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I) Summary 
 
In 1998, Briggs and co-workers identified the so-called light, oxygen, voltage (LOV) domains 

as the blue-light sensitive flavin-binding signaling switches in plant phototropins (phots) [1], 

controlling plant phototropism and other blue-light dependent phenomena [2]. It soon 

became apparent that many photosynthetic, but also non-photosynthetic prokaryotes 

possess homologous proteins encoded in their respective genomes [3]. Simultaneously with 

this discovery in 2002, their photochemical functionality was proven by Losi and co-workers 

[3] exemplary for the LOV domain-containing protein YtvA from Bacillus subtilis. This led to 

the suggestion that the LOV signaling paradigm might be conserved between Pro- and 

Eukaryotes. Mechanistically, the light sensing function of the LOV proteins is strictly based 

on the presence of a cysteine residue located in a distance of about 4 � to the isoalloxazine 

ring of the flavin chromophore. Upon irradiation, a covalent bond is formed between this 

cysteine and the carbon-atom in position 4a of the flavin isoalloxazine ring, which thermally 

opens again within minutes to hours, dependent on the LOV protein [4, 5]. 

With this thesis the available knowledge about bacterial LOV proteins was broadened with 

respect to a) evolutionary history and b) signal-transduction and photophysiological aspects. 

Furthermore, some of the newly described bacterial LOV proteins were optimized with regard 

to their c) biotechnological application as fluorescent markers. 

 
a) Evolutionary history of LOV proteins 
A comprehensive phylogenetic analysis was performed that included all currently identified 

prokaryotic LOV protein/gene sequences as well as representatives from the three major 

eukaryotic LOV photoreceptor families, namely plant phot-LOVs, ZEITLUPE(ZTL)/ 

ADAGIO(ADO)/ Flavin-Binding Kelch-Repeat F-Box protein (FKF1)-LOVs and the fungal 

white-collar-1 (WC-1)-LOVs. The analysis suggested that the ancient LOV signaling module, 

that apparently retained its photosenitivity from Archaea to plants, spread from the 

prokaryotic to the eukaryotic kingdom of life by two independent endosymbiotic events. The 

plant phot-LOVs as well as the fungal WC-1 LOVs show clear affinity towards the �-

proteobacterial clade of the phylogentic tree. Therefore, they are construed to originate from 

the endosymbiosis of an ancient proteobacterium that also led to the appearance of the 

mitochondrion in eukaryotes. On the other hand the plant ZTL/ADO/FKF1-LOV domains 

clearly cluster within the cyanobacteria, and thus endosymbiosis of an ancient 

cyanobacterium should mark the appearance of this LOV photoreceptor family (and 

moreover coincides with the appearance of the chloroplasts) in the eukaryotic kingdom. 

Additionally, prokaryotic LOV histidine kinases are assumed as the primordial LOV 

photoreceptor systems in all three kingdoms of life, with a considerable amount of domain 
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shuffling (fusion and fission) implied in the process of full-length LOV photoreceptor 

evolution. 

 
b) Blue-light dependent LOV signal-transduction and physiology in bacteria 
Two novel LOV photoreceptor modules of the saprotrophic Pseudomonad Pseudomonas 

putida KT2440 were identified, cloned, expressed and purified from Escherichia coli as 

heterologous host. The two proteins named PpSB1-LOV and PpSB2-LOV both bind oxidized 

flavin mononucleotide as chromophore and show a phot-like primary photochemistry. 

