module of Cph1 in Py state (PDB accession 2VEA). The PAS domain is
shown in blue, GAF in purple and PHY in silver. PaBphP and Cph1A2 showed a

conserved, flexible tongue from PHY domain interacting with the chromophore
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binding pocket in GAF domain. The figure is adapted from Rockwell and Lagarias
2010 [64].

1.2.7 Physiological role of Phytochromes

The absorption spectra of Pgr and Prg overlap to some extend, and under ambient
light conditions, equilibrium between Pr and Prg is established. This equilibrium
responds rapidly to changes in the ratio of red to far-red light, making phytochromes
useful sensors of critical changes in light quality. The varied structural and spectral
properties of the phytochrome proteins accredit them to be involved in a diverse
array of photosensory processes. The plant phytochromes, in combination with other
photoreceptors, regulate photomorphogenetic processes such as seed germination,
etiolation, growth inhibition, leaf development, phototropism, shade avoidance,

induction of flowering, and regulation of the circadian clock [7;74].

The physiological functions of phytochromes in microbes are conceptually
analogous to functions of plant Phys i.e. phytochromes regulate the metabolic
response of the organism to its light environment, however, much less detailed
information on the physiological importance is available for the prokaryotes.
Phytochromes are involved in physiological functions in various organisms under
conditions where light is attenuated. Cyanobacterial phytochrome-like proteins
embracing a weak GAF domain homology have been assigned to a number of light
effects such as phototaxis [66], control of circadian clock [117], chromatic adaptation
[92], and adaptation to blue light conditions [118;119], while the biological function of
prototypical phytochrome is known for only a few bacteria. Cph1 from Synechocystis
sp. PCC 6803 has been identified for its role in adaptation to strong light conditions
[120] and regulation of several genes, e.g. gifA that encodes the glutamine synthase

regulator [121].

Distinct effects controlled by bacterial phytochromes have been determined for
Bradyrhizobium spp., a photosynthetic plant symbiont, and the purple bacterium
Rhodopseudomonas palustris. The BphPs from these two species are involved in
alleviation effects from high light fluences as well as damaging UV irradiation by
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regulating the biosynthesis of the photoprotective pigments such as carotenoid
pigments, but they are also involved in regulation of the photosynthetic apparatus
and bacteriochlorophyll biosynthesis [82]. It is not known why phytochrome proteins
are retained in non-photosynthetic bacteria. One should also keep in mind that many
observable light-dependent processes in cyanobacteria are rather controlled by Phy-
like proteins RcaE, PlpA, CikA or Pixd [92;99;117;118] that have no direct plant
homologs. In the non-photosynthetic bacterium Deinococcus radiodurans, BphPs
control the regulation of carotenoid biosynthesis [38], and for the phytochromes from
the filamentous fungus Aspergillus nidulans (Fph) the regulation of the sexual
development and secondary metabolism by phytochromes has been demonstrated
[45].

Two component signal transduction systems are involved in several responses of
bacteria, allowing an adaptation to changes in their environment. These systems
generally contain two protein components - a sensor consisting of an input domain
and a transmitter module, and a response regulator consisting of a receiver module
and an output domain. The phytochromes, in case they carry a histidine kinase
activity, are light regulated TC systems, which form a signalling transduction
cascade with a second protein known as response regulator (RR). After detection of
an external stimulus, i.e., light in case of the photoreceptors, the HK is
phosphorylated. The phosphate group is then —upon a protein-protein contact-
transferred to a conserved aspartate residue of the RR, a phenomenon
biochemically demonstrated in various Cphs and BphPs [3;37;78;88]. The
cyanobacterial phys have light regulated histidine kinase activity [37], while plants
have been shown to contain Ser/Thr protein kinase activity (McMichael and
Lagarias, 1990). The autophosphorylation of oat phyA and the resultant
transphosphorylation of a phy-interacting factor, PKS1, have been proven
experimentally [122]. Studies have shown that the protein kinase activities of both
Cph1 and eukaryotic phytochromes are bilin and light-regulated [37;122]. The
holoprotein dimer formation is stimulated by the binding of the bilin chromophore as

a result of activation of the histidine kinase dimerization domain [50;81], as the
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“auto”phosphorylation is considered to take place in trans. However, the precise
biologically significant activities related to this phosphorelay mechanism of signaling
are still not clear, as some reports suggest that the C-terminal domain responsible

for kinase activity is not necessary for phy activity in vivo, at least in plants [123].
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1.3 Aim and scope of this thesis

Phytochromes are photoreceptors that utilize the red/far red light as a source of
information for controlling numerous biological processes [7;74]. They were initially
identified in plants [1], aned were later reported for cyanobacteria [2], other bacteria
and fungi. The photophysical and photochemical properties of biological
photoreceptors have drawn attention of the researchers for their potential application
in biomedical and biotechnological applications [124;125]. Recent genome sequence
data of the model plant pathogen Pseudomonas syringae pv tomato DC3000 has
revealed the presence of one blue light-sensing LOV-domain photoreceptor and two
red/far red sensing putative phytochrome photoreceptors, but their function in
prokaryotes and in particular in P. syringae is still obscure. The LOV domain
containing blue light photoreceptor protein of this bacterium has been shown to be a
light-driven two-component signal transduction system mediated by LOV-histidine
kinase [126]. The biological functions of such TC-HK relays in phytochromes are
still enigmatic though initial findings are supportive for the mechanism of gene

regulation controlled by light activation of such proteins.

In this background this study is aiming to perform genomic and proteomic studies
using different techniques. For this purpose, Pseudomonas syringae pv tomato DC
3000 and the cyanobacterium Calothrix PCC7601 are used in the present study. The

objectives of this dissertation are followings:

e To perform and improve heterologous expression of the phytochrome genes
from Pseudomonas syringae pv tomato DC3000 into E. coli, purification and
characterization.

e To create a phytochrome gene-deletion mutant strain of Pseudomonas
syringae pv. tomato DC3000 and to perform in vivo analysis.

e To create a LOV domain coding gene-deletion mutant strain of Pseudomonas
syringae pv tomato DC3000 and to perform in vivo analysis.

e To perform phenotypic characterization of the blue and/or red light

photoreceptor mutant strains of Pseudomonas syringae pv. tomato DC3000.
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To investigate the essential length of the protein moiety required to maintain
the spectral integrity in cyanobacterial phytochromes, using CphA and CphB
from Calothrix PCC7601 as model systems.

To re-design the receptor sensor LOV-kinase module of Pseudomonas
syringae pv. tomato DC 3000 by replacing its histidine-kinase with the
histidine-kinase form CphA (phytochrome from cyanobacteria Calothrix PCC

7601) and to characterize the obtained hybrid protein.
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2. Materials and methods

2.1 Bacterial strains
Host bacterial strains used in this work are presented in Table 1.

Table 1: Bacterial strains used in this study

E. coli strains
BL21(DE3) RIL: E. coliB F~ ompT hsdS(rg" mg™) dem+ Tet" gall. (DE3) endA
Hte [argU ileY leuW Cam'] (Stratagene, USA)
ER2566 : F- A- fhuA2 [lon] ompT, lacZ : T7 gene 1 gal sulA1A (mcrC-mirr)
114::1S10 R(mcr-73::mini Tn10-TetS)2 R(zgb-210::Tn10)(TetS)

endA1 [dem] (NEB, USA)

S17-1: recA thi pro hsdRM* RP4-2 Tc"::Mu Km::Tn7
[127]
XL1-Blue: recA1, thi-1, hsdR1, supE44, relA1, lacF, proAB,laclq, acZAM15

Tn10 (Tc) [128]

Calothrix PCC7601 :

Cyanobacteria (Pasteur Culture Collection, Institute Pasteur,

Paris)
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Pseudomonas syringae pv. tomato DC3000 strains

Wild type : Plant pathogen (TIGR)

bphP1A: DC3000 psptp1902::Spc’ (This study)
bphP2A - DC3000 pspto 2652::Gm" (This study)
LOVA: DC3000 pspto2896::Km' (This study)

bphPOA : DC3000 pspto1901::Km' (This study)

bphP1A bphP2A: DC3000 psptp1902::Spc', 2652::Gm' (This study)

Abbreviations: ampicillin resistance (Ap'); gentamicin resistance (Gm'); kanamycin
resistance (Km'); spectinomycin resistance (Sp'); streptomycin resistance (Sm').

2.2 Plasmids
The vectors used for cloning and protein expression are listed in Table 2.

Table 2: Plasmids used in this study

Plasmid Description and Source

pUC18:  Ap.lacZ cloning vector (Fermentas)
pJET1.2: eco47IR, Amp', MCS, blunt end cloning vector (Fermentas)
pET14: His-tag, T7 tag, lacl, Ap’ (Novagen)

pET28: His-tag, T7 tag, lacl, Km" (Novagen)

pET30: His-tag, S tag, lacl, Km" (Novagen)

pET52 3C/LIC: His-tag, Strep tag, lacl, Amp', ligation independent cloning
(Novagen)

pET28CphA-PAS-GAF-PHY:
PAS-GAF-PHY domain of CphA from Calothrix in pET28;

Km" (This study)
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pET28CphA-PAS-GAF:
PAS-GAF domain of CphA from Calothrix in pET28; Km'

(This study)

pET28CphB-PAS-GAF-PHY:
PAS-GAF-PHY domain of CphB from Calothrix in pET28;
Km" (This study)

pET28CphB-PAS- GAF:
PAS-GAF domain of CphB from Calothrix in pET28; Km'
(This study)

pET28PstbphP1: pspto1902 in pET28; Km' (This study)

PET52PstbphP1: pspto1902 in pET52b; Ap" (This study)

pET28PstbphP2: pspto2652 in pET28; Km' (This study)

pPET52PstbphP2:  pspto2652 in pET52; Ap" (This study)

PET30PstbphO:  pspto1901 in pET30; Km' (This study)

PET14PstophO:  pspto1901 in pET14; Ap' (This study)

PET52PstbphO- bphP1: operon of pspto1901 and pspto1902 in pET52; Ap'

(This study)
PET52PstbphO-bphP2: Fusion of pspto1901 and pspto2652 in pET52; Ap'
(This study)

pET52PstbphO-bphP2 C/S: Fusion of pspto1901 and pspto2652 in pET52;
2" and 3 cysteine mutated to Serine; Ap' (This study)

pHP45-Q: Q cassette source ; Sp'/Sm' [129]

pWKR202: Gm' cassette source; Cm" Km' Gm' [130]
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pBSL15 : Km' cassette source; Km' [131]
pSUP202 : Suicide plasmid; Tc' Cm" [127]
pUCbphP1: pspto1902 fragment in pUC18; Ap' (This study)

pUCbphP1::Q-spc": Q cassette inserted into EcoRV site of pspto1902
(This study)

pSUPbphP1::Q-spc”: bphP1::Q-spc’ inserted into EcoRl site of pSUP202
(This study)

pUCbphP2: pspto2652 fragment in pUC18; Ap' (This study)

pUCbphP2::Gm": Gm' cassette inserted into Bglll siteof pspto2652

(This study)
pJETLOV: pspto2896 fragment in pJET; Ap' (This study)

pJETLOV:Km":  Km' cassette inserted into Bstz17I site of pspto2896

(This study)
pETHO: pspto1901 fragment in pET14; Ap" (This study)
PETHO:Km': Km' cassette inserted into Stul site of pspto1901 (This study)

Abbreviations: ampicillin resistance (Ap'); gentamicin resistance (Gm'); kanamycin
resistance (Km'); spectinomycin resistance (Sp'); streptomycin resistance (Sm").
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2.3 Oligonucleotide primers

Oligonucleotide primers used for PCR amplification and sequencing reactions are

given in table 3, 4, 5 and 6. Restriction sites used for cloning are underlined.

Oligonucleotide primers used for study of phytochrome from Calothrix PCC7601 are
listed in Table 3.

Table 3: Primers used on study of phytochrome from Calothrix PCC7601

Name Sequence (5'---3")
CphAPas For TCCGGTCCATGGTGAATAGCTTAAAAGAAGCA
CphAPhy Rev AAACTCGAGCGCATTCGAGCGTTCTAAGTC
CphAGaf Rev AACTCGAGAGCCGCACCTTGAGCGCTAGT
CphAHisKi For TACTTTGCCATGGTCAGCCAAACAGAAGGA
CphAHisKi Rev ATTTAGCTCGAGTCCTCGACCAAAAAGTGT
CphBmPas For TATACCATGGGCTTAAGTCCTGAAAATTCTCCAG
CphBmPhy Rev AAACTCGAGATCGTTGCTGCGCTGCAGTTC
CphBmGaf Rev AAACTCGAGAACAGCCGCGAATGTAGCATT
CphBmHisKi For TACTTTCCATGGCAGGAAATCCTCATAAGCCT
CphBmHisKi Rrev ATTTAGCTCGAGTTTGACCTCCTGCTGCAAAGT

Oligonucleotide primers used for the study of heterologous expression of

phytochrome from Pseudomonas syringae pv. tomato DC3000 are listed in Table 4.
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Table 4: Oligonucleotide primers used for the study of phytochromes from P.
syringae pv tomato DC3000

Name Sequence (5'---3")
745NdelFor TTGGACATATGAGCCAACTCGACAAGGAC
745EcoRIRev TATGGAATTCTCAATGTGCGATCGGCACC
993NdelFor TTGGAACATATGATCGAGCACACACTGG
993EcoRI28Rev TAGCGAATTCTCATAGACTGCTTTCCGGCTT
993EcoRI30Rev TATGGAATTCTGTAGACTGCTTTCCGGCTT

757EcoRI28Rev

TAGCGAATTCTCACAGCGTGAAGGAAAACACA

757EcoRI30Rev

TATGGAATTCTGCAGCGTGAAGGAAAACAC

9933clicfor CAGGGACCCGGTATGATCGAGCACACACTG
9933clicrev GGCACCAGAGCGTTTAGACTGCTTTCCGGCTT
7573clicrev GGCACCAGAGCGTTCAGCGTGAAGGAAAACAC

993IBAEcoRI3cFor

TTGGACGAATTCATGATCGAGCACACACTGGA

993IBAKpnI3cRev

TAGCTCGGTACCTAGACTGCTTTCCGGCTT

757IBAKpnI3cRev

TAGCTCGGTACCCAGCGTGAAGGAAAACACA

993IBAEcoRI45For

TTGGACGAATTCAATGATCGAGCACACACTGGA

993IBAKpnl45Rev

TAGCTCGGTACCTGTAGACTGCTTTCCGGCTT

757IBAKpnl45Rev

TAGCTCGGTACCTACAGCGTGAAGGAAAACAC

Phy2C2toSFor GTCGCAGGTGATCCGCTTTCCATTGAACAGGTCAGCG
Phy2C2toSrev CGCTGACCTGTTCAATGGAAAGCGGATCACCTGCGAC
Phy2C3toSFor GAACAGGTCAGCGCCAATTCCGCGAAGAGTCTTGGC
Phy2C3toSrev GCCAAGACTCTTCGCGGAATTGGCGCTGACCTGTTC
Phy2Q185Efor GCAAGGTCGTTGCCGAGGCACTTACCGGCC
Phy2Q185Erev GGCCGGTAAGTGCCTCGGCAACGACCTTGC

BphONdelFor

TTGGAACATATGCCGGCAAGTTTTTCACCTGTCA

BphOBamHI14Rev

TATTGGATCCTCATAGCAGTACCTCTTGACCGT

BphOSall30Rev

TATTAGTCGACTAGCAGTACCTCTTGACCGT

HOP1coexpFor CAGGGACCCGGTATGCCGGCAAGTTTTTCACC
HOP1coexpRev GGCACCAGAGCGTTATGTGCGATCGGCACCGTGAA
HOP2coexpFor CAGGGACCCGGTATGCCGGCAAGTTTTTCACC
HOP2coexpRev GGCACCAGAGCGTTTAGACTGCTTTCCGGCTT
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Oligonucleotide primers used for the construction of knock-out mutations in P.
syringae pv tomato DC3000 are listed in Table 5.

Table 5: Oligonucleotide primers used for the construction of knockout
mutations of P.syringae pv tomato DC3000

Name Sequence (5'---3")

PhP1 ATCAAGACGTGTGTGCTGGTGAA

PhP2 CGGAATTCCGGTGCCACAGTCGAGTATTACC
Phy1C_SFor GTCCTCCTGGCCAATTCTGCGGATGAGCCCATTC
Phy1C_SRev GAATGGGCTCATCCGCAGAATTGGCCAGGAGGAC
Uht GTATGTCCGAACATGACATCAGAC

Uh2 ATGCTGTTCAGGCTTGAGTCTTCAAC

P2pUCF ATGAATTCGGCTGACGAAAACCTCTCCAAAT
P2pUCR CAAAACTGCAGTGCTCACACGTTG

Phy2C1_SFor

GAAGCAGCGCTTGCTGAATCTGCACGTGAGCCGATC

Phy2C1_SRev

GATCGGCTCACGTGCAGATTCAGCAAGCGCTGCTTC

Phy2C2_SFor

GTCGCAGGTGATCCGCTTTCCATTGAACAGGTCAGCG

Phy2C2_SRev

CGCTGACCTGTTCAATGGAAAGCGGATCACCTGCGAC

Phy2C3_SFor

GAACAGGTCAGCGCCAATTCCGCGAAGAGTCTTGGC

Phy2C3_SRev

GCCAAGACTCTTCGCGGAATTGGCGCTGACCTGTTC

P2F

TTGGACGAATTCATGATCGAGCACACACTGGA

P2R TATTCTCGAGTCACACGTTGAGCAACTCGCT

LP1 AACTGCAGCTACGCCTTCTTCGGTATAG

LP2 GAGGGGCAGAGCGTACCTTTCTAT

LOVdel_CFor CCCCTGAAGAAACCGATTGGTGCCAAGGATTTC
LOVdel_CRev GAAATCCTTGGCACCAATGGCCGGTTTCTTCAGGGG
LOVH_Lfor CAGGTTGTTGAAATCGAGAGCAATGCCACCGGTG
LOVH_Lrev GCTCACCGGTGGCATTGCTCTCGATTTCAACAACCTG

Pspto2896_for

GTGTCGGAAAACAAGACCCGTGTCGA

Pspto2896_rev

TCAGGCAATGCCGTTGGGACCATCC

LOVa

CCAATCGTCCGGACAATCCGATCA

LOVb

CGCTGCACGTCAATGACCGGTTT
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HO1 TTGGAACATATGCCGGCAAGTTTTTCACCTGTCA
HO2 TATTGGATCCTCATAGCAGTACCTCTTGACCGT
HOUA1 ATGCCGGCAAGTTTTTCACCT

HOU2 TTGAGCGTGAACAACAGACC

Oligonucleotide primers used for domain swapping in Calothrix PCC7601
(phytochrome) and Pseudomonas syringae pv tomato DC3000 (LOV) are listed in
Table 6.