However, although the two paralogous proteins share about 66% identical positions on the 

amino acid level, they exhibit dramatically different dark recovery kinetics. PpSB1-LOV is the 

slowest ever described bacterial LOV protein having an apparent recovery time of about 30 

hours at 20°C, while PpSB2-LOV, on the other hand, shows a remarkable fast recovery of 

about 100 seconds at 20°C.  Both proteins possess, apart from the conserved LOV core, 

only short N- and C-terminal extensions but completely lack a fused effector domain. A 

bioinformatic analysis of the genomic context in which the duplicated LOV genes are found in 

P. putida revealed a clustering of the LOV genes together with genes known and annotated 

to be involved in the iron-starvation response in this organism. Since in bacteria functionally 

related genes are often clustered together in large gene regions the involvement of the blue-

light receptors in the regulation of iron-uptake has been investigated. The corresponding 

photophysiological experiments could demonstrate that blue-light preferentially enhances the 

secretion of the iron-siderophore pyoverdine, in P. putida (wildtype) culture supernatants, 

when grown under iron-limitation. Furthermore, the same effect is absent when the strain is 

grown under red- and green-light, thus suggesting the involvement of a blue-light 

photoreceptor in this response.  

In addition, comparative analysis of secondary structure (applying circular dichroism 

spectroscopy) and quaternary structure (using size-exclusion chromatography) of YtvA and 

its isolated LOV domain, as well as PpSB1-LOV and PpSB2-LOV, highlighted the importance 

of dimerization of bacterial LOV domains and proteins and could furthermore, together with 

computational docking simulations, suggest a common surface, namely the central �-scaffold 

of the core LOV domain, for the LOV-LOV or LOV-Effector interaction in B. subtilis YtvA. This 

information together with previous experimental evidence that indicated similar processes in 

eukaryotic phot-LOVs [6-8] point towards a common interaction surface that could be 

involved in the signal-transduction process, both in the pro- and eukaryotic LOV 

photoreceptors. 
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c) Application of bacterial LOV proteins  
Some already characterized bacterial LOV proteins (YtvA and its isolated LOV domain) and 

one of the newly identified P. putida LOV proteins (PpSB2-LOV) were further mutationally 

optimized for the use as autofluorescent marker proteins. The photoactive cysteine residue 

(highlighted in bold) of the LOV domain’s canonical sequence motif GXNCRFLQG was 

mutationally replaced by a non-polar alanine residue. This mutation abolishes the photocycle 

in the LOV domain, resulting upon excitation with blue-light, in a continous switching of the 

LOV domain flavin co-factor between the ground and its excited singlet-state. Radiative 

decay of the singlet to the ground-state is accompanied by the emission of photons in the 

form of fluorescence. As this process is independent of the availability of molecular oxygen, 

the newly generated autofluorescent proteins, unlike the Green Fluorescent Protein (GFP) 

and its variants (which depend on molecular oxygen for the cyclization of their fluorescent 

chormophores), should allow non-invasive fluorescence imaging in anoxygenic 

microorganisms and oxygen-deprived zones of cellular tissues. Therefore, the newly 

generated FMN-dependent fluorescent proteins (FbFPs) which originate from bacterial LOV 

photoreceptor proteins, tackle the one major drawback of GFP fluorescent reporters and 

should thus in the future allow the study of currently difficult to analyze biological settings. 
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II) Zusammenfassung 
 
Im Jahr 1998 identifizierte die Arbeitsgruppe um Winslow Briggs sogenannte Light, Oxygen, 

Voltage (LOV) Domänen als die Blaulicht-sensitiven Sensor Module in pflanzlichen 

Phototropinen (phots) [1]. Diese bedingen bestimmte physiologische Effekte, wie zum 

Beispiel den pflanzlichen Phototropismus, sowie andere Blaulicht-abhängige Phänomene 

wie die Chloroplastenbewegung und Blatt-Öffnung [2]. Weithin wurde sehr schnell klar, dass 

sehr viele photosynthetische sowie viele nicht-photosynthetisch aktive Prokaryoten ebenfalls 

homologe Proteine besitzen [3]. Mit dieser Entdeckung, die Losi, Gärtner et al. [3] im Jahr 

2002 gelang, konnte gleichzeitig exemplarisch die photochemische Funktionalität 

prokaryotischer LOV-Proteine am Beispiel des aus Bacillus subtilis stammenden YtvA-

Proteins nachgewiesen werden. Dies führte wiederum zu der Annahme, dass die LOV 

Sensor-Funktion  sowohl im Prokaryoten- als auch im Eukaryoten-Reich strukturell und 

funktionell konserviert ist. 

Mechanistisch beruht die LOV Sensor-Funktion auf der Ausbildung einer kovalenten Bindung 

zwischen einem hochkonservierten Cysteinrest in der LOV-Domäne und dem C4a- 

Kohlenstoffatom des Flavin-Kofaktors. Diese Bindung wird im Dunkeln thermisch innerhalb 

von Minuten bis Stunden wieder aufgelöst, wonach die LOV-Domäne wieder in ihren 

Grundzustand zurückkehrt.   

Ziel der vorliegenden Arbeit war es, das vorhandene Wissen über bakterielle LOV-Proteine 

im Allgemeinen zu erweitern, wobei die Aspekte a) Evolution und b) Signalweiterleitung 

sowie damit verbundene photophysiologische Effekte untersucht wurden. Weiterhin konnten 

einige der hier neu beschriebenen bakteriellen LOV-Proteine erfolgreich für c) die 

biotechnologische Anwendung als Fluoreszenz-Marker  optimiert werden.    

 

a) Evolution der LOV Sensor-Funktion 
Im Rahmen dieser Arbeit wurde eine umfangreiche phylogenetische Analyse, basierend auf 

allen momentan identifizierbaren prokaryotischen LOV-Gensequenzen sowie auf einer 

Auswahl an Sequenzen der drei größten eukaryotischen LOV-Photorezeptorfamilien 

(pflanzliche phot-LOV’s und ZEITLUPE(ZTL)/ ADAGIO(ADO)/ Flavin-Binding Kelch-Repeat 

F-Box Protein (FKF1)-LOV’s sowie die White-Collar-1 LOV-Proteine aus der Familie der 

Pilze), durchgeführt. Die Analyse legt nahe, dass das LOV Sensormodul sich zweimal 

unabhängig voneinander über den bakteriellen Endosymbionten,  von den Prokaryoten auf 

Eukaryoten verbreitet hat.  Die Gruppe der pflanzlichen Phototropin LOV-Domänen sowie die 

Gruppe der White-Collar-1-verwandten Proteine, die ausschließlich in Pilzen vorkommen, 

zeigen eine klare Affinität zu bestimmten �-proteobakteriellen Zweigen des phylogenetischen 

Stammbaums. Die LOV-Domänen, die als Sensormodule in den entsprechenden 
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eukaryotischen Photorezeptoren Einsatz finden sollten, waren also höchstwahrscheinlich 

schon im proteobakteriellen Vorfahren des eukaryotischen Endosymbionten, der heute das 

Mitochondrium bildet, vorhanden. Die dritte eukaryotische LOV-Photorezeptorfamilie 

(ZTL/ADO/FKF1-LOV) ist offensichtlich direkt mit bestimmten LOV-Sequenzen aus 

Cyanobakterien verwandt. Demzufolge sollte auch hier Endosymbiose (eines 

Cyanobakteriums als Proto-Chloroplast) für das Auftauchen der LOV-Photorezeptoren in den 

Eukaryoten verantwortlich sein. Zusätzlich geben die durchgeführten Analysen Grund zu der 

Annahme, dass bakterielle LOV-Histidin-Kinasen zu den primordialen LOV-Sensor-

Systemen gehören könnten. Außerdem muss ein beachtliches Maß an Domänen-Fusionen 

und Abspaltungen stattgefunden haben, damit die enorme Vielfalt an mit LOV-fusionierten 

Effektor-Domänen erklärt werden kann.   