Table 6: Primers used for domain swapping

Name Sequence (5'---3")
PstLOVNdelfor TCCAGTACATATGTCGGAAAACAAGACCCGTGT
CphAXholrev TACGGTCTCGAGTTATCCTCGACCAAAAAGATC

LOV142ACphA516for AGTCGCCGCAAAGACGCTGATGAACTAGCGCAGTTAG
LOV142ACphA516Arev | CTAACTGCGCTAGTTCATCAGCGTCTTTGCGGCGACT
LOV155ACphA533Afor | CAGAAGATGGAAGCGCTGAAAAAGTTTGCTTATGTCGCC
LOV155ACphA533Arev | GGCGACATAAGCAAACTTTTTCAGCGCTTCCATCTTCTG

2.4 Chemicals, consumables and enzymes

All chemicals used were of analytical grade. The chemicals were obtained from
Merck (Darmstadt), Sigma (Deisenhofen), Serva (Heidelberg), DIFCO (Detroit,
USA), Gibco/BRL (Eggenstein), Biomol (Hamburg), Pharmacia (Freiburg), ICN
Biomedicals (Aurora, USA) and BioRad (Mtnchen). Restriction enzymes and DNA-
modifying enzymes used in this work were purchased from Fermentas (St. Leon Rot,
Germany). Oligonucleotides used as PCR and sequencing primers were
synthesized by Metabion International AG (Martinsried). Ni** IDA Metal Affinity Resin
and disposable columns from Clontech (Palo Alto, USA) were used for the
purification of the His-tagged proteins. The anti-penta His antibodies were from
Qiagen (Hilden) and the secondary antibodies (AP conjugates) were from Dako
(Hamburg, Germany).
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2.5 Microbiological techniques
2.5.1 Media and supplements

Liquid media were prepared in the required volume in tri-distiled water and
autoclaved at 121°C (Systec, Germany). Threefold-distilled water was used for the
preparation of media and buffers. Solid media were prepared with the addition of 15
g/L bacteriological agar (Serva, Germany) before autoclaving. When required, heat
labile components e.g., antibiotics, IPTG, X-Gal were filtered through 0.22 um filter

and added to the autoclaved media.

Media

LB: 10 g/l NaCl, 5 g/l yeast extract, 10 g/l tryptone

LB-agar: 10 g/l NaCl, 5 g/l yeast extract, 10 g/l tryptone, 15 g/l agar
TBY: 16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl

TBY-agar: 16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl, 15 g/l agar
KB: 20 g/l tryptone, 1.5 g/l MgSQy,, 1.5 g/l K;HPO,, glycerol 10 mi
KB: 20 g/l tryptone, 1.5 g/l MgSQy,, 1.5 g/l K;HPO,, glycerol 10 ml, 15 g/l agar.

Antibiotics and supplement stock solutions

Ampicillin: 100 mg/ml in tdH,O
Chloramphenicol: 25 mg/ml in 50% ethanol
Gentamycin: 5 mg/ml in tdH,O
Kanamycin: 50 mg/ml in tdH,O
Nalidixic acid: 5 mg/ml in tdH,O
Spectinomycin: 100 mg/ml in tdH,O
IPTG: 100 mg/ml in tdH.O
X-Gal: 50 mg/ml in DMSO
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Antibiotic solutions, IPTG and X-Gal were stored at -20°C. The tubes containing the
stock solution of X-gal were wrapped with aluminum foil to protect the substances
from light. Media supplements were added to the sterile media after cooling below
50°C.

2.5.2 Growth conditions

All E. coli strains except for pre-cultures (see below) were grown at 37°C. The
incubation period varied depending on the following application for the cells as
mentioned in the related topics. E. coli cells were grown overnight on LB agar plates
or in liquid LB media in test tubes or Erlenmeyer flasks. A single colony or an aliquot
from a glycerol culture stock was used to inoculate the culture medium. 1% (v/v) of a
pre-culture was used to inoculate the large volume liquid cultures. Pre-cultures
(starter cultures) were prepared by overnight incubation of the cells at 30 °C.

Pseudomonas strains were grown at 30 °C on KB agar plates or KB liquid medium.
2.5.3 Culture maintenance

Frequently required strains were maintained on LB or KB agar plates for short term
storage. The agar plates were sealed with paraffin sheet and stored at 4°C for 4-6
weeks. In order to preserve cells for long term, glycerol stocks were prepared by
mixing of an overnight grown liquid culture (60 vol %) with 40 vol % of sterile glycerol
(99.6%) in sterile vials. The glycerol stock cultures were kept in -80°C for long term

preservation.
2.5.4 Cell harvesting

Cells from liquid cultures of up to a volume of 5 ml were sedimented using a tabletop
centrifuge (Hettich, Germany), at room temperature for 2-5 minutes at 6,000 to
13,000 rpm. Larger volumes of cells were pelleted using a rotor centrifuge (Beckman
Coultor, USA) with JA-10 or JLA-16250 rotors at 4°C at 6,000 rpm 10 to 20 minutes.
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2.5.5 Measurement of cell growth using optical density

The growth of unicellular organisms could be rapidly determined by measuring the
turbidity related to cell density. As microbial cell numbers increase, the light intensity
passing through the culture decreases, the output is often expressed as absorbance
or optical density at a given wavelength which is a logarithmic expression of the
amount of light that passes through the culture, thus allowing the measurement of
cell density.

Cell density was determined by observing the optical density using
spectrophotometer taking the pure medium as blank. Cells in specified solution or
culture medium were observed in cuvettes with a pathlength of 1 cm at a wavelength

of 600 nanometer (nm).
2.5.6 DNA manipulation
2.5.6.1 General techniques

All heat stable solutions and devices were autoclaved in order to inactivate nuclease
activity and to reduce contamination. Solutions were autoclaved at 121 °C for 20
minutes and instruments were autoclaved at the same temperature for 15 minutes.
Devices that could not be autoclaved were rinsed with 70% ethanol and flamed to
evaporate ethanol. Heat sensitive chemicals and solutions were filter-sterilized using

0.2 um sterile filters.
2.5.6.2 Genomic DNA isolation

Genomic DNA was isolated using the “DNeasy Blood and Tissue kit” from Qiagen
(Hilden, Germany). Overnight grown cells (2-3 ml, containing maximally 2 x 10°
cells) were lysed using proteinase K. The lysate was loaded on to spin columns
which contain a silica-based gel matrix. Remaining contaminations and enzyme

inhibitors are removed by washing the spin column (matrix). DNA was eluted in
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tdH20; the quality of recovered DNA is usually appropriate for PCR. The required
buffers are provided by manufacturer.

2.5.6.3 DNA extraction from pure cultures using chloroform/isoamyl alcohol

The cells are lysed with anionic detergents in the presence of a DNA stabilizer and
peptide bonds are hydrolyzed to free the DNA from associated proteins. A bacterial
culture (1.5 ml) was centrifuged in an E-cup and re-suspended/washed in 1 ml of
0.9% NaCl using vortexing; it was centrifuged again to sediment the cells. The
supernatant was discarded. The pellet was re-suspended in 564 ul 1XTE buffer (10
mM Tris-HCI, 1 mM EDTA pH 8.0). 30 pl of 10% SDS was added and the solution
was mixed gently. 6 pl of proteinase K (20 mg/ml) was added and again mixed
gently. The mixture was then incubated for 1 hour at 37°C. 100 pl 5 M NaCl was
added, mixed gently, and 80 ul of a prewarmed (65°C) CTAB/NaCl solution (NaCl
419 g, CTAB 10 g, tdH>O 100 ml, filter sterilized) was added. The solution was
again mixed gently and incubated for 10 minutes at 65°C.

The chloroform/isoamyl alcohol (24:1 v/v) extraction was performed as a stand-
alone DNA purification step. Extraction using chloroform removes protein
contaminations from the DNA samples, using the different behaviour of proteins in
comparison to DNA with organic solvents. While the proteins are denatured by the
organic solvent and are localized after phase separation as a thin layer between the
two phases, the DNA remains in soluble form and can be recovered from the
aqueous phase. The DNA-containing solutions (bacterial extracts, restriction
reactions mixture) were mixed with an equal volume of chloroform/isoamyl alcohol
and mixed vigorously. The mixture was centrifuged at 4°C at 13000 rpm for 15-20
minutes. The upper aqueous phase was carefully transferred into a new tube. The
clear nucleic acid phase obtained after chloroform/isoamyl alcohol extraction was
precipitated using isopropanol or ethanol. 0.6 volume of ice-cold isopropanol or 2-3
volume of ice-cold absolute ethanol was added to the aqueous phase containing
DNA and mixed carefully. The mixture was incubated at -80°C for 10-20 minutes.
Precipitated DNA was obtained after centrifugation at 13,000 rpm at 4°C for 20-30
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minutes. The DNA pellet was washed with 100 to 200 pl 70% ethanol and
centrifuged again at 4°C for 5-10 minutes. The DNA pellet was then dried,
resuspended in tdH>O and stored at 4°C.

2.5.6.4 Plasmid-DNA isolation using the “QlAprep Spin Miniprep Kit”

“QlAprep Spin Miniprep Kit” from Qiagen (Hilden, Germany) was used to obtain pure
DNA. The bacteria are lysed by SDS in presence of NaOH in the cold reaction
mixture. The reaction leads to denaturation of RNA, DNA and proteins. Following the
neutralization reaction, chromosomal DNA and proteins co-precipitate, whereas
plasmid DNA remains in solution and can be collected by adsorption of the
negatively charged DNA at a Silica gel matrix in presence of high salt
concentrations. About 25 pg highly pure plasmid DNA (high copy number vectors)
could be obtained from 3-5 ml of an E. coli culture. The quality of DNA after elution

with tdH>O allows sequencing and other activities that require high quality DNA.
2.5.6.5 Rapid plasmid isolation from E. coli by “Cracking”

This method allows rapid isolation of plasmid DNA from a single colony or a pellet
obtained by centrifugation of a liquid culture, for, e.g., the size determination of
plasmids. This method bypasses the need to prepare overnight liquid cultures. This
method does not allow further manipulation of plasmid DNA, for, e.g., cloning or

sequencing.

A single colony is lifted from an agar plate and placed into an E-cup containing 25 ul
of 10 mM EDTA (pH 8.0). 25 ul of fresh cracking buffer (100 pl of 2N NaOH; 50 pl of
10% SDS; 0.2 g sucrose; td H,O 850 pl) was added to the suspension, mixed well
with a pipette, incubated for 5 minutes at 70°C, and then placed on ice. 2 pl of
cracking stain (1.5 ul of 4M KCI; 0.5 pl of 0.4% Bromophenol) is added, mixed well
with a micro pipette and the mixture is incubated in ice for 5 minutes. The solution is
then centrifuged at 4°C at 13,000 rpm for 10 minutes. 15-20 ul of supernatant are

directly poured into the agarose gel slot and the gel is run for 1 hour at 100V.
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2.5.6.6 Agarose gel electrophoresis

Agarose gel electrophoresis is a method used to separate DNA strands by size in a
porous agarose gel by application of an electric field. The electric field is applied to
drag the negatively charged DNA molecules through a gel matrix, where the shorter
DNA molecules move faster than the longer ones. The rate of migration is affected
by a number of factors that are concentration of agarose, voltage applied and

conformation of DNA.

Agarose gels were made from 0.8% to 1% agarose in TAE buffer (40 mM Tris-
acetate, 1 mM EDTA pH 8) as required. The DNA is then mixed with 0.2 volumes
loading dye (Glycerol 30% (v/v); EDTA 50 mM; Bromophenol blue 0.25% (w/v)) in
order to visualize and sediment it in the gel pocket. When the SYBR Green staining
method is followed, the DNA is stained before loading to the gel by adding SYBR
Green in a ratio of 1:5000. The gels are then run at 5 V/cm until optimal separation is
achieved. For ethidium bromide-based staining the gels are exposed to 0.1 pg
ethidium bromide/ml (in td H>O or 1XTAE buffer) for about 10 to 15 minutes and de-
stained for about 2-10 minutes in a water bath in order to reduce the background.
The stained DNA (after SYBR Green or ethidium bromide staining) can be visualized
under UV light. For size determination, the Gene Ruler™ 1 kb Ladder Plus

(Fermentas) can be used as a marker as required.
2.5.6.7 DNA extraction from agarose gel

DNA fragments are recovered from an agarose gel using “QlAquick gel extraction
kit” (Qiagen, Hilden) following the manufacturer’s protocol. By this method, selection
and recovery of a particular fragment of DNA from the gel is possible. The required

reagents and DNA adsorption columns used are supplied with the Kkit.
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2.5.6.8 Restriction digestion

This method is based on type |l restriction enzymes isolated from prokaryotes which
are highly specific and act on recognition sites of double stranded and in most cases
palindromic DNA. The enzymes hydrolyze the phosphodiester bond between two
bases in defined places of the double strand making two incisions, one through each
of the phosphate backbones of the double strand without damaging the bases. This

method produces over-hangs (sticky) or smooths (blunt) ends.

For cloning of DNA into a circular plasmid vector, the vector DNA is first linearized
using appropriate restriction enzymes. PCR products or DNA to be cloned is also
digested using the same or appropriate restriction enzymes to produce
complementary overhangs or blunt ends for cloning into the linear vector. There are
two protocols in use, depending of whether conventional or rapid hydrolyzing

restriction enzymes are used.
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Analvtical digestion reaction using conventional restriction enzyme

DNA 7 ul (~0.5 pg)
10X Buffer 1.5 ul
Enzyme 0.3 pl

H.O to 15 pl

The reaction is incubated at the temperature recommended by the manufacturer for
3 to 16 hours.

Analvtical digestion reaction using fast digest enzyme

DNA 7 ul (~0.6 pg)
10X Buffer 1.5 ul
Enzyme 1 ul

H20 to 15 pl

In this case, the digestion reaction is incubated for 10 to 30 minutes at the

temperature recommended by the manufacturer.
2.5.6.9 Dephosphorylation

In order to avoid re-ligation of empty plasmid vectors during the ligation reaction, the
5 phosphate residues at the end of linearized vectors are removed by alkaline
phosphatase treatment. Dephosphorylation of digested vector DNA is performed by
incubation with 1 pl (1 unit per pmol 5’ ends) shrimp alkaline phosphatase (SAP)
(Fermentas, Germany), and 10x dephosphorylation buffer (10% of the total reaction
volume) for 45 minutes at 37°C. The volume is adjusted with H>O. To finish the
reaction, the phosphatase enzyme is inactivated by incubation for 10 minutes at
65°C. The DNA can then be purified using the Qiaquick PCR purification kit (Qiagen,
Germany).
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2.5.6.10 Ligation

DNA ligation involves creating a phosphodiester bond between the 3' hydroxyl end
of one nucleotide and the 5' phosphate end of another. Cloning of DNA into plasmid
vector is accomplished by ligating the complementary ends produced by the
digestion of appropriate restriction enzymes with the linear vector prepared by the
same or a similar restriction enzyme that produces complementary overhangs or

blunt ends.

Ligation reaction

DNA ~8 ul (~ 0.5 ug)
Vector DNA ~ 5 ul (~0.2 pg)
10X T4 buffer 2 ul

T4 ligase 0.5 pl

Sterile H20 to 20 pl

The ligation reaction is incubated overnight at 16°C.

For cloning into the ligation-independent pET52 3C/LIC vector, primers are designed
to introduce a 12 bp 5’ extension into the sense and a 14 bp 5’ extension into the
antisense strand to generate vector-specific complementary ends. The PCR product
is then cloned into a linearized pET52 3C/LIC vector using the 3C/LIC cloning kit

(Novagen) according to manufacturer’s protocol.
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2.5.7 Polymerase chain reaction

PCR is performed in 0.2 ml plastic tubes in a reaction volume of 50 ul. For several or

many parallel PCR reactions, a reaction master mix can be prepared.

PCR reaction using Pfu/Taq polymerase:

Template DNA (max. 0.1 pg/pl) 1l
10X polymerase buffer 5ul
dNTP mix (10 mM each) 1 ul
Forward primer (25 pmol/ ul) 2 pl
Reverse primer (25 pmol/ pl) 2 ul
Pfu/Taq polymerase 0.5 ul
ddH20 38.5 pl

PCR reaction using Hot start master mix

The mi-Hot Tag mix (Metabion) is used to carry out analytical PCR when several
PCR are being performed in parallel. The pre-mix saves time for pipetting of different
components and reduce the risk of errors in preparation of PCR components.
Moreover, the antibodies present in the hot start mix prevent the polymerase activity

in room temperature.

Template DNA (max. 0.1 pg/pl) 1 ul
Forward primer (25 pmol/ ul) 2 pl
Reverse primer (25 pmol/ pl) 2 pl
Hot tag master mix 25 ul
ddH20 20 pl
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Thermal conditions used for Tag polymerase:

Initial denaturation 95°C 5 min.

1. Denaturation 95°C 1 min

2. Annealing 58°C-62°C 45 sec

3. Elongation 72°C 1 min/ kb.

Number of cycles 30
Final elongation 72 °C 20 min

Thermal conditions used for Pfu polymerase:

Initial denaturation 95°C 3 min.

1. Denaturation 95°C 1 min

2. Annealing 55°C-58°C 45 sec

3. Elongation 72°C 2 min/ kb.

Number of cycles 30

Final elongation 72 °C 20 min

The obtained PCR products are analyzed by agarose gel electrophoresis. For the
thermal cycling of the reaction Master cycler from Eppendorf (Eppendorf, Germany)

was used.
2.5.8 Colony PCR

Colony PCR can be performed to quickly screen plasmid inserts directly from E. coli
colonies or for the detection of genes from bacterial DNA: a colony of E. coli or
Pseudomonas syringae pv tomato DC3000 was mixed in 25 pl of 1XTE buffer,
boiled for 5 minutes, vortexed and centrifuged for 5 minutes at 13000 rpm. 2 pl were
removed from the supernatant and used as template for PCR using Hot Tag PCR

protocol as mentioned above.
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2.5.9 Site directed mutagenesis (point mutation)

Site directed mutation is a method to insert aimed point mutations into a stretch of
DNA. The point mutation for plasmid cloned DNA is based on the principle of two
complementary primers, which contain the desired mutation as a mismatch [132].
The mutation primers should contain approx. 30 correct base matches with the
template. A PCR is accomplished using the Pfu polymerase, which possesses an
extremely low error rate and multiplies the entire plasmid. The PCR product is
treated with restriction enzyme Dpnl to digest the original DNA and 5-10 pl of these
PCR product is transformed in E. coli The desired mutation is confirmed by

sequencing.
2.5.10 RT-PCR (“reverse-transcriptase”)

Overnight grown cultures of P. syringae DC3000 wild type and mutant cells (at
ODesoo about 0.7 to 1.0) were harvested by centrifugation for 2 minutes at 12000 rpm.
The total RNA was isolated using the total-RNeasy mini kit (Qiagen). The DNA-free
total RNA was reverse-transcribed into cDNA using the First strand complementary
DNA synthesis kit (Fermentas) with the help of gene specific primers. A 2 ul aliquot
of the reaction was used as template in the amplification reaction.

2.5.11 Bacterial cell transformation
2.5.11.1 Transformation by heat shock method

2.5.11.1.1 Preparation of competent E. coli cells

Competent E. coli cells were prepared in the presence of CaCl, following the method
developed by [133]. 250 ml LB medium was inoculated with 1% (v/v) overnight
culture of E. coli and grown at 37°C in rotary shaker up to ODgpo= 0.4. The culture
was kept on ice for 10 minutes. The cells were then centrifuged at 4,000 rpm at 4°C
for 7 minutes. The cell pellets were re-suspended in 25 ml ice-cold 100 mM CaCl;
solution and centrifuged again at 4,000 rpm at 4°C for 5 minutes. The pellets were

re-suspended in 2 ml ice-cold 100 mM CaCl; solution. Glycerol was added to the
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cells to a final concentration of 20% and the cell suspension was divided into
different precooled E-cups with 100 pl aliquots in each. The competent cells

prepared in this way were stored in -80°C.
2.5.11.1.2 Transformation using the heat shock method

Competent E. coli cells were transformed using the heat shock method [134]. 200 ul
competent cells (from -70°C) were kept on ice for 10 minutes to thaw. 4 pl of ligation
(10 - 150 ng DNA) mixture was added and incubated for 30 minutes in ice. A heat
shock (42°C) was applied for 90 seconds enabling the cells to take up DNA. The
cells were then incubated on ice for 3 minutes, after which 800 pl LB broth was
added. The mixture was then incubated at 37°C for 1 hour by gentle shaking. 50 to
100 pl of the transformation mix was poured on LB agar plates with appropriate

antibiotics, spread with a sterile spatula and incubated overnight at 37 °C.