 

b) Blaulicht-abhängige Signalweiterleitung und photophysiologische Effekte in 
Bakterien 
Zwei putative LOV-Photorezeptoren aus Pseudomonas putida KT2440 konnten im Rahmen 

dieser Arbeit identifiziert, kloniert, exprimiert und aus Escherichia coli als heterologem Wirt 

aufgereinigt werden. Die beiden LOV-Proteine PpSB1-LOV und PpSB2-LOV binden 

oxidiertes Flavinmononukleotid als Chromophor und zeigen dieselbe primäre Photochemie 

wie die pflanzlichen Phototropin-LOV-Domänen. Interessant ist, dass die auf Aminosäure 

Ebene zu 66% identischen Proteine vollkommen verschiedene Dunkelrückkehr-Kinetiken 

aufweisen.  Bei PpSB1-LOV handelt es sich, mit einer Rückkehr-Zeitkonstante von circa 30 

Stunden bei einer Temperatur von 20°C, um das langsamste bisher beschriebene bakterielle 

LOV-Protein. Im Gegensatz dazu besitzt PpSB2-LOV, mit einer Rückkehr-Zeitkonstante von 

circa 100 Sekunden bei 20°C, die schnellste bisher beschriebene Rückkehr-Kinetik unter den 

charakterisierten bakteriellen LOV-Proteinen. Beide Proteine verfügen zusätzlich zu der hoch 

konservierten LOV-Domäne lediglich über kurze N- und C-terminale Verlängerungen, tragen 

jedoch keine fusionierte Effektor-Domäne. Eine bioinformatische Analyse der LOV-Protein 

kodierenden Genom-Regionen zeigte, dass die entsprechenden LOV-Gene im P. putida 

Genom in direkter Nachbarschaft zu einer ganzen Reihe von wahrscheinlich unter 

Eisenmangelbedingungen benötigten Genen lokalisiert sind. Da in Bakterien oftmals 

funktionell voneinander abhängige Gene gebündelt in Gen-Clustern vorliegen, wurde eine 

eventuelle Beteiligung der Blaulicht-Rezeptoren an der Aufnahme von Eisen untersucht. 

Tatsächlich zeigten erste photophysiologische Untersuchungen, dass unter 

Blaulichtbeleuchtung bei gleichzeitigem Eisenmangel, im Vergleich zu einer in Dunkelheit 

angezogenen Kultur, der Eisen-Siderophor Pyoverdin in größeren Mengen in den 

Kulturüberstand abgegeben wird. Bei Beleuchtung mit grünem und rotem Licht konnten 
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keine vergleichbaren Effekte beobachtet werden. Dies legt die Beteiligung (mindestens 

eines) Blaulicht-Rezeptors nahe.  

Zusätzlich wurden innerhalb dieser Arbeit vergleichende Sekundär-(mittels 

Zirkulardichroismus-Spektroskopie) und Quartärstrukturanalysen (mittels Größenausschluss-

Chromoatographie) an verschiedenen bakteriellen LOV-Proteinen durchgeführt. Die 

Ergebnisse dieser Untersuchungen unterstreichen die Bedeutung der LOV-Dimerbildung für 

die LOV-LOV sowie für die LOV-Effektor Interaktion. Außerdem wurde mit Hilfe dieser 

Analysen sowie mittels computergestützter Docking-Simulationen die Oberfläche, welche 

sich aus den fünf anti-parallelen verlaufenden �-Faltblättern der LOV-Domäne 

zusammensetzt, als Interaktions-Hotspot identifiziert. Für einige eukaryotische LOV- 

Domänen konnte durch strukturelle Untersuchungen auf tertiär- und quartärstruktureller 

Ebene [6-8] ebenfalls eine Dimerbildung gezeigt werden. Demzufolge legen diese Analysen 

nahe, dass in den eukaryotischen Systemen die Interaktion zwischen den entsprechenden 

LOV-Monomeren wahrscheinlich über dieselbe Proteinoberfläche wie in den prokaryotischen 

Systemen erfolgt. Damit könnte dieses Interface für den Signalweiterleitungsprozess sowohl 

in bakteriellen als auch eukaryotischen LOV-Proteinen von Bedeutung sein. 

 

c) Biotechnologische Anwendung bakterieller LOV proteine 
Im Zuge dieser Arbeit konnten zwei bereits charakterisierte bakterielle LOV-Protein 

Konstrukte (YtvA und dessen isolierte LOV-Domäne), sowie eins der neu identifizierten LOV-

Proteine aus P. putida (PpSB2-LOV), mittels ortsgerichteter Mutagenese für die 

biotechnologische Anwendung als fluoreszierendes Reporter-Protein optimiert werden. 

Dabei wurde in dem kanonischen LOV-Sequenzmotiv GXNCRFLQG der photoaktive 

Cysteinrest (fett hervorgehoben) durch einen nicht-polaren Alaninrest ersetzt. Dies führt zur 

Unterbrechung des Photozyklus und damit, bei Anregung mit Blaulicht, zu einem 

kontinuierlichen Übergang des Flavin-Kofaktors zwischen dem Grundzustand und dem 

ersten angeregtem Singulett-Zustand. Die Rückkehr des Flavin-Kofaktors aus dem Singulett-

Zustand in den Grundzustand erfolgt dabei über radiative und nicht-radiative Prozesse, 

wobei Photonen in Form von Fluoreszenz emittiert werden. In LOV-Proteinen ist die 

Fluoreszenz-Emission, im Gegensatz  zum Grün Fluoreszierenden Protein (GFP), in 

welchem die Synthese des fluoreszierenden Chromophores nur unter Umsatz von Sauerstoff 

stattfinden kann, unabhängig von der Verfügbarkeit von Sauerstoff. Deshalb bieten sich die 

im Rahmen dieser Arbeit entwickelten, auf bakteriellen LOV-Proteinen basierenden, 

Fluoreszenz-Reporter- Proteine erstmals für die nicht invasive Visualisierung von anaeroben 

biologischen Systemen an. Solche Systeme waren bisher mittels GFP und dessen Varianten 

nicht oder nur schwierig zu analysieren. 
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Abbreviations 
 
In the following the non-standard abbreviations that were repeatedly used throughout this 
thesis are summarized. Excluded from this list are standard English-language abbreviations 
and SI units. Amino acids were abbreviated using the common one- or three letter codes.      
 
aa  Amino acid 
Acphot  Adiantum capillus-veneris phototropin 
ADO   ADAGIO 
Asphot  Avena sativa phototropin  
ATP  Adenosine 5’-triphosphate 
Atphot  Arabidopsis thaliana phototropin 
BFP  Blue Fluorescent Protein 
BLUF  Sensor of Blue-Light Using FAD domain   
CD  Circular dichroism 
CFP  Cyan Fluorescent Protein 
Crphot  Chlamydomonas reinhardtii phototropin 
CRY  Cryptochrome 
C-terminal  Carboxy-terminal 
DNA  Deoxyribonucleic acid 
DsRed  Discosoma species Red (fluorescent Protein) 
FAD  Flavin Adenine Dinucleoctide (Riboflavin 5'-adenosine diphosphate) 
FbFP  FMN based Fluorescent Protein 
FKF1  Flavin-Binding Kelch Repeat F-Box Protein  
FMN  Flavin Mononucleotide (Riboflavin 5�-monophosphate) 
GFP  Green Fluorescent Protein 
GTP  Guanosine 5’-triphosphate 
HK  Histidine Kinase domain 
HPLC  High Performance Liquid Chromatography 
HTH  Helix- Turn- Helix DNA binding domain 
LOV  Light, Oxygen, Voltage domain 
LOV390  LOV signaling state 
LOV447  LOV dark state 
LOV660  LOV excited triplet-state 
LOV-HK  LOV Histidine Kinase 
LOV-HK-RR  Hybrid LOV Histidine Kinase 
N-cap  Amino-terminal cap 
NMR  Nuclear Magnetic Resonance 
N-terminal  Amino-terminal 
PAC  Photoactivated Adenylyl-Cyclase 
PAS  Per, Arndt, Sim domain 
Phot  Phototropin 
PPIX  Protophorpyhrin IX 
PVD  Pyoverdine 
PYP  Photoactive Yellow Protein 
RF  Riboflavin 
ROS  Reactive Oxygen Species 
RR  Response Regulator 
STAS  Sulfate Transporter Anti-Sigma factor antagonist domain 
TG  Transient Grating 
TrL  Transient Lensing 
UV  Ultra-Violet 
WC-1  White-Collar-1  
YFP  Yellow Fluorescent Protein 
ZTL 
  