2.5.11.2 Transformation by electroporation

2.5.11.2.1 Preparation of electro-competent cells

About 200 ml of cells were grown at 30 °C with shaking at 180 rpm to ODggo of 0.5-
0.6. The cells were cooled on ice for 15 minutes and centrifuged at 5000 rpm at 4
°C. The pellet was washed with ice-cold distilled water for 3-4 times with intermittent
centrifugation at 4000 rpm at 4 °C. After the final wash, cells were resuspended in 2
ml of 10% glycerol (td H2O) resulting in a total volume of about 3-4 ml; the cells are
frozen and stored at -80 °C.

2.5.11.2.2 Electroporation

The competent cells stored in -80 °C were thawed on ice for about 15 minutes.
About 100 ng (5-10 pl) of plasmid or linear DNA was added to about 100 pl of
competent host cells and kept on ice for about 2-5 minutes. The mixture of cells and
added DNA was transferred to an electroporation cuvette (0.1 cm) (Biorad), pre-
chilled on ice. The cells were pulsed at 25 mF, 2.4 kV and 200 ohm (5 milliseconds)
using the GenePulser (Biorad). Immediately after electroporation 1 ml of chilled LB
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media was added to the cuvette and all the content was transferred to 2 ml
Eppendorf tubes. The tubes were incubated at 30 °C for 1 2 hours by gentle
shaking. The content was spread immediately after incubation on LB plates
containing appropriate antibiotics. The electroporation method is also used to

construct the gene inactivation (knock-out mutant strains) of P. syringae tomato.
2.5.12 Selection of recombinant clones (blue/white screening)

The X-Gal-plate-test is used for the selection of E. coli clones that contain
recombinant plasmid DNA inserted into a cloning site of the plasmid within the lacZ
gene. This method is based on the induction by IPTG (Isopropyl-p-thiogalacto-
pyranoside) that induces formation of B-galactosidase by the lacZ gene which
converts the indicator X-Gal (5-bromo-4-chloro-3-indolyl-B3-D-galactoside) (included
in the agar) into blue product. The inactivation of lacZ site by insertion inhibits the
synthesis of this enzyme and the colony remains white. In this way the selection of
one or several colonies harboring recombinant DNA was possible from the entire
mixture of a transformation experiment. This test represents a further selection
marker apart from the plasmid-coded antibiotic resistance. It should be kept in mind
that the E. coli XL1Blue and DH5a strains used for transformations already carry a
deletion of the lacZ gene and are therefore not applicable for this assay. The cloning
sites of the pDRIVE PCR cloning vector, on the other hand, are located in the lacZ

gene which codes for
2.5.13 Conjugation

Genes encoding phytochromes, LOV-kinase or heme oxygenase in the genome of
P. syringae pv. tomato DC3000 were inactivated by conjugation. Plasmids
containing each of these genes, interrupted by an antibiotic resistance cassette,
were introduced into the E. coli strain S17-1. The resulting strains were used in a
conjugation experiment with P. syringae pv. tomato DC3000, such that the E. coli
cells containing the respective plasmids and P. syringae pv. tomato DC3000 cells

were mixed in a ratio of 1:2, plated on KB agar, and grown for 18 to 24 hours. The

58



Materials and methods

mixed colonies were scraped from the plate, resuspended in 1 ml of 10 mM MgSOQs.,
and plated on KB medium containing nalidixic acid (5 pg/ml) and antibiotic.
Exconjugants were streaked for isolation on the same medium and subsequently

characterized for the proper insertion by PCR amplification.

2.6 Protein chemical techniques

2.6.1 Heterologous protein expression

One liter of TBY medium containing the appropriate antibiotic was inoculated with 10
ml of an overnight grown E. coli culture transformed with the recombinant gene-
containing plasmid in a baffled flask and grown at 30°C and 180 rpm. At ODggo
between 0.5 and 1, 0.5 mM (final concentration) IPTG was added to the culture
medium. After induction, cells were grown overnight at room temperature and
harvested by centrifugation at 4 °C for 10 to 12 minutes at 6000 rpm. Growth,
induction and expression conditions were modified as required. After determining the
weight of the pellets, they were stored at -20 °C or directly used for the isolation of

the expressed protein.
2.6.2 Extraction of heterologous protein

Cell pellets were thawed on ice and resuspended in lysis buffer (100 mM Tris, 600
mM NaCl, 10% Glycerol, pH 8.0). The lysis buffer contained also B-mercaptoethanol
as a reducing agent (final concentration of 0.1%) and Pefabloc (final concentration
200 mM) to prevent protease activation. The suspension was dropwise added to
liquid nitrogen and was broken by an ULTRA TURRAX (Milian, Geneva,
Switzerland) under these conditions. After evaporation of the liquid nitrogen, the
homogenate was centrifuged for 30 minutes at 4 °C and 20,000 rpm. The resulting
supernatant was cleared by ultracentrifugation for 1 hour at 4 °C and 50,000 rpm.

2.6.3 Reconstitution of phytochrome with chromophore

The biliverdin chromophore was obtained by the method described by Mcdonagh et
al,1980 [135] and PCB was isolated from the cyanobacterium Spirulina platensis

59



Materials and methods

according to the method of Kufer and Scheer [136]. The apophytochrome was
reconstituted in the dark with about a ten-fold molar excess of chromophore
(dissolved in few pul of DMSO). After a few minutes of irradiation with far-red light >
715/750 nm, depending on the chromophore used, the Pg absorption spectrum was
measured. After a few minutes of irradiation with red light (655 nm interference
filter), the Prg absorption spectrum was measured. Subtraction of the Prg spectrum
from the Pr spectrum resulted in the difference spectrum. If the concentration of
apoprotein was unknown, PCB/BV was added stepwise, until no further increase in

the difference spectrum was observed.
2.6.4 Ammonium sulfate precipitation of phytochrome

One volume of 3.3 M (NH4)2SO4, 50 mM Tris, pH 8.0, 100 mM NaCl was added
gradually during 1 hour to the protein solution on ice. The precipitate was pelleted by
centrifugation for 30 min at 39,000 x g and 4°C. The pellet was dissolved in an
appropriate volume of lysis buffer. Subsequently, the solution was cleared by

centrifugation for 20 min at 16,000 x g and 4 °C.
2.6.5 His-tag purification

The attachment of a tag of six or ten histidine residues at the N- or C-terminus of
recombinant proteins enables affinity purification via Immobilized Metal Affinity
Chromatography (IMAC). This method is based on the interaction between divalent
metal ions (like Co®*, Ni?*, Cu®* and Zn**) and the unprotonated imidazole ring of
histidine. These metal ions have six coordination sites available for interaction with
electron rich ligands. Ni-metal chelate affinity resin 26 (Serva) was used for
purification of recombinant protein fused with His-tag, which has tetradentate
chelators that bind the metal ions to the chromatographic substrate, leaving two sites
available for interaction with histidine residues. After application of the protein
mixture from the cell lysis onto the column and washing to remove the non-His

proteins allows then the His-tag fusion protein to be eluted by lowering the pH,
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resulting in the protonation of the imidazole ring of the histidines, which is then

repelled by the metal ions.

Alternatively, the recombinant protein can be eluted using imidazole that competes
for the Ni-sites on the resin. In this case, the resin was washed 2-3 times with water
and further 2 times with wash buffer (50 mM Tris, 150 mM NaCl, 5% Glycerol, pH
8.0). The crude lysate solution was added to the resin and bound by incubation for
about 1 hour by gentle shaking. The resin was transferred to a gravity column and
allowed to settle. The column was then washed 10 times with wash buffer (50 mM
Tris, 150 mM NaCl, 5% Gilycerol, pH 8.0, 0.1% B-mercaptoethanol (final amount),
200 mM Pefabloc (final concentration), and containing increasing concentrations of
imidazole (10 to 40 mM). Finally, the His tagged protein was eluted with 2 ml of
elution buffer (wash buffer with 250 mM imidazole).

2.6.6 Strep-tag purification

Strep-tag purification was performed using a streptactin sepharose drip column with
a column volume of 5 ml. The column was equilibrated by washing with 5 column
volumes of buffer W (20 mM Tri-HCL, 20 mM NaCl, pH 8.0). Crude lysate was
poured in column and washed with 5 column volumes of buffer W. The washing step
was repeated for 5 times. Elution of the fusion protein was carried out with 5 column
volumes of buffer E (20 mM Tri-HCL, 20 mM NacCl, 2.5 mM desthiobiotin, pH 8.0).

2.6.7 Gel purification

For protein purification, an Acta"™basic system 10/100 from Amersham Pharmacia
Biotech (GE Healthcare) was used. Acta™basic is an automated liquid
chromatography system and consists of a compact separation unit and a personal
computer running the UNICORN™ control system version 3.0. His-tag purified
protein was further gel purified by this system using a Tricorn™ Superdex™75
column that was washed and run at a flow rate of 1ml/minute with wash buffer (25
mM Tris-HCI, containing 10 mM NacCl, pH 8.0).
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2.6.8 Dialysis

Purified (=eluted) proteins containing high amounts of imidazole or any other salt
were subjected to dialysis. Appropriate molecular size exclusion cut-off dialysis
membranes were used for this purpose. The concentrated protein solutions were
dialyzed against 400-600 volumes of buffer with a minimum salt concentration at 4
°C. Routinely, apo-proteins were dialyzed, although sometimes holoproteins were

also subjected to dialysis to remove high salt concentrations.
2.6.9 Protein concentration determination

The purified protein obtained by the His tag affinity chromatography was
concentrated using a Centricon device using phosphate buffer (10 mM NaCl, 10 mM
NaxPO4, 10 mM NaH2POy4, pH 8.0) or Tris buffer (20 mM Tris, 20 mM NaCl, pH 8.0)
before their biochemical characterization. Concentration was performed via the
ultrafiltration method with Ultrafree 15 Biomax 10K, 30K or 50K (Milipore, Bedford,
MA, USA) filter devices. The procedure was perfomed by centrifuging at 4 °C and

4000 rpm as per the manufacturer's instructions.
2.6.10 SDS-polyacrylamide gel electrophoresis (PAGE)

Purified protein preparations were separated and analyzed by standard SDS-PAGE
(Laemmli, 1970), for which NuPAGE minigels (Invitrogen) were used. The precasted
gels are 4-12% acrylamide/bis-acrylamide gradient gels. Protein samples were
mixed with 0.2 volume of Laemmli-buffer (100 mM Tris (pH 6.8), 200 mM DTT, 4%
SDS (w/v), 0.2% bromophenol blue (w/v), 20% glycerol), and heat-denatured (95 °C,
5 min). Gel electrophoresis was performed in the Minigel Electrophoresis Unit (GE
Healthcare) with 1XSDS buffer at 130 to 180 V, until the tracking dye reached the
bottom of the gel. Prestained Protein Marker (Invitrogen Sea Blue 2) was used as
the molecular weight marker. Proteins were visualized by staining with Coomassie
staining solution (0. 2 % Coomassie-blue, 20% ethanol and 10 % acetic acid (final
concentration) in water) for 20 minutes. The gel was then placed in destaining

solution (40% ethanol, 10% acetic acid in water) for 20 minutes. To prevent cracking
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of the gel during drying, the gel was washed for 5 min in 10% glycerol and rinsed in

water, before allowing it to air-dry.
2.6.11 Western blot

For a Western blot analysis, proteins on the gel were blotted onto a PVDF
membrane via a semi-dry electrophoretic transfer. The transfer sandwich was
assembled under transfer buffer (25 mM Tris, 150 mM Glycin, 20% methanol, pH
8.0) in the following way: starting from the cathode, stacking was in the following
order: 2 pieces of soaking pads, 1 piece of filter paper (of same size as gel and
membrane), gel, membrane, filter paper and soaking pads. Prior to use, the
membrane was immersed in methanol until it did not float any more, and was then
kept in transfer buffer until use for blotting. All air bubbles were carefully removed
from both sides of the gel. This sandwich was placed into a transfer cassette, which
was then inserted into the buffer tank, and filled with transfer buffer. The proteins
were transferred at a constant current of 25 V for 80-90 minutes. A pre-stained
marker was used to control the completion of transfer. 3 % (w/v) BSA in TBS buffer
(10 mM tris HCI (pH 7.5), 150 mM NaCl) was used to block the membrane. After
washing two times for 10 minutes in TBST (20 mM Tris HCI (pH 7.5), 500 mM NaCl,
0.05 % (v/v) tween-20), and one time for 10 minutes in TBS, the membrane was
incubated with the primary antibody (1:1000 diluted in blocking buffer) for one hour
at RT. Any unspecifically bound antibody was removed by washing the blot two
times for 10 minutes in TBST, and one time for 10 minutes in TBS. It was then
incubated with the secondary antibody (1:1000 diluted in blocking buffer) for one
hour at RT. Before developing the blot it was again washed four times for 10 minutes
with TBST. To develop the blot, it was stained in freshly prepared 10 ml (100 mM
Tris-HCI, 100 mM NaCl, pH9.5) with NBT/BCIP, and the color was allowed to
develop in the dark. The chromogenic reaction was stopped by washing twice in

water.
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2.6.12 Tryptic digestion

Protein bands were excised manually from the electrophoresis gels after SDS PAGE
separation. The gel plugs with specific protein bands were placed into polypropylene
96-well plates. Automated in-gel digest and sample preparation for MALDI-TOF MS
was performed using the robotic liquid handling system FREEDOM EVO-150 Base
(Tecan) and process as described by Jahn et al, [137] with some modification as
shown in Table 7.

Table 7: Steps used by automated in-gel digest

Volume | Time | Temp
Step Reagent (ul) (min) | (°C)
1. Destaining 50 mM ABC/30% ACN 100 10 45
2. Dehydration 100% ACN 100 12 RT
3. Drying 12 50
4. Reduction 5 mM DTT in 50mM ABC/30% ACN 20 30 45
5. Alkylation 22.5 mM IAA in 50 mM ABC/30% ACN 20 30 RT
6. Wash 50 mM ABC/30% ACN 100 2 RT
7. Dehydration 100% ACN 100 10 RT
8. Drying 10 50
9. Cooling 10 RT

25 ng/pl Trypsin in 5mMTris pH8.0/0.1% OGP/5

10.Trypsin mM Cacl, 6 15 RT
11.Digest buffer | 5 mM tris pH8/0.1% OGP 15 RT
12.Digest 120 45
13.Extraction 0.5% TFA/0.1% OGP 25 60 RT

ABC, ammonium bicarbonate; ACN, acetonitrile; DTT, dithiothreitol; IAA, iodoacetamide; Tris,
tris(hydroxymethyl) aminomethane; OGP, n-octyl-B-glucopyranoside; TFA, trifluoroacetic acid; RT,
room temperature.

2.6.13 MALDI-TOF MS molecular weight analysis

MALDI-TOF MS (Matrix Assisted Laser Desorption lonization-Time Of Flight Mass
Spectrometry) is used to identify the subunit composition and the molecular mass of
a purified protein. MALDI-TOF MS is performed by embedding the analyte into a
solid, crystalline matrix, which absorbs the energy generated by a LASER beam.
This energy absorption, which can be up to the order of 10° W/cm2, leads to intense
heating and generation of a plume of ejected material that rapidly expands and
undergoes cooling. Since this process takes place within the high vacuum of the
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mass spectrometer, the protein is gradually stripped from matrix and solvent
molecules, and can then be separated according to its apparent mass to charge

ratio.

For the experiments conducted, a Voyager-DE PRO Workstation and a Voyager-
DETM PRO Biospectrometry Workstation from Applied Biosystems (USA) was used.
The matrices used here were a-cyano-4-hydroxycinnamic acid (CHCA)(M1), 2,5-
dihydroxybenzoic acid (2,5- DHB)(M2), Sinapinic acid and a mixture of 2,5-
dihydroxybenzoic acid and 5-methoxysalicyclic acid (DHBSs).

2.7 Ultraviolet/Visible (UV/VIS) spectrometry

UV-VIS spectroscopy is the measurement of wavelength and intensity of absorption
in the near-ultraviolet and visible light region for a given sample. The concentration
of an analyte in solution can be determined by measuring the absorbance at certain

wavelengths and applying the Lambert-Beer law,
A=¢gxcxd

where A is the measured absorbance, € is a wavelength-dependent absorption
coefficient, ¢ is the concentration of the solution, and d is the path length. All the
measurements were done with Shimadzu (UV-2401PC) spectrophotometers. The
buffer or the eluent solution used to prepare the dilution of the sample was applied

as a reference solution.

UV-Vis spectra from 200 - 900 nm were recorded with a Shimadzu
spectrophotometer (UV- 2401PC). For recording Pr to Prgr conversion and the
reverse reaction, the samples were repeatedly irradiated for 1 - 2 min with red light
(650 = 7 nm interference filter) and far-red light (> 715/750 nm cut-off filter),
respectively, followed by recording of the Pr or Prr spectrum after each irradiation.
Difference spectra were formed by subtracting the Prr spectrum from the Pg

spectrum.
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2.7.1 Assembly kinetics

To determine the chromophore assembly kinetics, the rise in absorption at the Amax
of the Pg form was followed at 10°C directly after addition of the chromophore. To
allow for correction for possible changes in scattering or a shift of the absorption
maximum, spectra were recorded from 600 - 750 nm at regular time intervals. A
detection-interval of 2 nm was used instead of the normally used interval of 0.5 nm,
enabling recording of a spectrum with high scanning speed every 20 s. The
chromophore (about ten-fold molar excess to the apophytochrome) was pre-
dissolved in DMSO at a high concentration and diluted to 30 pl in buffer. The cuvette
with apoprotein (470 pl) was placed into the spectrophotometer and cooled to 10°C.
The chromophore was added and mixed by “pipetting” up and down a few times. By
this way it was possible to start recording the first spectrum within 15 s after the
addition of the chromophore.

2.7.2 Pgg dark reversion

To determine the thermal stability of the Pgg form, the samples were exhaustively
converted to Prr by 5 min of irradiation with red light (655 nm interference filter).
Directly after irradiation, spectral changes were recorded by measuring spectra from
450 — 850 nm at room temperature (20 °C) at regular time intervals. Alternatively, the
absorbance change at a given, fixed wavelength could be followed. The increase of
absorption in the Pg-maximum (or the decrease of the Prr absorbance itself) was
used to determine the Prr dark reversion. At the beginning and at the end of the
experiment, difference spectra were recorded to determine an eventual decrease of

the absorption due to degradation of the protein.
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2.8 Bioinformatics
2.8.1 DNA sequencing

DNA sequencing was performed at the Automatic DNA Isolation and Sequencing
(ADIS) company at the Max Planck Institute for Plant Breeding Research, Cologne.
Plasmid clones were sequenced using standard primers.

2.8.2 Analysis of sequence data

The evaluation of the sequence data was accomplished by the nucleotide-blast
program (BLASTN), and/or translated query vs. protein database (BLASTX) service
offered by National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov).

2.8.3 Sequence alignment and editing

Alignment of two sequences was performed with the specialized BLAST-bl2seq
service of NCBI. Multiple sequence alignment was performed using the clustalW2

web-based server at http://www.ebi.ac.uk/ [138].