ZEITLUPE 
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1. Introduction 

 

One theory of old says: 
“And God said, "Let there be light"; and there was light.  And God saw that the light was good; and 

God separated the light from the darkness.” 1 

 

Some 14 billion years ago - According to the more recent theory … 
“ … of the Big Bang, the Universe started hot and dense and then expanded and cooled. In the hot, 

dense conditions of the early Universe, photons were tightly glued to matter. When the Universe was 

about 300,000 years old the temperature dropped below 3,000 K, allowing atomic hydrogen to form 

and releasing the photons. These photons, which traveled freely through the Universe as it expanded 

and cooled, make up the cosmic microwave background (CMB) we see today. Ten to twenty billion 

years after the Big Bang, the CMB is a cold sea of photons with an average temperature of 2.7 K (-270 

°C). These photons are all around us, causing about 1% of the noise on our television sets.” 2 

 

Some 9 billion years later: 
“A star is born by the gravitational collapse of a cloud of dust and gas. If the condensing spherical 

mass cannot grow large enough, then it slowly gets colder and fades, becoming a brown dwarf. If it 

grows enough to sustain hydrogen fusion, a main sequence star, like our sun, is formed.” 3 

 

In what way light or in a more principal way photons came into existence during the 

early days of our universe is still far from resolved and a matter of personal belief and 

faith. However, one thing is unquestionable. The small part of the overall radiation 

that is emitted by our sun and that is called visible light, extending from 380 to 780 

nanometers, has been crucial for the evolution and survival of life on earth as we 

know it today. All forms of life on earth are in one way or the other dependent on 

radiation energy for their survival and maintenance. Certain bacteria, algae and 

higher plants utilize this radiation energy directly for the synthesis of essential 

                                                 
1 Moses, Genesis, Chapter 1: The Creation, in The Holy Bible, containing the Old and New Testaments, King 
James Version. 1999, American Bible Society: New York 
 
2 Hu, W., Ringing in the new cosmology. Nature, 2000. 404: p. 939-40 
2 Rowan, L., Stellar Birth and Death. Science, 1997, 276: p. 1315 
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components by employing the photosynthetic process. We, as all animals, cannot 

utilize this radiation energy directly but depend on the consumption of plant materials 

or other animals that consumed material derived from plants for their survival. Thus, 

the ultimate source of energy on our planet is the sun-(light) and photosynthesis is 

essential for maintaining many forms of life on our planet [9]. It is therefore not 

surprising that all photosynthetic organisms have developed signaling systems to 

sense their source of energy. Such photo- or light receptors enable them to optimally 

utilize the process of photosynthesis for energy generation by not only sensing the 

direction of the light source but also integrating its spectral properties, intensities and 

the duration of light availability as a signal.  In particular the spectral properties of 

light that living organisms encounter, depending on their habitat, are variable. Hence, 

it is not surprising that several different photoreceptors have emerged or were 

“invented” by evolution to facilitate the adaptation to such changing light conditions.  

 UV  Visible  Near IR                      Middle IR

 
Figure 1: Reference solar spectra of the American Society for Testing and Materials (ASTM) as 
implemented in the standard ASTM G-173-03 [10]. The recorded sea level spectrum is shown in red.  
The solar spectrum outside of the atmosphere (in black) was modeled by taking into consideration the 
1976 US standard atmosphere [11].  
 