2.8.4 Protein domain scan

Protein domains were determined with ScanPro [139] at http://www.expasy.org and

SMART v5 [140] at http:/smart.embl-heidelberg.de/, using both as complementary

tools.
2.8.5 Primer design

Most of the cloning primers were designed manually. However, few web-based tools
were used to design primers to target specific regions in certain DNA molecules for
PCR-based detection and mutagenesis. Primer-3 [141], a web-based primer design
tool was used to find specific primer sequences to amplify a target region of a DNA.
Primers for site directed mutagenesis were designed using the QuickChange®

Primer Design Program (Stratagene).
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2.8.6 Other resources

The determination of protein molecular weight and the identification of peptides from
trypsin digested proteins were performed using the TrEMBL software available
online. The 3D structures of proteins were taken from the Brookhaven protein data
base (PDB) (http://www.rcsb.org/pdb/cqi/).

For secondary structure prediction, the PSIPRED method [142] was applied.
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3. Results and discussion

Phytochromes are red-/far-red light sensitive photoreceptors, ubiquitous in plants
and in many prokaryotic species [7]. They regulate a broad variety of
photomorphogenetic responses, based on the photochemical properties of their
covalently bound chromophore. As introduced in the previous chapters, different
phytochrome families use different chromophores. This present thesis will try to
broaden our understanding about the bacterial phytochromes from the
cyanobacterium Calothrix PCC7601 and the pathogenic bacterium Pseudomonas

syringae pv tomato DC3000.

Section 3.1 will focus on the essential length of the protein moiety required to
maintain the spectral integrity in CphA and CphB phytochromes from Calothrix.
Calothrix is the only cyanobacteria which carry two phytochromes, CphA and CphB,
with different chromophore PCB and BV, respectively.

Section 3.2 will present results on construction of a fusion protein generated from
the PAS domain of a blue light photoreceptor and the HK domain of a red/far red
light-sensing photoreceptor. This reprogrammed fusion protein is recombinantly

produced and biochemically studied.

Section 3.3 will describe the red and far-red light-sensing photoreceptors present in
the pathogen P. syringae tomato. This bacterium carries two bacterial
phytochromes, PstBphP1 and PsiBphP2. The proteins were expressed in vitro and
studied biochemically. The heme oxygenase, which is responsible for the production
of the bilin chromophore of these phytochromes is expressed individually and co-

expressed with phytochromes to study its role for chromophore production.

Although much is known about the molecular biology of P. syringae tomato, very
little is known about the role of blue and red/far-red light photoreceptors and the
effect of light on P. syringae tomato. To identify the photoreceptor involved in the
light dependent regulation of motility, the insertion knockout mutants, defective of

one or both phytochromes and of LOVA which encodes the blue light photoreceptor
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(LOV) were generated and used to test for the effect of light on the bacterial motility

and plant-mutant interaction. This result will be discussed in Section 3.4.
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Section 3.1

3.1 Domain interaction in cyanobacterial phytochromes CphA/CphB from
Calothrix PCC7601

Two phytochromes, CphA and CphB, from the cyanobacterium Calothrix PCC7601
were investigated for the essential length of their protein moiety required to maintain

the spectral integrity.
3.1.1 The cyanobacterial phytochromes CphA and CphB

The cyanobacterial phytochromes, CphA and CphB, from the cyanobacterium
Calothrix PCC7601, with similar size (767 and 765 amino acids) and domain
structure (Figure 15), were investigated for their spectral properties. The full length
CphA and CphB are 88 kDa and 87 kDa proteins, which had been cloned previously
in the group [41;143], to study the biochemical characteristics of these

cPhB

Figure 15: Graphical representation of the domain structure for the cyanobacterial

photoreceptors.
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phytochromes CphA and CphB from Calothrix PCC7601 with their cognate response
regulators. Genes encoding these response regulators are on the same operon as the
phytochrome genes.

Despite their high simialrity in molecular weight and in large part of their sequences,
both phytochromes show significant functional differences: CphA is a canonical
phytochrome, binding PCB in its GAF domain. It is highly homologous to plant
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phytochromes and to classical cyanobacterial phytochromes such as Cph1 (748aa)
of Synechocystis PCC6803 and AphA (755 aa) of Anabaena PCC7120, possessing
the cysteine residue within a conserved amino-acid sequence motif of the GAF
domain, to which phycocyanobilin (PCB) binds covalently as a chromophore
[41;50;80]. Calothrix CphB is homologous to AphB of Anabaena PCC7120 and most
of other bacteriophytochromes (BphPs) with a leucine instead of a cysteine residue
in the chromophore binding domain unlike plant phytochromes. In this phytochrome,
here coined CphBm, which is similar to other BphPs and lacks the canonical
cysteine residue, an N-terminally located cysteine (Cys 24) was found as an
alternative binding site for biliverdin (BV) that in this case serves as chromophore
[143]. A comparison of the absorption maxima of a homologously expressed CphB
with the heterologously generated apoprotein, assembled with phycocyanobilin
(PCB, Amax of 686 Nnm and 734 nm, Pr and Pfr maxima, respectively) or with biliverdin
(BV) (Amax of 700 nm and 750 2 nm) proved that BV works as the genuine
chromophore [144]

3.1.2 Heterologous expression and purification of full length CphA and CphB

The phytochrome-encoding ORFs cphA and cphB were cloned in the pMEX8 and
pET28a expression vectors behind the tac /T7 promoter. The heterologous
expression of Calothrix CphA (full length) and CphB (full length) was successfully
performed in expression cells BL21 (DE3) RIL. Both proteins carried a Hisg-tag at
their C-terminal end. The expression was induced at various temperatures ranging
between 18-30°C by adding IPTG up to a final concentration of 400 pM to the
culture, after which growth was continued for 10-16 hrs. 1 litre of the culture resulted
in up to 20 g of cell pellet. The crude lysate of phytochrome was precipitated by
ammonium sulfate and His tagged affinity purification was performed after resolving
the precipitated protein. Bis-Tris gels (4 -12%) were used for the identification of
specific proteins and for the analysis of the purity of the proteins. Besides following
the affinity purification by protein gel electrophoresis, also Western blotting was
employed for the recognition of specific proteins in a mixture of expressed proteins

in the host cells. For the phytochromes from Calothrix, the western blot was done
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with the antibodies against the C-terminally located His tag. Calothrix CphA and
CphBm showed the expected molecular weight of ca. 88 and 87 KDa (Figure 16,

molecular weight prediction was done with the pl/MW calculator).
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Figure 16: (A) SDS-PAGE and (B) Western blot analysis of Calothrix CphA and CphB
expression in E. coli. Lane 1: 200 mM Imidazole eluate, lane 2: 300 mM Imidazole
eluate of Calothrix CphBm, Lane 3: 200 mM eluate and lane 4: 300 mM eluate of
Calothrix CphA. Lane 5: molecular weight marker; the sizes (in kDa) are indicated on
the right side.

3.1.3 Truncation of CphA and CphB phytochromes

On the molecular level, the CphA and CphB proteins are composed of different
domains which collectively form the fully functional phytochrome. Definition of these
domains is based on the high similarity alignment of the amino acid composition of
the phytochromes. Thus, the purpose of this part of the thesis was designed for a
deeper understanding into the inter-domain interaction of the constitutive domains of
the phytochromes as well as to detect the essential length of their protein moiety
required to maintain the spectral integrity. The two phytochromes, CphA and CphB,
fold into PAS, GAF, PHY, and Histidine-kinase (HK) domains. CphA autocatalytically

binds a phycocyanobilin chromphore at a canonical cysteine within the GAF domain,
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identically as in plant phytochromes, whereas CphB binds biliverdin IX at a cysteine
positioned in the N-terminal PAS domain. The contribution of the various domains
for maintaining the spectral properties was probed by generating C-terminally
truncated CphA- and CphB-phytochromes. The details and graphical representation

of the constructs are given in figure17.

Photosensing region ||I signaling region I Length

(amino acids)
HK
— Full length  ======= 768 aa 766 aa
H PAS-GAF-PHY =eeeeen 517 aa 536 aa
i PAS-GAF = =====-- 357 aa 376 aa

Figure 17: Molecular organization of the functional entities in cyanobacterial
phytochromes from Calothrix PCC 7601. The N-terminal halves of the proteins contain
a PAS (Per/Arndt/Sim) domain, the photosensor GAF (Guanylate/Adenosine/FhlA)
domain and the phytochrome-specific PHY domain. The C-terminal half harbors a
histidine kinase domain (HK) with an ATPase activity. The expression constructs are
indicated by the abbreviated notations as PAS/GAF/PHY (PGP) domains and
PAS/GAF (PG) domains. The size of these constructs (number of amino acids) is also

given.

For designing meaningful trucation sites, the CphA and CphB protein secondary
structure was predicted using program PSIPRED. The predicted structures were
examined for secondary structure elements, allowing a primer design that would not
intersect the continuity of the secondary structure motif. This step was done with
greatest precaution aiming at not affecting the soluble expression of the truncated
domains. The respective domains generated from the coding sequence of the full
length phytochrome proteins, CphA and CphB, were cloned into pET28a between

the Ncol and Xhol restrictions sites for expression in E. coli. The PCR primers were
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designed to include the C-terminal Hisg tag provided with the vector, to ensure

isolation only of full-length constructs.

Stepwise, the full length CphA and CphB were truncated after the PHY domain,
excluding the histidine-kinase (HK) domain (constructs CphA-PAS-GAF-PHY,
named CphA-PGP, and CphB-PAS-GAF-PHY, named CphB-PGP, respectively).
These construct were further truncated to yield CphA-PAS-GAF (CphA-PG) and
CphB-PAS-GAF (CphB-PG), by introducing a stop codon after the GAF domain
excluding the PHY domain.

3.1.4 Expression of truncated CphA and CphB

The heterologous expression of the truncated phytochromes CphA and CphB from
Calothrix PCC7601 was accomplished in E. coli strains BL21 (DE3) RIL. The various
constructs of truncated CphA and CphB had lengths of 517 (PAS-GAF-PHY), and
357 amino acids (PAS—GAF) in case of CphA, and 536 (PAS—-GAF-PHY), and 376
amino acids (PAS-GAF) in case of CphB. The genes for these proteins were
designed to include C-terminal poly-histidine tags for affinity purification. From one
litre of bacterial culture, a total of approximately 20-30 g wet cell mass was obtained.
The truncated CphA constructs, CohA-PGP and CphA-PG expressed poorly and the
majority of this recombinant protein was found in insoluble form in inclusion bodies.
The CphB constructs, CphB-PGP and CphB-PG, in contrast, were found as well
soluble proteins with a higher expression yield. Despite the problems with the CphA-
constructs, sufficient amounts of all recombinant proteins could be accumulated and
purified for the spectral analysis.The yields for CphA-PGP and CphB-PGP per litre
were about 1 mg and 8 mg, respectively.

After the His-tag purification of the apoproteins, the molecular weight of all truncated
CphA and CphB was determined via SDS-PAGE (Figure 18A). Single bands
migrating at approx. 61 kDa and 62 kDa were obtained on SDS-PAGE, which
correlate with the predicted molecular mass calculated from amino-acid composition
of CphA-PGP and CphB-PGP, respectively. The molecular weight of the CphA-PG
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protein was found as 42 kDa, while that of CphB-PG was 43.5 kDa, as predicted by
EXPASY Server and confirmed via SDS-PAGE and western blot (Figure18B).
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Figure 18: SDS-PAGE analysis of Calothrix CphA-PGP/CphB-PGP and CphA-
PG/CphB-PG expressed in E. coli and purified using the His tag, after sample
concentration. (A) Lanes 1 and 3 are CphA-PGP and CphB-PGP, respectively. Lane 2:
the protein molecular weight marker, sizes (in kDa) is indicated on the right side. (B)
Lane 1: Protein molecular weight marker. Lane 2: CphA-PG, eluted by 125 mM
imidazole; lane 3: CphA-PG, eluted with 150 mM imidazole; lane 4: CphBm-PG, eluted
with 125 mM imidazole; lane 5: CphBm-PG, eluted with 150 mM imidazole.

The reconstitution of the domain proteins was done with PCB for CphA (full length
and its truncated domain construct) and BV for CphB (full length and its truncated
constructs) apo-proteins. The reconstitution with the desired chromophore (PCB or
BV) was either done in the clarified cell lysate or after purification. Purified receptor
domain proteins were tested by UV/VIS spectroscopic analysis in order to assess

the absorption profiles and photoreversibility of the photochromous proteins.

The full-length CphA, assembled with PCB, absorbs at 663 nm and 707 nm in its Pg
and Prr forms, respectively (Figure 19A). CphB, binding BV, shows

bathochromically shifted absorbance maxima with respect to those from CphA at

76



Results and discussion

704 and 750 nm (Pgr and Peg) (Table 8 and Figure 19B). The expression in E. coli
resulted in amounts of reconstitutable phytochrome of about 2 mg/l and 6 mg/| for
CphA and CphB, respectively. The amount of the reconstituted phytochrome was
determined by using the extinction coefficient of the recombinant Synechocystis
phytochrome Cph1, &max0f 80,000 M'em™ [50].
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Figure 19: UV/VIS absorption spectra of full-length CphA and CphB: Typical UV/VIS
spectra of (A) CphA and (B) CphB expressed in E. coli and reconstituted with
PCB/BV, after His tag affinity purification and sample concentration. Both proteins
exhibit the characteristic absorption band at 663/704 nm (Pg-form, black spectrum)
and the photoinducible bathochromic shift (Amax = 707/750 nm) after illumination
with red light, indicating the formation of the Prgz form (red spectrum). The difference

spectra (blue spectrum) were used to determine the protein concentration by
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calculating between the Pr and Pgr absorption maxima. The spectra were recorded in
quartz cuvettes after irradiation for 1 min for CphA and at least 2 min for CphB, which
yields maximal photoconversion with the respective light quality.

Table 8: The Pr and Pgr absorbance maxima of full length- and truncated CphA/CphB

constructs from Calothrix.

CphA CphB
PR )\max PFFl )\max PR )\max PFR )\max
Constructs (nm) (nm) (nm) (nm)
Full length 663 707 704 750
PAS-GAF-PHY 663 707 704 750
PAS-GAF 658 698 702 746

After the reconstitution with PCB, A-PGP showed photoreversibility with a Pg
maximum of 663 nm and a Pgg maximum of 707 nm (Figure 20A). Similarly,
reconstitution of B-PGP with BV showed Pg maximum of 704 nm (in accordance to
the Table) and Prr of 750 nm (Figure 20B). The difference spectrum was used to
calculate the amount of protein which was found to be ca. 1-2 mg per liter culture of
CphA-PGP and 6-10 mg for CphB-PGP. Removal of the signaling HK domain from
CphA and CphB had virtually no effect on the absorbance maxima and the relative
intensity of the Pg and the Prr forms. It can thus be concluded that a construct
comprising the PAS, GAF and PHY domains is sufficient to preserve the spectral
properties of bacterial phytochromes. This finding is quite in accordance to the
finding for plant phytochromes, and it has been demonstrated for other
cyanobacterial phytochromes: Hughes and coworkers reported that C-terminally
truncated Cph1A2 (amino-acids 1 to 514) from the cyanobacterial Synechocystis
PCC6803 showed spectral parameters very similar to full-length Cph1 with similar
Amax Values of 655/707 nm [49]. Also, C-terminally truncated AphA (1-490) from the
cyanobacterium Anabaena sp PCC7120 was reported to have characteristics in the
visible and near UV regions similar as the full-length [80]. In plant phytochrome
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PhyA of oat, the removal of the C-terminal half yields a phytochrome fragment with
spectral (and kinetic) properties virtually identical to those of the full-length protein,
whereas any removal of amino acids form the N-terminal part of a plant
phytochrome results in a pronounced hypsochromic shift of the Prg absorption
maximum [145;146].
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Figure 20: UV/VIS absorption spectra of (A) CphA-PGP and (B) CphB-PGP expressed
in E. coli and reconstituted with PCB and BV, respectively. Both proteins exhibit the
Pgr form at 663/704 nm (black spectrum) and the Pgr form with bathochromic shift (Anax
= 707/750 nm) after illumination with red light (red spectrum); the difference spectra

(APg-Pgg) is given in blue.

81



Results and discussion

After extensive irradiation with red light to obtain a maximal formation of Prg, dark
reversion was checked at room temperature (20°C) by measuring spectra at regular
time intervals. In these truncated proteins, even after 14 days no clear Prg t0o Pg
dark reversion was detected, but the percentage of degradation of CphA-PGP and
CphB-PGP were found to be ca. 4.3% and 2%, respectively (Table 9). In case of full
length CphA, Jorissen (2001) reported a degradation of 18% after 14 days [147].

Table 9: Percentage of degradation of CphA-PGP and CphB-PGP

AAbs (t = 0) AAbs (t = 14 days) Degradation
CphA-PGP ]|0.092 0.088 4.34%
CphB-PGP |0.311 0.305 2%

CphB-PGP had shown 0.155 A after 30 days of incubation which is a degradation of
50%. The degradation was assumed to be due to the precipitation of the purified

protein.

The removal of the HK and in addition also of the PHY-domain from either CphA or
CphB causes significant changes in the absorption properties of these truncated
proteins. The reconstitution with chromophore using both crude and purified proteins
of CphA-PG and CphB-PG was very slow in comparison with PAS-GAF-PHY
partners or full length proteins. The crude lysate obtained for these domains was
incubated with their respective chromophores overnight for maximal assembly (the
chromophores were always added in 4-10-fold molar excess). There was an
increase in the amount of reconstitutable proteins with increasing time of incubation.
The spectrum was measured at different time intervals to assess the binding, which
is shown in Figures 21 and 22 of CphA-PG with PCB and CphB-PG with BV,
respectively. This slow assembly maybe a result of the truncation of the PHY domain

that was formerly shown to stabilize the chromophore in its binding cleft [52].

The deletion of the PHY domains caused a blue-shift of the Pr and Prr absorption of
CphA (Amax= 658 and 698 nm for Pg and PR, respectively), but the photoreversibility
was fully maintained (Figure 21). In case of CphB-PG, the Pr form of this
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chromopeptide remained nearly unchanged (Amax = 702 nm), when compared to the
extended PAS—GAF-PHY protein (Amax = 704 nm). The Prr absorbance was slightly
hypsochromic (Amax = 746 nm), but has lost practically all its intensity (Figure 22).
This finding clearly indicates a different interaction between domains in the typical
phycocyanobilin-binding and the biliverdin-binding phytochromes. Similar difference
spectra can be obtained in plant phytochromes, where the 39-kDa fragment
recombinant chromoprotein shows an only slightly modified Pr peak, but a very
broad, unstructured Prr form with a reduced thermal stability and a rapid thermal
reversion into the Pg form upon the removal of C-terminal [145]. Karniol and group
[40] have reported that the PHY-domain is important for stabilizing the functional
form (Per) of phytochrome. Also for the C-terminally (PHY) truncated Agrobacterium
tumefaciens bacteriophytochrome-ABphP1 (N320, N-terminal 320 aa) a normal Pg
form was reported, but saturated red irradiation created only a “Pggr like” bleached
state that rapidly reverted to Pr form. A similar effect was reported in AtBphP2
(N314, N-terminal 314 aa) upon removal of the PHY-domain. This construct failed to
assume the Prr ground state upon BV binding [88]. The PHY-domain, although not
essential for bilin binding, is important for stabilizing the functional form and proper

photochromicity [40].
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Figure 21: UV/VIS absorption spectra

of Calothrix CphA-PG. (A) Pgr, Prr and APg - Peg

(difference spectrum) of CphA-PG, expressed in E. coli and reconstituted with PCB.

(B) Difference Spectrum (APg - Pgg) of

CphA-PG at different incubation times with PCB

at 0 hr (blue spectrum) and after overnight incubation (~ 16 hrs) with PCB (black

spectrum); no further chromophore incorporation was observed after that time

period.
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Figure 22: UV/VIS absorption spectra of Calothrix CphB-PG. (A) Pg, Peg and APg - Pgg
(difference spectrum) of CphB-PG expressed in E. coli and reconstituted with BV. (B)
Difference Spectrum (APg - Prg) of CphB-PG at different incubation times with BV at 0
hour (magenta spectrum), 6 hours (black spectrum) and after overnight incubation (~
16 hrs) (blue spectrum); no further chromophore incorpration was observed after this

time period.
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The phytochromes CphA and CphB bind different chromophores (PCB; CphA, BV:
CphB) at different positions (PCB in GAF and BV in PAS). After irradiation with
red/far-red light, CphB-type phytochromes exhibit bathochromic shift of roughly 50
nm for both (Pr and Pgr) forms in comparison to PCB-binding CphAs. It raises the
question whether it is meaningful at all to compare these two proteins. The
inspection of the BV-binding bacteriophytochrome structure, e.g., the 35 kDa PAS-
GAF bi-domain fragment from Deinococcus radiodurans, DmBphP reveals as
chromophore-binding amino acid Cys-24 in the PAS domain [84]. The three
dimensional structure of the PCB-binding cyanobacterial phytochrome Cph1 (PAS-
GAF-PHY) shows the ring A of PCB chromophore attached through a thioether link
to Cys-259 in the GAF domain. The chromophore adopts a ZZZssa conformation in
Pg state of both phytochromes.

'\ R222
R254

H &272
@ F216
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H260  N@

Figure 23: Three-dimensional structures of phytochromes. (A) The PAS-GAF domains
of phytochrome from Deinococcus radiodurans in its Py state (PDB code number
209c), showing the dense network of hydrogen bonds between several important
amino acids of the protein and the BV chromophore (in yellow) [84]. (B) The
chromophore binding pocket of Cph1 (PAS-GAF-PHY) in Py state. (PDB code number
2VEA) [52].
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The binding site of the crystallized Deinococcus radiodurans phytochrome PAS-GAF
domains reveals strong interactions between rings A, B, and C, but does not yield a
mechanism to explain how the photoisomerizing ring D might be fixed in its

conformation in Pr and in Pgg.

The DBphP structures indicate the nitrogen atoms of pyrrole rings A, B and C being
well hydrogen bonded and immobilized, especially around the C10 atom connecting
rings B and C (Figure 23). Also, in case of the bacteriophytochrome DBphP, there is
space for ring D to undergo a Z—to-E photoisomerization of the C15=C16 double
bond.

The chromophore pocket of crystallized DrBphP was clearly incomplete in working
only with the PAS-GAF fragment, and omitting the PHY domain. In fact, it turned out
that the PAS-GAF portion of a BV-binding phytochrome shows a modified
photochemistry. The Pgr form of CphB-PG (PAS-GAF) construct remained
unchanged (Amax ~ 702 nm) but the Prg is hypsochromic (Amax ~ 746 nm) and has
lost practically all its intensity. Therefore, the protein from PAS-GAF domain is
considered as dysfunctional upon irradiation; the Pr ground state is spectrally similar
to the native protein but a stable Prg does not arise after photon absorption.

The structure of Cph1 on the other hand, which has a fully functional photosensory
domain (PAS-GAF-PHY) reveals a unique feature of the phytochrome structure: a
long, tongue-like protrusion from the PHY domain seals the chromophore pocket
and stabilizes the photo activated far-red-absorbing state (Per). The tongue carries a
conserved PRxSF motif, from which an arginine finger (Arg-472 in Cph1) points into
the chromophore pocket close to ring D forming a salt bridge with a conserved
aspartate (Asp-207) residue. The main-chain oxygen of Asp-207 is hydrogen-
bonded to the protonated nitrogens of chromophore rings A, B and C (Figure 23B).
Apparently, this construction is important in Prg function: mutations (D207A and
D207N with E196G) which disturb the salt bridge bleach in red light without forming
the typical Per peak [49]. The recently published work by Matysik et al. has
characterized the course of back reaction, Prr —Pr of Cph1 by characterizing P,
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Lumi-F, Meta-F and Pg states [115]. First, the double bond photoisomerization
forming Lumi-F occurs which is transformed to Meta-F by the release of mechanical
tension. Only during this process the hydrogen bond between the ring D nitrogen
(N24) and Asp207 is broken. It is assumed that this event triggers signaling. The
release of Asp-207 would allow for the formation of the Asp-207/Arg-472 salt bridge
connecting the PHY domain tongue to the chromophore region.
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Section 3.2

3.2 In vitro study of a novel hybrid kinase protein (fusion of blue and red light
photo-sensor domains)

For each organism, the key to adapt itself to the surrounding environment is to
efficiently recognize the changing stimuli and to rapidly regulate gene expression of
the cell to fit the new situations. In most cases, proteins involved in signal
transduction are constructed in @ modular fashion from individual domains which are
input or sensor domains and output or effector domains. The input or sensory
domains are sensitive to various signals such as absorption of light or binding of a
chemical ligand, and output or effector domains are involved in biological activity
such as catalytic or DNA binding activity [148]. A mechanism commonly found in
bacteria for signal transduction pathways to sense the cellular external environment
and regulate cellular functions in response to environmental signals is the two

component system (TCS).

The TCS can be divided into two different types according to their sensor domains:
the cytoplasmic systems and the transmembrane periplasmic systems. TCS genes
are typically located within the same operon encoding two signaling proteins: a
transmembrane sensor histidine kinase (HK) and a cytoplasmic response regulator
(RR) [79]. The mechanism of signal transduction by TCS proteins is based on
phosphotransfer reactions between histidine (H) and aspartate (D) residues in highly
conserved signalling domains of the HKs and their cognate RRs. TCS proteins have
a modular organization, which may give rise to highly complex structures, but the

core structures and activities are maintained [149].

Recently, analysis of the Pseudomonas syringae tomato DC3000 genome yielded
the identification of 69 HKs and 95 RRs [150]. The pathogenic P. syringae tomato
DC3000 requires a complex array of TCS proteins to cope with diverse plant hosts,

host responses, and environmental conditions.
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One of the sensor proteins identified in P. syringae tomato is pspto_2896. This
protein contains an N-terminal LOV (light, oxygen, or voltage) domain and is blue-
light-activated [126;151]. Blue light perception has been demonstrated for some
other bacterial species to be associated with pathogenicity [151], cellular
attachement [152], and up-regulation of a general stress response [153]. Signaling
proteins containing PAS domains occur in all kingdoms of life and the majority of
prokaryotic PAS domains function as the sensor modules of two-component
systems (TCS) [154].

3.2.1 A blue light inducible two component signal transduction system in
pseudomonas syringae pv tomato DC3000.

The ORF pspto_2896 from the genome of P. syringae pv. tomato DC3000 encodes
a LOV protein (blue-light photoreceptor) of 534 amino acids. The PstLOV protein is
composed of input domains (PAS) ready to detect a broad variety of incoming
stimuli, thereby activating its HK domain, which in turn activates a signal-transducing
RR protein. This identifies PstLOV as a two component system which is well known
and precisely characterized in many other prokaryotic organisms [89]. In
prokaryotes, the hybrid kinases that contain also response regulators are rare, but in
eukaryotes hybrids (i.e., fused constructs) of kinase and response regulator are the

common pattern.

The phosphorylation reaction with PsiLOV resulted in a phosphorylated full-length
protein (Figure 24) [126]. To understand the different steps of phosphorylation,
PstLOV truncated constructs - LOV-HK protein (46 kDa) and the RR domain (16
kDa) separate — were generated and subjected to light-dependent phosphorylation
assays. In both full-length and C-terminally truncated PstLOV, radioactive phosphate
is incorporated, but in a much higher yield upon blue light irradiation than under dark
conditions. The reaction reaches a plateau for both constructs within 10 min,
indicating that apparently the residual amount of illuminated sample is fully
phosphorylated and the removal of the RR domain does not hinder the
phosphorylation of the histidine residue in the HK domain. Addition of the RR to the
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fully phosphorylated LOV-HK fragment resulted in a practically instantaneous

phosphate transfer to the RR (Figure 24B).
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Figure 24: Phosphorylation assay of PstLOV. (A) Blue light-mediated phosphorylation
of the kinase domain from P. syringae pv. tomato LOV was demonstrated. Irradiation

results in upregulation of the two component signal transduction system consisting
of a LOV-HK-RR module full-length protein. The time course (0-20 min) indicates *?P-
phosphate incorporation under blue light irradiation and in the dark with preferential
activity under irradiation. (B) A C-terminally truncated fragment containing solely the
LOV and the HK domains. After incorporation of (radioactive) phosphate, the reaction
undergoes phosphate transfer to the RR after addition to the reaction mixture.
Addition of RR is indicated by an arrow during the time course of phosphate

incorporation (and phosphate transfer) [126].
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3.2.2 Swapping of the HK domain of a blue-light photo receptor with the HK
domain of a red/Far light photoreceptor

The sequence alignment of PstLOV reveals a domain architecture with a typical LOV
domain (aa 33—136) containing a PAS motif which contains all signatures to bind a
flavin-mononucleotide (FMN) chromophore, which is followed by a HK motif and an
ATP binding domain (aa 154-389). The final part of PstLOV is built as an RR
domain (aa 409-534). The question is how this module adapts, when the conserved
HK of a blue light photoreceptor like that of PsiLOV is replaced by HK of other
prokaryotes or with red/far red light photoreceptor? As an approach to answer this
question, the N-terminal 136 aa of the LOV protein (LOV domain) from
Pseudomonas syringae have been fused with the HK domain of the cyanobacterial
phytochrome CphA from Calothrix PCC7601.

3.2.3 Cloning of a fusion gene for hybrid photoreceptor expression

The N-terminal domain of PstLOV which consists of a PAS motif was fused to the
HK of the cyanobacterial phytochrome CphA from Calothrix PCC7601 as shown in
Figure 25. For this purpose, the region of 426 bp of N-terminal PsiLOV was
amplified by PstLOVNdelfor and LOV142ACphA516Arev, and the 765 bp region of
CphA-HK was amplified using primers LOV142ACphA516for and CphAXholrev. The
Primers LOV142ACphA516for and LOV142ACphA516Arev shared a common
alanine residue (Ala-142 of LOV and Ala-516 of CphA). These PCR products were
taken as template for the next PCR, using primers PstLOVNdelfor and
CphAXholrev. This PCR product was purified and blunt-end cloned into the vector
pJET1.2. The insert DNA was excised from the vector pJET1.2 by digestion with
Ndel and Xhol restriction enzymes, and the linear fusion DNA was gel -purified and
extracted, before ligating into the pET28a expression vector to generate the
PstLOVphyHK construct for expression in E. coli (Figure 25). The PCR primers were
designed such that the N-terminal Hisg tag provided with the vector is included in the

construct.
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Figure 25: Schematic outline of the gene fusion using the N-terminal LOV (PAS motif)
of P. syringae tomato DC3000 and the C-terminal part of the HK from cyanobacterial
phytochrome CphA. Two genes are fused with one amino-acid in common (three
base-pairs), shown as orange blocks. The fused gene was first blunt-end cloned into
pJET1.2 which was confirmed by sequence determination. This clone was then
digested with Ndel and Xhol, separated from the agarose gel and ligated into pET28a.
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3.2.4 Expression of the hybrid protein PstLOV-phyHK

The fused protein PsiLOVphyHK was expressed heterologously in E. coli BL21 DE3.
The predicted molecular weight of the recombinant PstLOVphyHK protein with Hise
tag at N-terminal was 46 kDa; this was confirmed by analysis of the His-tag

mediated purification (Figure 26).
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Figure 26: SDS-PAGE analysis of the fusion protein PstLOV-phyHK, expressed in E.
coli and affinity-purified, using the His tag. Lane 1: eluted material using 125 mM
imidazole; lane 2: elution with 150 mM imidazole; lane 3: protein molecular weight
marker, sizes (in kDa) is indicated on the right side.

The photochemical properties of the purified recombinant protein were determined
with UV/VIS absorption spectroscopy. The heterologously expressed PstLOV-phyHK
showed a fine-structured absorption spectrum with Anax = 447 nm under dark
conditions, characteristic in form and position for an FMN-binding LOV domain. Blue
light irradiation produced photobleaching of the absorption band in the visible region,
concomitant with the formation of a short-wavelength maximum around 390 nm,
indicative for the generation of a photoproduct (Figure 27A). In the dark, the
photoadduct slowly reverts to the dark state, as can be followed by recording the
recovery of absorbance at 447 nm. The kinetic trace can best be fitted with a single
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exponential decay function, yielding an average life time (Ywec) of 5503 sec (Figure

27B) which is slightly faster in comparison to native full-length PstLOV (6210 sec).
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Figure 27: Photochemistry of recombinant PstLOVphyHK; (A) Absorption spectra of
the dark-light state; the dark state (Anmax = 447 nm, black spectrum) shows the
characteristic three-peaked absorption band of an oxidized, protein-bound flavin.
Blue spectrum: maximal generation of lit state by continuous blue light irradiation (for
about 2 minutes); red, magneta and green spectra are after 30, 60 and 90 sec
irradiation respectively (T = 20 °C). (B) Dark recovery kinetics of PstLOVphyHK (20
°C), obtained by measuring the absorbance at 447 nm (black trace). Experimental data

were fitted by a first-exponential decay function (red curve).
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The results indicate that even after the domain-swapping of the HK motif of PstLOV
P. syringae pv tomato DC3000 vs. the HK from CphA, the protein retained the
typical photochemical properties of PstLOV.

Photoreceptor proteins that utilize the information “light” to elicit a physiological
response are signaling photoreceptors, i.e., they induce a change in biological
activity. The remarkable properties of photoreceptors to control the activity of target
proteins allow their utilization even in living cells of other organisms; in case this
property can stably by inserted into the genome of the host organism (or cell culture)
this has been termed “optogenetics” [155]. The scope of optogenetics has recently
been expanded beyond the use of naturally occurring photoreceptors by the
biologically-inspired design of engineered (or synthetic) photoreceptors. There are
several examples reported in the literature where light-regulated enzyme activity has
been accomplished: an early application of engineered photoreceptor was the
development of a light-switchable promoter using the light dependent interaction of
plant phytochromes PhyA and PhyB with phytochrome interaction factor 3 (PIF3)
[156]. In another approach, the bacterial phytochrome was used to furnish a red-light
dependent gene-expression system by connecting the phytochrome sensor module
of histidine kinase Cph1 to the histidine kinase of E. coli EnvZ via a common coiled-
coil linker [157]. Lee et al [158] used a different approach to design a
photoactivatable E. coli dihydrofolate reductase. Insertion of LOV2 into sites
statistically identified to be allosterically important was used to achieve a roughly 2-
fold reversible increase in dihydrofolate reductase activity upon illumination.
Strickland et al [159] had fused together the LOV domain and TrpR (Trp repressor)
domains through a shared helix. The rigidity of the helix allowed the transmission of
structural changes from one domain to another. Mdglich and Moffat fused the
histidine kinase of Bradirhizobium japonicum with the LOV sensor domain of YtvA of
B. subtilis. The fused, reprogrammed YF1 protein changes the signal specificity of
the FixL protein that originally senses oxygen, to blue-light sensitivity, while retaining

its catalytic efficiency [160].
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Such “hybrid” photoreceptors are obtained by fusion of one or more light-absorbing
sensor domains with an output or effector domain displaying the selected activity to
be controlled. Two photosensor classes which are currently most widely used in
fusion-based design are LOV domains and phytochromes.

Although quite recently introduced, optogenetic applications have already seen a

tremendous success.
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Section 3.3
3.3 Red/far red photoreceptors of Pseudomonas syringae pv tomato DC3000

The plant-pathogenic organism Pseudomonas syringae pv. tomato carries two
genes (pspto_1902 and pspto_2652) encoding putative red-/far red light sensing
photoreceptors of the bacterial phytochrome type (bphPs) phytochromes. One of the
phytochrome genes, bphP1 (pspto_1902), is preceded by a heme oxygenase-
encoding gene bphO (pspto_1901). Both genes overlap by four nucleotides, causing
a frame shift. Heme oxygenases are involved in phytobilin biosynthesis [58]. The
second phytochrome-encoding gene, bphP2 (pspto_2652), is followed by a gene
encoding a canonical CheY-type RR (pspto 2651) (Figure 28). The bphP2 is
arranged in an operon (after 3 nucleotides) with the response regulator
(pspto_2651). Although no obvious response regulator gene in conjunction to the
phytochrom-1 could be identified, both phytochromes are clearly identified as

members of the two-component system proteins.

ORF pspto-1901  pspto-1902 ORF ORF
bphoO bphP1
ORF pspto-2651 pspto-2652 ORF ORF
RR bphP2

Figure 28: Operon-orientation of P. syringae phytochromes (PsiBphPs). The
PstbphP1 is preceded by bphO (heme oxygenase) and PstbphP2 is followed by RR
(response regulator).

Besides heme oxygenase, BphO, in P. syringae tomato another gene encoding a
heme oxygenase, ORF pspto 1283, was found. This gene showed 48 % similarity
with the heme oxygenase pigA (Pseudomonas iron regulating genes) of P.
aeruginosa. The pigA gene, originally identified in a screen for iron-regulated genes,
was shown to encode a protein with homology to the Neisseria meningitidis HOs
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[161]. Unlike BphO, the PigA produces the unusual biliverdin isomers IXp and IX&
(Figure 29)[60;161].

BV IX8

Figure 29: Reaction scheme for Heme oxygenase (HO) function. The HO cleaves the
heme at the a—meso carbon position yielding BV IXa. The only HO showing a different
regiospecificity is PigA from P. aeruginosa, which displays a 8- and &-carbon-specific
HO [60].

The gene encoding bphO and ORF pspto 1283 from P. syringae tomato were
cloned and expressed to study its involvement in phytochrome in chromophore

biosynthesis.
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3.3.1 Cloning and heterologous expression of PstbphO

The full length gene bphO (615 bp) was amplified by PCR using oligonucleotide
primers (5-TTGGAACATATGCCGGCAAGTTTTTCACCTGTCA and (5"-
TATTGGATCCTCA TAGCAGTACCTCTTGACCGT). The resulting PCR product
was digested with Ndel and BamHI and ligated into an Ndel- and BamHI digested
pET14b with ampicillin resistance. For the coexpression of PstophO with
phytochrome constructs, another BphO construct was generated with kanamycin
resistance. PstbphO was cloned in pET30b between Ndel and Sall for the
Kanamycin resistance construct allowing coexpression with the phytochrome
constructs. The PstBphO constructs in pET14 and pET30b were expressed in E. coli
BL21 RIL (induction with 0.4 mM of IPTG at ODeoo = 0.8 and overnight growth at
room temperature). After cell-breaking and centrifugation, the soluble fraction was

found to be green in color.

Purification of the heterologously expressed protein was accomplished using the
Hisg tagged affinity method. The purified BphO (204 amino-acids showed one single
band on SDS-PAGE, migrating at the expected molecular weight of 24 kDa. The
MALD-TOF also showed the peak at the expected molecular mass (Figure 30).
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Figure 30: The MALDI-TOF MS molecular mass profile of the heme oxygenase
PstBphO from expression in E. coli after purification and concentration; inset SDS-
PAGE analysis of the same protein. Both analyses confirmed the expected size of 24
kDa.

The photochemical property of the purified recombinant proteins of PstBphO was
determined with UV/VIS absorption spectroscopy. The spectra of purified protein of
PstBphO showed two peaks at 660nm and 380 nm (Figure 31).
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Figure 31: UV/VIS absorption spectroscopy of PsiBphO. The spectra showed two
peaks at 660 nm and 380 nm characteristic for protein-bound biliverdin.
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Heme oxygenase (HO) degrade heme molecule to yield equimolar amounts of iron,
carbon monoxide (CO) and biliverdin (BV) (Figure 29).