The radiation with the highest inherent energy that reaches the surface of the earth, 

and therefore most strongly influences all living beings, is the visible fraction 
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(highlighted in Figure 1). Thus, all photoreceptor proteins so far described in the 

three kingdoms of life allow responses to very distinct wavelengths in the visible 

spectral region.  

 

1.1 The classification, distribution and physiological role of photoreceptors 
and the conserved photosensing paradigms 
 

Light, or more principally photons, consist of energy in the form of oscillating electric- 

and magnetic fields. Likewise electrons and protons, that ultimately constitute 

molecules and matter, are charged particles and hence their motions generate 

oscillating electric fields. A material can only absorb energy from light (photon-

capture) if the frequency of the light oscillation and the vibration frequency of the 

electrons in the material match. To enable photoreceptor proteins to respond to 

visible radiation, light absorption has to occur in the protein.  

The ability of photoreceptor proteins to absorb visible light is, at the molecular level, 

directly correlated to the type of chromophore (from the Greek word chromos = color) 

that is bound within the respective photoreceptor protein.   

The feature that characterizes a given chromophore is its ability to absorb photons of 

the incident visible radiation, resulting in the transition of electrons in the 

chromophore to a higher energy level and eventually loss of the photon and 

attenuation of the light. The transition of electrons in the chromophore and thus 

photon capture can only occur when the energy difference between two molecular 

orbitals of the chromophore matches the photon energy of the incoming radiation. 

Macroscopically, the intensity of light absorption by atoms and molecules depends on 

the transition probability of the electrons in the chromophore, which is 

phenomenologically described by its absorption coefficient.  
Therefore, the biologically most useful criteria for the classification of photoreceptor 

proteins into families is to divide them according to the wavelength-fraction which the 

chromophore of the photoreceptor protein absorbs maximally. Correspondingly, this 

absorption maximum in turn determines the fraction of the visible radiation the protein 

optimally responds to (Figure 2). 

The corresponding biological response, initially trigged by a given photoreceptor 

protein, is thus initiated by a chain of events: photon-capture in the chromophore 

leading to the primary photochemical event, e.g. photoisomerization of a double bond 
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in retinal [12]. This in turn results in conformational changes in the photoreceptor 

protein that are propagated from the chromophore moiety to so-called output/effector 

domains that can be fused protein modules or protein-protein interaction partners of 

the photoreceptor. Those output or effector domains eventually trigger the 

biologically relevant events such as for example regulation of gene expression, 

protein degradation, antagonistic partner-switching in terms of protein-protein 

interactions etc.  

Xanthopsins

Phytochrome

Rhodopsins

Phototropins

Cryptochromes

BLUFs

O H

N
H O

O

NH

S
Cys HN

O

OH

NH+

OHO

N

N

N

O

NH

CH3

CH3

O
R

NO

13-cis retinal

cis-phytochromobilin

p-hydroxycinnamic acid
Flavins (FAD, FMN)

Xanthopsins

Phytochrome

Rhodopsins

Phototropins

Cryptochromes

BLUFs

O H

N
H O

O

NH

S
Cys HN

O

OH

NH+

OHO

N

N

N

O

NH

CH3

CH3

O
R

NO

13-cis retinal

cis-phytochromobilin

p-hydroxycinnamic acid
Flavins (FAD, FMN)

 
Figure 2: Photosensing paradigms. Classification of photoreceptor families according to the light 
sensitive chromophore that is utilized for photon-capture; phototropins, ZTL/ADO/FKF1, 
cryptochromes and the BLUF photoreceptors all bind similar flavin co-factors (flavin adenine 
dinucleotide (FAD) or flavin mononucleotide (FMN); for a detailed structural representation of the 
respective flavin molecules see Appendix A) but undergo very distinct photochemical reactions, 
whereas the other photoreceptor families, the phytochromes, the xanthopsins and the rhodopsins bind 
very different co-factors that basically undergo the same photochemical reaction upon photon-capture, 
namely a cis/trans isomerization of a double bond of the respective co-factors. For the phytochrome 
family, only the phytochromobilin co-factor of the plant phytochromes-sub-familiy is shown for the 
reason of simplicity.   
 