The expression of the recombinant PstBphO protein resulted in the development of
green colored cells, indicating the production of BV during the recombinant
expression of BphO (the absorption at 660 nm in the spectrum can be seen, Figure
30). The PstBphO expressed under anaerobic conditions resulted in brown colored
cells instead of the green color in aerobic culture, an indication for the requirement of
oxygen for the HO reaction and the lack of BV formation. The produced BV appears
to have a high affinity to the heme oxygenase, because the BphO-BV complex
remained stable throughout the entire purification process at room temperature.
Similar BphO-BV complexes were also produced in the expression of BphO from
Pseudomonas aeruginosa (PaBphO) which was converted to bilirubin (BR) upon
addition of rat biliverdin reductase. It was reported that for this protein, PaBphO,

phytochrome is involved in the release of biliverdin from the BphO [60].

The 765 bp of the ORF pspto-1283, encode the putative heme-oxygenase PigA was
cloned into pET14 and expressed it using TBY which is nutrient rich medium. Unlike
BphO, it did not yield any green colored cells which indicate that the recombinant
protein is not expressed.

This well characterized PigA enzyme is involved in iron re-utilization from heme
under iron-limiting condition and produces the BV isomers IXB and IXd [161]. The
unusual production of B- and 6-BV was shown to be due to a rotated setting of the
heme substrate in the active site pocket of PigA in comparison to other orthodox
heme oxygenases [162]. Only BV IX & isomer was reported to bind the PaBphP and

yield a photoactive holo-phytochrome in P. aeruginosa [60].
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3.3.2 Bacterial phytochromes PstBphP1 and PsiBphP2 from P. syringae pv
tomato DC3000

The bacterial phytochromes, PstBphP1 and PstBphP2, from the plant pathogen P.
syringae tomato have the size of 745 aa and 993 aa, respectively. The two
phytochromes share only 50% of identity with each other. They show the general
modular architecture of a three domain-chromophore binding region (PAS-GAF-
PHY) that is followed by a histidine kinase domain at the C-terminal part. The
second phytochrome, PstBphP2 carries an extra domain, called HWE following the
signatures of conserved residues, histidine (H), tryptophan (W) and glutamic acid (E)
(Figure 32A). The sequential features of both proteins identify the cysteine in the
PAS domain which binds the biliverdin (BV) chromophore. In case of PstBphP2,
however, there are three cysteines in PAS domain (Figure 32B). The cysteine of the
N-terminus of the PAS domain has been proved to be the functional position in

Agrobacterium tumefaciens phytochrome (AgBphP) [163] which is in the conserved

motif.
(A)
chromophore module histidine kinase
(o} . PstBphP1
PAS GAF PHY HKD
PAS GAF PHY HKD HWE
(B)
*X * *
1.PstBphPl = = -—-——————-] -MSQLDKDAFEVL CADEP IQFPGAIQPHGLLFTLKEPELTILQVSANVQS 52
2.PstBphP2 ——-MIEHTLDANPDAALE CAREPIRIPGAIQPHGVLLSVAGDPLCIEQVSANCAK 58
3.DrBphP MSRDPLPFFPPLYLGGPEITTENCEREPIHIPGSIQPHGALLTADGHSGEVLOMSLNAAT 60
4.PaBphP o] MTSITPVT CEDEPIHVPGAIQPHGALVTLR-ADGMVLAASENIQA 47

Figure 32: (A) Domain structures of PstBphP1 and PsiBphP2. Both phytochromes
show a similar module organization of the chromophore-binding motif PAS-GAF-PHY

103



Results and discussion

with a C-terminally positioned histidine kinase domain. PstBphP2 carries also an
extra HWE type of a histidine kinase. The position of the chromophore-binding
cysteine is in the PAS domain. (B) The N- terminal parts (beginning of the PAS-
domains) of BphPs. PstBphP1 and PstBphP2, phytochrome 1 and 2 from
Pseudomonas syringae tomato; DrBphP and PaBphP, BphPs from Deinococcus
radiodurans and Pseudomonas aeruginosa, respectively. PsiBphP2 has three
cysteines in the PAS region (marked with *).

3.3.2.1 Cloning and heterologous expression of bacterial phytochromes
PstBphP1 and PstBphP2

The two genes of 2235 bp and 2979 bp encoding PstophP1 and PstbphP2,
respectively, were amplified from genomic DNA and cloned into pET28a between
the Ndel and EcoRl restriction sites. In addition, PstbphP1 and PstbphP2 were also
cloned in pET52b 3C/LIC vector. The PstophP1 and PstbphP1 constructs in pET28
and in pET52 were then transformed into the E. coli strain BL21-RIL, which encodes
an IPTG (isopropyl-p-D-thiogalactopyranoside) inducible copy of the RNA
polymerase gene from bacteriophage T7. Transformants were grown at 37°C in TBY
media and induced with 0.4 mM of IPTG at ODggo = 0.8. After induction the cultures

were grown overnight at room temperature.

The purification of the expressed proteins again employed the N-terminal Hisg tag in
pET28 constructs, whereas for the constructs cloned into pET52 3C/LIC, the C-
terminal His1o tag was used. The purified recombinant protein PstBphP1 showed the
expected size of 85 kDa (Figure 33A), whereas the recombinant PstBphP2 protein
showed an apparent mass that was smaller than the predicted 111 kDa. The DNA
sequence analysis of the plasmid encoding recombinant PstBphP2 indicated clearly
that the cloned gene is expected to encode a protein with 993 amino acids (Figure
33B).
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Figure 33: (A) The MALDI-TOF MS molecular weight profile of PstBphP1 protein;
insert: SDS-PAGE analysis. Both methods showed the expected size of 85 kDa. (B)
SDS-PAGE analysis of PstBphP2, indicating that the protein band migrated at a lower
mass than predicted. Lane 1 and 3: PsiBphP2, eluted with 150 mM and 200 mM
imidazole respectively; lane 2: protein molecular weight marker, sizes (in kDa) are
indicated on the right side

In addition, PstbphP2 was cloned into pET30b, pASK-IBA3C and pASK-IBA45
expression vectors. pASK vectors contain the tetA promoter/operator for a tightly
regulated expression, whereas pET vectors contain a T7 promotor and T7 RNA
polymerase for the induction with IPTG. The constructs in pET30b contained a Hiss-
tag at the C-terminal end, whereas pASK-IBA45 carries a strep-tag at the N-terminal
and Hisg tag at the C-terminal end. The construct in pASK-IBA3C contained only a
strep tag at the C-terminus. All constructs of PstophP2 were expressed in the E. coli
strain BL21-RIL, by inducing with 0.4 mM of IPTG at ODeoo = 0.8 in pET-constructs
and with 0.2 pug/ml of anhydrotetracycline (AHT) in the pASK vectors at ODgg = 0.6.

After induction the cultures were grown overnight at room temperature.
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3.3.2.2 Photochemical properties of phytochromes from P. syringae tomato.

The photochemical properties of the purified recombinant phytochromes were
determined with UV/VIS absorption spectroscopy after assembly with the
chromophore, by irradiation with red and far-red light. The ground state of the
proteins consisted of the red-absorbing Pr form, which upon irradiation generates a
mixture of the two photoreversible forms, Pr and Prr. These experiments could be
performed only with PstBphP1 which formed upon incubation with BV a photoactive
chromoprotein with the expected Pgr absorption band and also, to a lower extent, an
absorption typical for the Prg form. A dark incubated sample or upon with irradiation
with 780 nm showed a maximal absorbance at 700 nm for the Pg form that upon
irradiation with light of 655 nm could be converted into a 750 nm Pgr absorption
band. The spectral analysis showed that only a small fraction of the protein could be
converted by irradiation with red light into the Pgr form (Figure 34), which is probably

due to a strong overlap of both forms.
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Figure 34: UV/VIS absorption spectra of PsiBphP1 expressed in E. coli and
reconstituted with BV. The protein exhibits the Pg form at 700 nm (black spectrum)
and a Pgr form with a bathochromic shift (Anax = 750 nm) after illumination with red
light (red spectrum); the difference spectra (APg-Pgg) is shown in blue.

106



Results and discussion

The incubation of PstBphP2 with BV yielded only minute amounts of a
chromoprotein, and very little photochemistry could be initiated upon irradiation
although a comparison of the primary sequences shows all essential residues for
antibiotics agar plates and grown in TBY medium to an ODggo of 0.8. All expressions
were induced at room temperature by addition of IPTG to a final concentration of 0.4
mM or 0.2 pg/ ml of anhydrotetracycline (in case of PstBphP2 in pASK-IBA45) and
growth was continued for 10-16 hrs. The co-expressed proteins were purified using

N- or C- terminal Hisg /His1o-tag or strep tag chromophore binding for both proteins.

3.3.2.3 Heterologous co-expression of the bacterial phytochromes PstBphP1
and PsiBphP2 with PstBphO

PstbphP1 is a two-gene operon that encodes a heme-oxygenase (BphO) and
phytochrome-1 (BphP). It was thus intended to investigate a potential interaction of
both proteins upon co-expression, as the product of one protein (heme oxygenase),
biliverdin, represents the substrate of the other (bacterial phytochrome). Accordingly,
as well the bacterial phytochrome PstBphP1 as also in a separate experiment
PstBphP2 were co-expressed with the heme-oxygenase (PstBphO), either in a two
plasmid approach or in an operon construct.

PstBphP1 in pET28 and also in pET52 was co-expressed with PstBphO (in pET14
and pET30, respectively). In case of PstBphP2, the constructs generated in pET52
and also in pASK-IBA45 were coexpressed with PstBphO in pET30. In addition,
PstBphP2 constructs in pET30 and pET28 were coexpressed with PstBphO in
pET14. Positive transformants were selected on appropriate

However, such experiments only reproduced the results from the expression of the
apo-phytochromes: a photochemically active protein was obtained in case of the
PstBphP1 and PstBphO coexpression (Figure 35A), and practically no
photochemical activity was observed for the PstBphP2 and PstBphO (Figure 35B).
Although PstBphP1 was clearly identifies, the amount of photo-chemically active
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phytochrome is relatively low in this two plasmids (PstBphP1 and PstBphO)

expression experiment.
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Figure 35: UV/VIS absorption spectra of PsiBphp1 and PstBphP2 coexpressed with
PstBphO in E. coli (using two plasmids). (A) PstBphpO and PsiBphP1 coexpression
exhibits the Pg form at 700 nm (black spectrum) and the Pgg form with a bathochromic
shift (Amax = 750 nm) after illumination with red light (red spectrum) and the difference
spectra (APgr-Per) in blue. (B) Difference spectra (APg-Per) of recombinant co-

expressed protein of PstBphpO and PsiBphP2.
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3.3.2.4 Cloning and heterologous expression of PstbphP1 (PstbphO::bphP1)

operon

Following above experiments of co-expressing heme oxygenase and the bacterial
phytochromes in the two-plasmid approach, it was then attempted to clone and
express the existing operon of PstbphQO::bphP1, and to generate an identical operon
replacing bphP1 by bphP2. The operon PstophO::bphP1 was amplified using
oligonucleotides primers HOP1coexpFor and HOP1coexpRev, and cloned into an
expression vector pET52 3C/LIC to get some detailed information and activity of the
BphO with the phytochrome. This cloning generates an N-terminal strep-tag and a
C-terminal His1o tag fusion protein.

The PstophO::bphP1 construct in pET52 3C/LIC was expressed in E. coli BL21 RIL
under identical induction and growth conditions as described above. The cells
collected after overnight growth showed a green color, which was also present in the
soluble fraction after breaking the cells and centrifugation. Both N-terminal strep-tag
and C-terminal Hisq tag were used for purification. The SDS-PAGE analysis of the
purified, co-expressed PstBphO::BphP1 proteins using the N-terminal strep tag
showed three bands, whereas two bands appeared for the purification using the C-

terminal His1o tag (Figure 39; this gel will be discussed later in 3.3.2.7).
3.3.2.5 Photochemical properties of PstBphO::BphP1

The photochemical property of the purified recombinant PstBphO::BphP1 protein
was determined with UV/VIS absorption spectroscopy. The BphP1 protein from this
operon expression showed a much more pronounced conversion of Pr to Per in

comparison to the in vitro BV-assembled apo-PsiBphP1.
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Figure 36: UV/VIS absorption spectra of operon PstbphO::bphP1 expressed in E. coli,
after His-tag affinity protein purification and concentration. Both forms, Pg and Pgg,
showed the expected absorption bands at 700 nm and 750 nm, respectively.

The operon-arranged genes of PstbphO and PstbphP1 overlap by four nucleotides.
No strong promoter was detected in the oxygenase gene that might regulate the
expression of the PstBphP1 phytochrome. It was thus assumed that both genes are
co-transcribed and expressed simultaneously. The expression of the operon indeed
yielded both proteins, the BV-loaded heme oxygenase and the BV-assembled
PstBphP1 phytochrome (Figure 36). It is interesting to note that heme oxygenases
usually can not be used for a production of biliverdin in significant amounts.
Apparently, the reaction partner, in our case the apo-phytochrome, has to be present
to release BV from the enzyme’s binding site. Under these conditions, i.e.,
performing the operon-based expression a higher percentage of chromophore-

bearing and photoreactive protein was obtained.

110



Results and discussion

3.3.2.6 Cloning and heterologous expression of fused protein of
PstbphO::bphP2

Encouraged by the improved expression of the PstBphP1 from its native operon
structure and also aiming to understanding the function of PstBphp2 and its capacity
to bind biliverdin generated by a heme oxygenase, an attempt to create a similar
fusion model protein was performed, for which several different constructs were

generated (Figure 37).

PstBphP1 >
(A) PstBphO M S Q L D K D A F E.....

..H W L. D G Q E V L L *
. . CACTGGCTCGACGGTCAAGAGGTACTGCTATGAGCCAACTCGACAAGGACGCTTTTGAA. . . .

B PstBphO R PstBphP2 .
(B) ..H W L D G Q E V L L * M I E H T L D A..
. . CACTGGCTCGACGGTCAAGAGGTACTGCTATGAGGTACCATGATCGAGCACACACTGGACGCG .
linker
PstBphP2 R
PstBphO M R S M IETUHTTUL D A...

(C) ..H W LD GOQTETVTETTL *
. .CACTGGCTCGACGGTCAAGAGGTACTGCTATGAGGTCCATGATCGAGCACACACTGGACGCG. .

PstBphP2
D PstBphO M S TMIGETGHTTLD A...
( ) ..H W L D G QEUVTILTIL *
. .CACTGGCTCGACGGTCAAGAGGTACTGCTATGAGTACCATGATCGAGCACACACTGGACGCG
E PstBphP2 R
() PstBphO ‘M I E H T L D A N P.....

...H W L DG QE V L L *
. .CACTGGCTCGACGGTCAAGAGGTACTGCTATGATCGAGCACACACTGGACGCGAATCCC. . . . .

Figure 37: (A) PstbphO and PstbphP1 in a native operon are arranged with an
overlapping of both ORFs by four nucleotides (underlined). B, C, D, and E are
different constructs for fusions of PstBphO::PsiBphP2. (B) Construct made by fusion
of the 3’ Kpnl site (linker) of bphO with 5° Kpnl site (linker) of bphP2. Arrows denote
the open reading frames in the construct. Both reading frames are separated by 6
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nucleotides and have their own start and stop codon. (C,D) Constructs made by
deletion of one nucleotide in the Kpnl site (linker) of BphO with 5° Kpnl site (linker) of
BphP2. This step changes the reading frames of both BphO and BphP2. The linker
has a start codon fused with the BphO stop codon, giving a similar fusion as in the
original BphO::BphP1 arrangement; the actual start codon of BphP2, however, is
shifted by six nucleotides to the 3’-direction (after linker). (E) Construct made by
fusion of BphO::BphP2 exactly as in the case of the native BphO::BphP1 arrangement
in the P. syringae DC3000 chromosome.

All the generated constructs were expressed in E. coli strain BL21-RIL under
conditions described above. The collected cell-pellets (of overnight grown cultures)
and the crude lysate after breaking the cells showed a bright green color in
constructs B, C, and D, and a light green color in construct E which is constructed in
the native operon-identical (PstbphO::bphP1) manner. The crude lysate of all
constructs were analysed in absorption spectroscopy before the purification, as the
native operon of PstbphO::bphP1 construct has always given two reversible forms
(Pr and Peg) for the holo-phytochrome even in the crude lysate. In no case of the
PstBphO::BphP2 operon constructs, a remarkable detection of holo-phytochrome
was found. The green color of cells and crude lysate of constructs B, C, and D are
evidence for a successful expression of BphO which was then also proven by
absorption spectroscopy.

After the purification, the PstBphO::BphP2 construct (original in arrangement to the
native operon), showed a minimal amount of chromophore-bound functional holo-
PstBphP2 (Figure 38).
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Figure 38: Difference (APgr-Prr) spectra of (A) operon of PstbphO:: bphP1 (blue
spectrum), and the identically constructed PstbphO::bphP2 operon (black spectrum);
(B) difference absorption spectrum of PstbphO::bphP2 (from A) after His tag

purification.
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In addition, point mutations were performed in the bphP2 gene to exchange the 2™
and 3 cysteine to serine in the PstbphO::bphP2, but the operon still failed to
produce the photoactive phytochrome-2. The nearly complete failure to generate a
photoactive PstBphP2 and the observation of significantly improved amount and
quality in the case of the PstBphP1 phytochrome is a strong indication that the heme
oxygenase supports a correct folding of the phytochrome into the three dimensional
structure prior to or during chromophore binding. For that, an operon-regulated
expression of both partners is clearly advantageous, but not sufficient, as
demonstrated by the operon generation with the PstBphP2 phytochrome encoding
gene. This study showed that a complex formation in case of BphO-BphP1 facilitates
the release of BV but not in case of BphO-BphP2. One has thus to state that the
found and identified heme oxygenase is specific in its interactions for the
phytochrome-1 in P. syringae pv tomato.

3.3.2.7 Interactions between PsiBphO and PsiBphP1 during expression

For PstBphP1, a higher yield and better photochemical properties under operon
expression-conditions has been achieved, whereas a complete failure to generate a
chromophore-assembled chromoprotein, was observed for PstBphP2. The cloning
strategy of the PstbphQO::bphP1 operon yielded a strep-tag at the N-terminal end of
the PstBphO and a His-tag at the C-terminal end of PstBphP1. It was thus possible
to employ either tag for affinity purification. Interestingly, no matter which tag was
used, we detect both proteins in the eluted fractions containing the purified proteins
(Figure 39). Making use of the strep tag, a nearly equal amount of PstBphO and
PstBphP1 is detected by gel electrophoresis (Figure 39, left), whereas under
conditions of His-tag purification, the recombinant phytochrome (Figure 39, right) is
found in much larger amounts than the heme oxygenase. For both purification
conditions, the identity of the proteins was verified by a MALDI-TOF analysis of the
tryptic digests.
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Figure 39: SDS-PAGE analysis of PsiBphO::BphP1 expressed in E. coli and purified
using the strep-tag (left) and the His tag (right), after sample concentration. Lane 1
(left) and 2 (right), protein molecular weight marker with sizes (in kDa) indicated on
the side.

3.3.2.8 Tryptic digestion of recombinant PstBphO::BphP1 protein

The protein bands in the SDS-PAGE separations were excised manually and placed
into polypropylene 96-well plates. Automated in-gel digests and sample preparation
for MALDI-TOF MS was performed using the robotic liquid-handling system
FREEDOM EVO-150 Base (Tecan). MALDI-TOF MS was then used to identify the
subunit and peptide composition and the molecular mass of the purified protein
(Figure 40). The peptides of the gel bands were compared to the predicted peptides
of PstBphO and PstBphP1 (Figures 41 and 42). The percentage of similarities of
peptides fragments from gel-digestion of protein is compared with the theoretically
expected peptide fragments of PstBphO and PstBphP1, is given in Table 10.
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Figure 40: The MALDI-TOF MS molecular mass analysis and identification of peptides
from gel-plugs of the recombinant proteins PsiBphO::BphP1 after gel electrophoresis
and in-gel digest. (A) The uppermost migrated gel-band (from Fig. 39, right) after His-
tag purification; and (B) the uppermost migrated gel-band (from Fig. 39, left) after

strep-tag purification.
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Figure 41: The identified peptide fragments (in blue) after gel digestion of the upper
gel-band of PstBphO::BphP1 from His-tag purification (Figure 39, right gel, upper gel
band). The theoretically expected peptide fragments were compared with the
experimentally obtained peptides which show a 63 % similarity with PstBphO (upper)
and 55% similarity with PstBphP1 (lower).
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Figure 42: The identified peptide fragments (in blue) after gel digestion of the upper
gel-band of PstBphO::BphP1 from strep-tag purification (Figure 39, left gel, upper gel
band). The theoretically expected peptide fragments were compared with the
experimentally obtained peptides which show a 52 % similarity with PstBphO (upper)
and 49% similarity with PsiBphP1 (lower).
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Table 10: Comparison of the molecular mass of peptides of gel plugs obtained after in
gel digest and MALDI-TOF analysis with respect to peptides of PsiBphP1 and

PsiBphO.

No. Types of Gel band # Comparision | % of similarities
Purification with of peptides
1 His-tag 1st/upper PstBphP1 53
2 His-tag 1st/upper PstBphO* 55
3 His-tag 1st/upper PstBphP1 63
4 His-tag 1st/upper PstBphO* 46
5 His-tag 1st/upper PstBphP1 51
6 His-tag 1st/upper PstBphO* 45
7 His-tag 2nd/lower PstBphP1** 63
8 His-tag 2nd/lower PstBphO 64
9 His-tag 2nd/lower PstBphP1** 50
10 His-tag 2nd/lower PstBphO 53
11 Strep-tag 1st/upper PstBphP1 49
12 Strep-tag 1st/upper PstBphO* 38
13 Strep-tag 1st/upper PstBphP1 33
14 Strep-tag 1st/upper PstBphO* 33
15 Strep-tag 1st/upper PstBphP1 41
16 Strep-tag 1st/upper PstBphO* 52
17 Strep-tag 2nd/middle PstBphP1*** 18
18 Strep-tag 2nd/middle PstBphO*** 38
19 Strep-tag 3rd/lower PstBphP1** 29
20 Strep-tag 3rd/lower PstBphO** 54

*molecular mass of peptides of the upper gel band of His- and strep-tag purification showed
similarities with PstBphO. **molecular mass of peptides of the lower gel band of His- and
strep-tag purification showed similarities with PstBphP1. ***molecular mass of middle gel
band of His- tag purification showed similarities with PstBphP1 and PstBphO.
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3.3.2.9 Complex formation between PstBphO::BphP1

The percentage of similarities of peptides of the uppermost gel-band after His-tag
purification has shown similarity of 63% and 55% with PstBphP1 and PstBphO,
respectively (Figure 41). Similarly, peptides contained in the uppermost gel-band
after strep-tag purification has shown 49% and 52% similarity with PstBphP1 and
PstBphO, respectively (Figure 42). Other migrated gel-bands also have shown some
similarities with PstBphP1 and PstBphO (Table 10).

The findings repesented above for the different use of either of the two tags
indicates a complex formation to generate a large amount of chromophore-loaded
phytochrome in a photochemically active form. The proteins eluted from the strep-
tag purification reflect the current situation, as it is found with the heme oxygenase:
the enzyme is complex-forming with a phytochrome molecule during chromophore-
loading. On the other hand, the proteins eluted via the His tag purification also
contain the complex between the heme oxygenase and the phytochrome, but in
addition this fraction shows a large amount of phytochrome molecules that had
already been BV-loaded and released from the complex.
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Section 3.4

3.4 Effects of light on blue/red light photoreceptors inactivated mutants from
Pseudomonas syringae pv tomato DC3000.

The P. syringae pv tomato strain DC3000 is both an important agricultural pathogen
and a valuable model organism for studying plant-pathogen interactions [164]. This
plant pathogen carries one gene, encoding a blue light sensing photoreceptor and
two genes encoding proteins with red/far red light sensitivity. Following studies on
the photochemial properties of these photoreceptors, a study of the regulatory
function of these photoreceptor gene products requires the generation of insertional
knock out mutants. As the commonly applied protocol of gene transfer by
conjugation / homologous recombination is time-consuming process of low-

efficiency, an alternative method was developed and employed here.
3.4.1 Generation of gene-inactivated mutant strains of P. syringae pv tomato

In order to analyze the regulatory role of the red-light sensor bphPs, the blue-light
sensor pspto_2896 and bphO (responsible for the chromophore production for
bphPs) genes in P. syringae pv tomato DC3000, we have generated five mutant
strains carrying interposon cassettes within the coding regions of bphP1, bphP2,
bphO, and pspto_2896. To generate gene-inactivated mutants, we have initially
used the traditional method using suicide plasmids and conjugation, which is
laborious, time consuming and of low efficiency. We have thus developed and
applied a convenient and fast approach that allows creating interposon as well as
point mutations of the corresponding photoreceptors genes by employing linear DNA
constructs. In order to document the advantages of this novel method (at least for P.
syringae tomato), we have compared both the novel and the traditional (conjugation)
method. A mutant strain, pspto_1902 (bphP14), was generated by using a suicide
plasmid and by direct insertion of linear, double stranded DNA. After the
confirmation of positive mutants we have studied the effect of blue and red light on
these mutants.
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3.4.1.1 Construction of a pspto1902::Q-Spc’ strain (bphP14) by conjugation
method

To inactivate the bphP1 gene that encodes a red- and far-red light phytochrome-type
photoreceptor, the recombinant plasmid pUCbphP1::Q-Sp’ encompassing the
spectinomycin cassette (Q-Spc) within bphP1 was generated. The construct was
generated by PCR-amplifying a 3070-bp DNA fragment encompassing the target
gene (bphP1, chromosomal positions 2077242 to 2080311). The forward PCR
primer (PhP1) was designed to contain an EcoRI site on its 5’ end that is present in
the chromosome itself. The same site, EcoRI, was added to the rear primer (PhP2).
The resulting PCR product was cloned into vector pJET1.2 generating pUCbphP1.
An antibiotic cassette (Q-Sp) isolated from pHP45-Q by Smal digestion was ligated
into the linearized pUCbphP1 vector (using an EcoRV site located within the gene)
resulting in pUCbphP1::Q-Spc'. The construct pUCbphP1::Q-Spc' was hydrolyzed by
EcoRl and the bphP1::Q-Spc' construct was cloned into the suicide vector pSUP202.

To generate a P. syringae bphP1 mutant strain, the plasmid pSUPbphP1::Q-Spc'
was subsequently introduced into E. coli S17-1 for conjugation into P. syringae pv.
tomato DC3000. For conjugation, cells of E. coli S17-1 carrying pSUPbphP1::Q-Spc’
and of P. syringae tomato were mixed in a ratio of 1:2. The mixture was dropped on
LB agar and cells were cultivated for 24 hours at 30 °C for conjugation. Afterwards,
the cell mass was scraped from the plate, washed with 1 ml PBS buffer, centrifuged,
and resuspended in 2 ml of PBS buffer. Aliquots of 100 pl of the suspension were
plated on KB-Agar containing spectinomycin (100 pg/ml) and nalidixic acid (5 pg/ml)
and incubated at 30 °C for 48 hours. Nalidixic acid was used to select P. syringae
tomato against E. coli S17-1. Exconjugants were streaked for isolation on the same
medium and subsequently characterized for proper pspto_1902::QSpc" insertion by
PCR amplification and sequencing.

Conjugation between E. coli S17-1 carrying pSUPbphP1::Q-Sp" and P. syringae WT
strain DC3000 yielded several colonies on a KB plate containing spectinomycin (100
ug/ml) and nalidixic acid (5 pg/ml). Routinely, ca. 200 or more exconjugant colonies
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were obtained per plate. The colonies were re-streaked on KB agar containing
spectinomycin (100 ug/ml) and were grown overnight at 30 °C. Since P. syringae
colonies appear greenish caused by siderophore production [165] the colour of
colonies was analyzed to identify recombinant Pseudomonas clones after
conjugation. However, even after extended incubation at the room temperature there
was no visible colour change of exconjugant colonies which would be indicative for

P. syringae cells.

Several additional attempts of conjugation only resulted in the growth of E. coli S17-
1 colonies carrying the suicide plasmid. After screening more than 10,000
exconjugants we finally obtained about 16 exconjugants that were P. syringae pv.
tomato DC3000. Among them, ten colonies contained a single crossover event and

only six were double crossover mutants as was proven by PCR amplification.

This commonly used conjugation method uses suicide plasmids, which is much
more laborious, time consuming and as documented here of low efficiency. A simple
and time efficient method would be most welcomed to functionally analyze many
ORFs and newly identified genes.
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3.4.1.2 Generation of gene-inactivated mutant strains by insertion of linear
DNA in P. syringae pv tomato

A convenient and fast approach method was developed in this study to create
interposon- as well as point mutations of the corresponding photoreceptors genes by
employing linear DNA constructs. Five mutant strains of bphP1, bphP2, bphO, and
pspto_2896 were generated using the new method. The bphO- and the pspto_2896
genes encode a heme oxygenase and a blue light-sensitive photoreceptor,
respectively. The generation of these constructs that allows inactivation of different

genes is described following.

3.4.1.2.1 Construction of the LOV (pspto_2896) inactivated strain (LOVA) of P.
syringae pv tomato

The gene pspto 2896 has recently been shown to encode a regulatory protein
containing a functional LOV input domain, fused to a sensor kinase and a response
regulator output domain [126]. For inactivation of this gene, the recombinant plasmid
pJETpstLOV::Km" was generated. In brief, this construct was obtained by PCR-
amplifying a 2044-bp region between the genome positions 3258886 and 3260929
from genomic DNA using primers LP1 and LP2. A Pstl restriction site was inserted at
the 5-end of LP1 while the LP2 (rear primer) was designed such that it would
amplify a DNA portion containing another Pstl restriction site from the chromosome
near the rear end of the amplification product. The amplification product was cloned
into the pJET1.2 cloning vector (pJETpspto2896). The amplified region carried also
a BstZ17I restriction site, into which a kanamycin resistance cassette (Km'), isolated

from pBSL15 by Smal digestion, was ligated, creating pJETpstLOV::Km'.

This plasmid pJETpstLOV::Km" harbors the kanamycin cassette in two different
orientations (polar and non-polar); these clones were named pJETpstLOV::Km'A
and pJETpstLOV::Km'B. Additionally, two point mutations were introduced in the
LOV domain region of the constructs, and also the deletion of a cysteine residue
(Cys70) of the chromophore-binding motif NCRFLQ (C in bold) in the LOV domain
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was performed. Changes in the HK were performed by converting the functional
(phosphorylated) histidine residue (His132) into leucine. These additional point
mutations were performed to ensure the inactivation of chromophore-binding sites of
the sensor domains, as it was demonstrated for several recombinant photoreceptors
that the chromophore-binding domain showed photochemical activity [77], even if
the C-terminally located signaling domain was modified or even truncated [166;167].

The linear DNA fragment containing pstLOV::Km" that was used for transformation
was produced by Pstl restriction digestion of pJETpstLOV::Km" (Figure 43) and

transformed into wild type Pseudomonas syringae tomato by electroporation.
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Figure 43: Strategy for the generation of mutations in pspto_2896 in P. syringae pv.
syringae DC3000. (I) pspto_2896 and an adjacent part of DNA was amplified using LP1
and LP2, and (ll) cloned into pJET1.2 creating pJETpspto2896. (lll) A kanamycin
resistance cassette was inserted into the BsfZ17l site (within the LOV domain) of
pspto_2896. In this same constrct, the cysteine residue, responsible for the binding of
FMN chromophore and photoadduct formation in LOV proteins was deleted in the
construct (M'). Similarly, a histidine residue from the histidine kinase domain was
changed into a lysine residue (H132/L, M?. These mutations were introduced
separately. (IV) The construct was digested with the restriction enzyme PsiHl to
generate the linear fragment with antibiotic cassette. Primers Ul1 and LP2 were used

126



Results and discussion

for verification of the mutation in the chromosome. The position of the inserted
antibiotics cassette is indicated as a black bar.

This approach yielded quite a number of transformants (15 colonies) that showed
capability to grow on agar plates (supplemented with Kanamycin). The positive
outcome from this experiment was further confirmed by colony PCR and RT-PCR. A
PCR performed with primers (U1 and LP2) complementary to DNA regions
upstream and downstream of the target gene (not included in the knockout
construct) resulted in expected products (Figure 44). The obtained PCR product was
sequenced to confirm the insertional inactivation and the point mutation introduced

into the functional residues.

We were also considering the possibility that the gene disruption might still allow a
read-through, yielding a partial gene (product) that might provide some residual
function to the transformed organism. Therefore, the inactivation of the LOV gene
was confirmed by transcriptional analysis of pspto 2896. Reverse transcription of
pspto_2896 mRNA was carried out from total RNA, extracted from wild type and
pstLOV::Km' strains. The RT-PCR primers for the amplification of the whole gene
and the selected region of 459 bp within the gene encompassing a part of the LOV
domain yielded the expected product for WT P. syringae DC3000 (Figure 44). The
LOVA (mutant strain) did not produce any amplification product in RT PCR analysis

confirming the inactivation of the target gene.
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Figure 44: Agarose gel-based verification of the mutant strain using PCR and RT-
PCR. (A) PCR-based confirmation of pspto_2896 mutants. The PCR product from two
different mutant strains (lanes 1 and 2) and from the wild type strain (lane 3) is shown
(obtained with primers Ul1 and LP2). The wild type DNA fragment exhibits the
expected size of approximately 1.5 kb whereas the DNA fragment derived from mutant
strains showed an additional 1.2 kb insert. (B) RT-PCR of wild type and pspto_2896
mutant strains. Total RNA was reverse-transcribed using gene specific primers. The
cDNA was amplified using pspto_2896 gene specific primers (pspto2896_for and
pspto2896_rev) (lanes 1,2,3) and a pair of primers (LOVa and LOVb) amplifying the
inner region (459 bp) of the LOV domain (lanes 4,5). Lane 1 refers to the wild type
(WT) strain, lane 2 shows the negative control (the reaction components were as in
lane 1, but without reverse transcriptase), lane 3 shows the mutant strain (LOVA), lane
4 refers to the wild type strain and lane 5 shows the mutant (LOVA). Lane 1 (WT)
showed the expected product, lane 5, LOVA (mutant strain) did not produce any
amplification product in RT PCR analysis confirming the inactivation of the target
gene.
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3.4.1.2.2 Construction of a heme oxygenase-encoding gene mutant strain
(bph0OA)

Heme oxygenases degradate heme groups and generate biliverdin. Thereby, they
act a central part of cellular metabolism. For a gene disrupture, the plasmid
PETHO::Km" was constructed. A 615-bp region of the P. syringae pv. tomato
DC3000 genome (chromosomal positions from 2077011 to 2077625) containing the
gene pspto_1901 encoding the heme oxygenase was PCR-amplified using primers
HO1 and HOZ2, carrying Ndel and BamH]I restriction sites, respectively. The amplicon
was digested with Ndel and BamHI| and cloned into the corresponding site of pET14.
The resulting plasmid, pETHO was digested with the restriction enzyme Stul.
Subsequently, a kanamycin resistance cassette, derived from pBSL15 by Smal
digestion, was inserted into the corresponding Stul site of the pspto_ 1901 gene in
pETHO. The resulting construct, pETHO::Km' contained the two opposite orientation
of cassette, were designated as pETHO::Km'A and pETHO::Km'B. pETHO::Km'A/B
containing the Km' interposon was digested with Ndel and BamHI to produce a
linearized DNA fragment which after gel purification was transformed into wild type
P. syringae tomato by the electroporation method. The positive clones were
confirmed by colony PCR and sequencing of the heme oxygenase gene (Figure 45).

Figure 45: Confirmation of heme oxygenase mutants (bphOA) by PCR using primers
HOU1 and HOU2. Lanes 1 and 2 show the mutant products, whereas lane 3 is the
amplification product obtained from the wild type strain.
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3.4.1.2.3 Construction of a bphP1 (bacterial phytochrome-1) mutant strain
(bphP14)

To inactivate the phytochrome-encoding bphP1 gene, the recombinant plasmid
pPJETbphP1::Q-Sp" encompassing the spectinomycin cassette (Q-Spc) within bphP1
was generated.

A 3070-bp DNA fragment encompassing the target gene encoding the bacterial
phytochrome (bphP1) (chromosomal positions from 2077242 to 2080311) was
amplified using the genomic DNA. The forward PCR primer (PhP1) was designed to
contain an EcoRI site on its 5’ end from the chromosome itself. The rear primer
(PhP2) was designed to carry an EcoRI recognition site at its 5’ end. The resulting
PCR product was cloned into the vector pJET1.2, thus generating pJETbphP1. An
antibiotic cassette (Q-Sp) isolated from pHP45-Q by Smal digestion was ligated into
the linearized pJETbphP1 construct (linearization by EcoRV digestion) resulting in
pJETbphP1::Q-Spc’. Within the recombinant plasmid, the residue (Cys16)
responsible for chromophore binding and functioning of the protein was changed into
Ser by point mutation. The construct carrying the gene flanked by the antibiotic
cassette (bphP1::Q-Spc') was EcoRl digested and the resulting linear DNA fragment
was electroporated into wild type P. syringae tomato (Figure 46).
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Figure 46: Strategy for the generation of a pspto_1902 (bphP14) mutant strain using
linear DNA constructs. (I) A pair of the primers PhP1 and PhP2 was used to amplify a
region of chromosomal DNA encompassing the bphP1 gene which (ll) was ligated
into pJET1.2 creating pJETbphP1. A spectinomycin resistance (Q-spc) cassette was
introduced into the EcoRV site of bphP1 (ll/lll). Also, (lll) a point mutation (M’) was
introduced converting the chromophore-binding cysteine into a serine residue (C/S).
(IV) The construct was digested with EcoRI generating a linear DNA ready for electro-
transformation. Uh1 and Uh2 were the primers used for verification of the mutation in
the chromosome (IV). The position of the inserted antibiotics cassette is indicated as
a black bar.
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Those transformants (36 colonies) that grew on spectinomycin-agar plates were
further confirmed by colony PCR. A PCR performed with primers (Uh1 and Uh2)
complementary to DNA regions upstream and downstream of the target gene (not
included in the knockout construct) yielded the expected results (Figure 47). The
obtained PCR product was sequenced to confirm the insertional inactivation and the
point mutation of the functional residue

5.0
3.0

1.5

0.5

Figure 47: Agarose gel- based confirmation of the mutant strain (bphP14) by PCR.
Lanes 1 and 2 show the PCR amplification products from mutant and wild type
strains, respectively, using primers Uh1 and Uh2.

3.4.1.2.4 Construction of bphP2 (bacterial phytochrome-2) encoding gene
inactivated mutant strain (bphP2A)

To inactivate the phytochrome-encoding bphP2 gene, the recombinant plasmid
pUCbphP2::Gm encompassing the gentamycine cassette (Gm') within bphP2 was

generated.

A 3477-bp DNA fragment encompassing the target gene encoding the bacterial
phytochrome (bphP2) (chromosomal positions from 2943323 to 2946800) was
amplified using the genomic DNA. The forward PCR primer (P2pUCF) was designed
to contain an EcoRl site on its 5 end from the chromosome itself. An EcoRlI

recognition site was added to the 5’ end of the rear primer (P2pUCR). The resulting

132



Results and discussion

PCR product was cloned into vector pUC18, generating pUCbphP2. An antibiotic
cassette (Gm') isolated from pWKR202 by BamHI digestion was ligated into the
linear pUCbphP2 construct (linearization by Bglll digestion), resulting in
pUCbphP2::Gm'. Within the recombinant plasmid, potential residues essential for
chromophore binding (Cys16, Cys47 and Cys55) were changed by point mutations
to serine. The construct carrying the gene flanked by the antibiotic cassette
(bphP2::Gm") was EcoRI digested and the resulting linear DNA fragment was
ectroporated into wild type P. syringae. The positive mutants (bphP2 A) were
confirmed by colony PCR (Figure 48) and sequencing.

Figure 48: Confirmation of the mutant strain (bphP24) by PCR. Lanes 1 and 2 show
the PCR amplification products from mutant which is 6 kb (bphP2 gene and Gm"
cassette) and lane 3 shows the PCR product of the wild type strain as control which is
only 3 kb.

3.4.1.2.5 Construction of a double gene-inactivated mutant strain (bphP1A/
bphP2A)

To inactivate the phytochrome-encoding genes, bphP1 and bphP2, a mutant
(bphP1A bphP2A) was generated. For this approach, the linear DNA fragment of
EcoRl-digested pUCbphP2::Gm', was electroporated into the bphP1A mutant strain
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of P. syringae. The positive mutants were confirmed by colony-PCR and

sequencing.

Furthermore, to inactivate all three photoreceptors, bphP1, bphP2 and the LOV-
encoding genes for the blue and red/far red light photoreceptor were disrupted and
combined. For this approach, the linear DNA fragment of LOV:Km" was
electroporated into the bphP1A bphP2A mutant strain. The positive mutants
bphP1AbphP2ALOVA were confirmed by colony PCR and sequencing.

3.4.2 Effect of light on photoreceptor mutants

Light is probably the most dominating external factor influencing plant growth and
development, and an appropriate light environment is also required for the
establishment of a complete set of resistance responses in several plant-pathogen
interactions [168]. The response to changes of the light conditions involves a variety
of receptors that can modulate gene expression, enzyme activity and motility of the
organism. Motility changes in response to the alteration of light quality and quantity
are ubiquitous features of bacteria. Three distinct types of responses to light were
described [169;170]. A phototactic response involves an orientated movement of a
cell towards or away from a light source. The scotophobic response (fear of
darkness) is characterized by a tumbling or reversal of movement in changes of light
intensity, photokinesis is the response in alteration of the rate of motility caused by
differences in the light intensity.

Pseudomonas syringae pv tomato is a motile bacterium with polar flagella (Figure
49). The flagella enable the cell to swim in low-density agar medium (<0.4%). In
addition, P. syringae tomato is also able to propagate at surface interfaces by
twitching motility which is mediated by type IV pili [171]. Twitching motility is believed
to result from the extension and retraction of the pilus filament, which propels the
cells across a surface. Besides swimming and twitching, several gram negative
bacteria are able to propagate on semi-solid surfaces (i.e., 0.4 to 1.0% agar) in a

coordinated manner by swarming motility. Swarmer cells, which are usually
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elongated and hyperflagellated, derived from vegetative cells probably after sensing

the viscosity of the surface or in response to nutritional signals [172].

Figure 49: A transmission electron microscope image of the Pseudomonas
syringae pv tomato DC3000 with polar flagella and Hrp (Hypersensitive
reaction and pathogenicity) pili. The flagella and pili are involved in motility

and virulence [173].

The pspto_2896 mutant strains (LOVAA and LOVAB) were tested for the motility in
blue light (447 nm), and all the other mutants were tested under red/ far red (625,
660, 720, 740 nm) light for changes in their motility. For these experiments, the
cultures of the analyzed strains were grown in KB medium and adjusted to an optical
density at 600 nm of 1.0. 5 pl of these cultures were streaked on a straight line on
the surface of the KB plates or were placed into soft agar (0.4% wt/vol) for
controlling of their swarming motility. The plates were incubated at 30°C for 48 to 72
h.

A preliminary inspection of all mutated strains revealed differences in the growth
behaviour compared to the WT cells. The blue light mutant strains (LOVAA and
LOVAB) were grown under continuous lateral irradiation with blue light (447 nm).
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Whereas the mutant cells grow in all directions irrespective of the light, the wild type
shows reduced growth of the colony, which was more obvious in the direction of the
blue light (Figure 50). In case of LOVAA and LOVAB, the wild-type cells responded
to blue light by reduced growth while the mutant cells seem to be unable to detect
blue light and grow vigorously in all directions.

Figure 50: Phenotypes associated with the mutation of the LOV domain- coding gene.
Motility of P. syringae pv tomato DC3000 strains was tested on KB medium
containing 0.4% agar under blue-light irradiation (447nm). Five pl of cells from each
strain were separately spotted on a line on the plate and incubated for 48 hours at 30
°C. Direction of irradiation is shown by white arrows. (A) LOVAA (polar-mutant), (B)
LOVAB (nonpolar-mutant) and (C) wild type (control).
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The bphP1A mutant grown under continuous irradiation of 660 nm, 625 nm, 740 nm
and 720 nm red and far red lights showed a wild type comparable phenotype when
grown under identical conditions (Figure 51). The insertional knockout mutant,
bphP1A shows more proliferation of colonies than the wild-type cells under
continuous irradiation with different red/far red light condition. When grown in
darkness, the wild-type strain exhibits a better swarming motility than bphP1A
(Figures 52A and B). Finally, under continuous white light, both, wild type and
mutant showed comparable behavior (Figures 52C and D). The comparable growth
behavior in white light, however, might be compromised as the continuous white light
irradiation caused a temperature rise in the incubator and induced desiccation of the

plates after 24 hours, which is about the time that P. syringae tomato needs to grow.

The bphP2A mutant grown under irradiation of red light (625 and 660 nm) and far
red light (720 and 740 nm) revealed a comparable phenotype as the wild type
(Figure 53), which is also similar to the bphP1A mutant. Similar phenotypes were
found also for the bphOA and the double knockout mutant bphP1A bphP2A, which
were grown under continuous 740 nm and 625 nm irradiation for 36 hours (Figures
54 and 55).
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Figure 51: Effect of red and far red light on P. syringae pv tomato strains. WT (left
plates) as control and knockout mutant bphP1A (right plates) were incubated on 0.4%
agar plates at 30°C for 48 hours, grown under continuous irradiation of A and B: 660
nm; C and D: 625 nm; E and F: 740 nm; and, G and H: 720 nm. (Source of irradiation
of light is lateral but reflected all over the plate)
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Figure 52: Effect of white light on P. syringae pv tomato strains. WT (left plates) and
knockout mutant bphP1A (right plates) were incubated on 0.4% agar plates at 30°C for
e 48 hours, grown under A and B: darkness; and, C and D: white light.

Figure 53: Effect of red and far red light on P. syringae pv tomato strains. WT (left
plates) as control and knockout mutant bphP2A (right plates) were incubated on 0.4%
agar plates under A and B: 625 nm; and, C and D: 740 nm at 30°C. Photographs were

taken after 48 hours.
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Figure 54: Effect of far red light (740 nm) on P. syringae pv tomato strains. A: Wild
type; B: knockout mutant bphOA; and C: bphP1A bphP2A (double knockout mutant)
were incubated on 0.4% agar plates for 36 hours at 30°C.

Figure 55: Effect of red light (625 nm) on P. syringae pv tomato strains. A: Wild type;
B: knockout mutant bphOA; and C: bphP1AbphP2A (double knockout mutant) were
incubated on 0.4% agar plates for 36 hours at 30°C

All these mutants showed a growth behaviour or phenotypes comparable with wild
type cells. Both, the mutants and the wild type demonstrated swarming motility, but
the mutants cells grew more vigorously in all directions than wild type which gave a

reduced growth under irradiation.

Phototactic responses have been described in detail for many microorganisms
including Rhodospirillum ~ centenum  [174], Halobacterium  salinarum,
Ectothiorhodospira halophila [175] or cyanobacteria such as Synechocystis
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PCC6803 [176;177]. In case of our study, there was no clear evidence of phototactic
response of P. syringae tomato wild type, and also for the here generated mutants
LOVA, bphOA, bphP1A, bphP2A and bphP1AbphP2A. However, as far as
performed here, the LOVA and bphP1A mutants revealed a distinct phenotype in
swarmer cells such that these mutants have grown in all the direction whereas wild
type cells remained as a small colony when grown in continuous blue-light (447 nm),
but intrestingly also under red/ far red light, respectively. Therefore, the light effect
found in the present study could be defined as a photokinesis response which is an
alteration in the rate of motility caused by differences in light intensity. The direction
and irradiation is not relevant for a photokinetic response, whereas it is a critical
determinant in phototaxis [174]. A similar type of response was reported for

Agrobacterium tumefaciens [178].
3.4.3 Effect of mutations on infectivity on plants

According to its biological function as a plant pathogen, infectivity tests of the WT or
mutated P. syringae strains on Arabidopsis were performed. Arabidopsis plants were
grown under short days, and their leaves were inoculated with bacteria by bathing in
buffer contained wild type or mutant strains of P. syringae. Afterwards, the plants
were transferred to either continuous light or darkness. The leaves were harvested
24, 48, or 72 hours after surface inoculation and the numbers of colony-forming units
(CFU) per unit leaf were calculated. Each data point is taken from at least 19 plants
in at least 5 different experiments with mean and standard error (SE). The result
presented here are from pspto 2896 mutant strains (LOVAA and LOVAB) and
pspto_1902 (bphP1A) mutant (Figure 56). For other mutant strains the experiment is
still going on.

When the bacteria grow on white light-exposed leaves, the two LOV-mutant strains
(LOVAA and LOVAB) show enhanced growth compared to the wild-type (WT) strain
and the phytochrome-1 mutant (bphP14). These differences are not observed when
the plants are transferred to dark after inoculation. Darkness increases bacterial
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growth in the WT and to a lesser extent in the phytochrome mutant, but not in the
LOV mutants.

Our preliminary experiments of plant-mutant interaction indicate that light perceived
by the LOV-domain photoreceptor reduces bacterial growth, whereas no such effect

is observed for the phytochrome photoreceptor.
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Figure 56: The number of colony-forming units (CFU) per unit leaf (fresh weight) after
surface inoculation with the blue-light photoreceptor- (pspto_2896) LOVAA and
LOVAB (both orientations) and the phytochrome (bphP14) mutant, and with the wild-
type (WT) strain of P. syringae pv tomato. Wild-type plants were grown under short
days, inoculated and transferred to either continuous light (top) or continuous
darkness (bottom). The three columns correspond to leaves harvested 1, 2 or 3 days
after inoculation. Each data point is mean and standard error (SE) of at least 19 plants
harvested in 5 different experiments.
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4. Conclusion

Phytochromes are red-/far-red-light photoreceptors in plants and cyanobacteria but
have recently been discovered in non-photosynthetic bacteria and in fungi. They
carry an open-chain tetrapyrrole (bilin) prosthetic group which is covalently bound to
the protein. In this work the phytochromes from cyanobacteria Calothrix PCC7601
and plant pathogen Pseudomonas syringae pv tomato DC3000 were studied, an
attempt to understand the red/ far red biological photoreceptor system in bacterial

world.

(a) Domain interaction in Cyanobacterial phytochromes CphA/CphB from
Calothrix PCC7601

The phytochromes from the cyanobacterium Calothrix PCC7601 were investigated
for the essential protein domains required to maintain the spectral integrity. The
flamentous cyanobacterium Calothrix PCC7601 expresses CphA and CphB
phytochromes. CphA phytochrome possesses a canonical cysteine within a
conserved amino-acid sequence motif to which phycocyanobilin (PCB) is bound
covalently. CphB which is similar to other BphPs lacking the canonical cysteine
residue carries an N-terminally located cysteine as an alternative binding site for
biliverdin (BV). Heterologous expression of Calothrix CphA phytochrome in E. coli
and reconstitution of the recombinant apoprotein with PCB as a chromophore
resulted in a chromoprotein showing absorption maxima (Amax) of Pr 663 nm and Peg
of 710 nm upon far-red and red light irradiation. Similarly, CphB apoprotein, after
reconstitution with chromophore (BV), showed the photoconversion of Anax of Pr 704
nm and Pggr of 750 nm. In both cases, the C-terminally truncated CphA-PGP (PAS-
GAF-PHY, with the N-terminal 515 amino-acids) and CphB-PGP (with the N-terminal
537 amino-acids) showed the similar photochromocity as the full-length proteins
(CphA-PGP: Amax of Pgr 663 nm and Prg of 710 nm, CphB-PGP: Amax of Pgr 704 nm
and Prg of 750 nm). These truncated proteins, lacking the HK domain were more
stable than their full-length counterparts. In case of CphA-PG (PAS-GAF, N-terminal
357 amino-acids) and CphB-PG (N-terminal 357 amino-acids), the apoproteins
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showed the assembly of chromophore phycocyanobilin (PCB) and biliverdin (BV),
respectively, but the Pr and Prr forms showed significant shifts due to the instability
and a misfolding of the protein, as is deduced from the overall yield of photoactive
protein. The deletion of the “PHY” domains caused a blue-shift of the Pr and Peg
absorption of CphA-PG, Amax = 658 and 698 nm, respectively, and also increased
the amount of unproperly folded apoprotein. In CphB-PG, however, it practically
impaired the formation of Prg, i.e., showing a very low oscillator strength absorption
band, whereas the Pr form remains unchanged. One can clearly conclude that
removal of the phy domain in CphB has a significant effect on the chromophore

conformation and thereby on the spectral properties.

(b) In vitro study of novel hybrid (fused blue and red light photo-sensor)
kinase protein

Following approaches in optogenetics, a hybrid protein was constructed by fusing
the PAS domain of LOV (blue light photoreceptor) from P. syringae pv tomato
DC3000 with the HK domain of cyanobacterial phytochrome CphA. This
reprogrammed sensor LOV-kinase shall serve as a model system for a naturally
non-existing hybrid protein in order to learn whether artificially combined protein
domains (light-sensing and signaling) can be arranged at will, retaining their
respective biochemical functionality. This fusion of domains from blue- and red-
sensing biological photoreceptor retained the typical photochemical properties of
PstLQV, i.e, functioning furtheron as a blue-light photoreceptor.

(c) Red/far red photoreceptors of P. syringae pv tomato DC3000

Recent genome sequence data of the model plant pathogen Pseudomonas syringae
pv tomato DC3000 has revealed the presence of two red/far red sensing putative
phytochrome photoreceptor (PstBphP1 and PsiBphP2) and one blue-light
photoreceptor (PstLOV). As P. syringae is an also economically important plant
pathogen, its photoreceptors were characterized in vitro and for their impact in the
bacterium’s lifestyle. The bacterial phytochromes from P. syringae pv tomato

(PstBphPs) were recombinantly expressed in E. coli and characterized in vitro. Both
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phytochromes show the general modular architecture of a three domain
chromophore-binding region (PAS-GAF-PHY) that is followed by a histidine kinase
domain at the C-terminal part. PstbphP1 is arranged in an operon with a preceding
gene encoding a heme oxygenase (PstbphO), whereas PstbphP2 is followed by a
response regulator. Heterologous expression of the heme oxygenase yielded a
green protein (Amax = 650 nm), indicative for bound biliverdin. Heterologous
expression of PstbphP1 and PstbphP2 vyielded the apoproteins for both
phytochromes, however, only in case of PstBphP1 a holoprotein was formed upon
addition of biliverdin. The two phytochromes were also co-expressed with PstbphO
as a two-plasmid approach yielding a fully assembled holoprotein for PstBphP1 (Amax
700 nm and 750 nm for Pg and Prg state, respectively), whereas again for PstBphP2
no chromophore absorbance could be detected. An even further increased yield for
PstBphP1 was obtained when the operon PstbphQ::PstbphP1 was expressed in E.
coli. A construct placing the gene for PstBphP2 exactly at the position of PstbphP1
in this operon again gave the negative result such that no phytochrome-2
chromoprotein was formed. The reason for the improved yield for the operon
expression PstbphO::PstbphP1 is the formation of a complex formed between both
proteins during biosynthesis. As a result, the folding, chromoprotein formation and
spectral quality of phytochrome-1 is apparently strongly dependent on a complex
formed to the heme oxygenase. This interaction is dependent on precise
interactions, as identical arrangements for the gene encoding phytochrome-2 do not

lead to chromophore incorporation under no circumstances.

(d) Generation of insertional knock-out mutants of phytochromes and blue-
light receptor (LOV) in P. syringae pv tomato DC3000

As a logical follow-up, the regulatory function of these red/ far red and blue light
photoreceptor genes were studied in vivo by generating insertional knockout
mutants. The most important outcome from this project is the development of a
facile, efficient and time-saving transformation protocol to introduce simply linear,
double stranded DNA into the bacterium. This procedure will speed up investigations
on the function of single genes for the physiology of the microorganism. As the
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commonly applied protocol of gene transfer by conjugation / homologous
recombination is known to be a time-consuming process of low-efficiency, an
alternative method was developed in this study to create interposon- as well as point
mutations of the corresponding photoreceptors genes by employing linear DNA
constructs. In this study interposon- as well as point mutations of the corresponding
photoreceptors genes were created by employing linear DNA constructs. Five
mutant strains of bphP1A, bphP2A, bphOA, pspto_2896 (LOVA) and double mutant
strain of bphP1AbphP2A were generated using the new method to study the
regulatory function of these photoreceptor gene. The bphO- and the pspto_2896
(LOV) genes encode a heme oxygenase and a blue light-sensitive photoreceptor,

respectively. These mutant strains are used for the following study:

(i) Effects of light on blue/red light photoreceptors inactivated mutants
from P. syringae pv tomato DC3000

All the generated mutant strains were tested for motility under continuous blue, red
and far red lights. The bphP1A mutant grown under continuous irradiation of 660
nm, 625 nm, 740 nm and 720 nm red and far red lights showed a wild type
comparable phenotype. The insertional knockout mutant, bphP1A shows more
proliferation of colonies than the wild-type cells in the different red/far red light
irradiations. When grown in darkness, the wild-type strain exhibits a better swarming
motility than bphP1A. The blue light mutant strain (LOVA) grown under continuous
lateral irradiation with blue light (447 nm), spred in all directions irrespective of the
light, but the wild type shows reduced growth of the colony, which was more obvious
in the direction of the blue light. The wild-type cells respond to blue light by reduced
growth while the mutant cells seem to be unable to detect blue light and grow
vigorously in all directions. Similar phenotypes were found also for the bphP2A,
bphOA and the double knockout mutant bphP1A bphP2A, which were grown under
continuous 740 nm and 625 nm irradiation. Although still in its infancy, the data
obtained so far clear demosntrate an effect of the photoreceptors on the growth
behavior of this plant pathogen.
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(ii) Effect of mutations on infectivity on plants

Investigations of light control on the infectivity of P. syringae on plants have been
started in collaboration (Prof. J. Casal, Univ. Buenos Aires, Argentina). The results
obtained so far indicate that light perceived by the LOV-domain photoreceptor
reduces bacterial growth, whereas no such effect is observed for the phytochrome

photoreceptor.
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