Currently, seven photoreceptor families are distinguished and are sometimes found 

widely distributed in the three kingdoms of life (Figure 3): rhodopsins[13], 

phytochromes [14], xanthopsins [15], phototropins [16], ZEITLUPE(ZTL)/ 

ADAGIO(ADO)/Flavin-binding Kelch-Repeat F-Box protein(FKF1) [17], 

cryptochromes [18], and BLUFs (sensor of Blue-Light using FAD) [19]. In the first 

three families, photon absorption causes a cis/trans isomerization of a double bond 

of the three different chromophores. The latter four families use riboflavin derivatives 

as chromophore, (with different modifications/substitutions) but each family 
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undergoes distinct photochemial reactions, whereas the phototropin and the 

ZTL/ADO/FKF1 family both contain so-called light, oxygen, voltage (LOV) domains 

s the light-sensitive sensor module [20]. 

 

llow protein, Cryptochrome DASH: family of cryptochromes, whereas the name 
ationship with cryptochromes found in Drosophila, Arabidopsis, Synechocystis, and 

a

Phytochrome  

Cryptochrome  

Phototropin (LOV) 

 
Figure 3: Distribution of photoreceptor proteins throughout the three domains of life. 
Photoreceptor proteins of the six mentioned families are widely distributed throughout all kingdoms of 
life and hence can be found within organisms of a variety of habitats. The LOV domain-containing 
photoreceptor proteins (e.g. plant phototropins) can be found in Archaea, Bacteria and Eukaryotes 
(with the exception of animals). The other photosensory proteins e.g. cryptochromes, phytochromes 
and rhodopsins are equally widely distributed. Abbreviations: LOV: light, oxygen, voltage domain 
family of photoreceptors (include plant phototropins and ZEITLUPE(ZTL)/ADAGIO(ADO)/Flavin 
Binding Kelch Repeat F-Box proteins(FKF1), BLUF: Sensor of blue-light using FAD domain, PYP: 
photoactive ye
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Classical rhodopsins, binding an isomerizable retinal chromophore, are found in 

Archaea, e.g. in the halophilic Halobacterium salinarum [21-23]. Up to now no 

rhodopsin homolog was found in higher plants but it could be shown that the 

unicellular green alga Chlamydomonas reinhardtii possesses two rhodopsins 

mediating tactic responses to high- and low light intensities [24]. Furthermore, 

rhodopsins are found as rod- and cone visual pigments in the retina of animals [25] 

or participate as so called opsins (e.g. melanopsin) in setting the mammalian 

circadian clock [26, 27]. Due to the increasing number of completely sequenced 

fungal and microbial genomes more and more putative retinal binding rhodopsins 

were discovered in several fungi, in some �-proteobacteria as well as in the �-

diplosiphon (also referred to as Calothrix sp. PCC 7601), controls the process of 

proteobacterium Magnetospirillum magnetotacticum [28] and in the cyanobacterium 

Anabaena (Nostoc) sp. PCC7120 [29]. 

The red/far-red sensing, tetrapyrrole ligand-binding phytochromes are widely 

distributed throughout the bacterial and eukaryotic domains of life but are apparently 

absent in the archaeal kingdom. Their presence could be verified in higher plants 

(phytochromobilin binding), in cyanobacteria (phycocyanobilin binding), as well as in 

some proteobacteria (predominately plant pathogens or symbiotic living microbial 

species). Recently, they were also discovered in the fungal kingdom [30, 31]. The 

latter two classes bind the tetrapyrrole biliverdin via a thioether-bond to a conserved 

cysteine residue in a PAS (Per, Arndt, Sim) domain whereas the plant and 

cyanobacterial phytochromes bind the tetrapyrrole ligand via a conserved cysteine 

residue in the phytochrome GAF (cGMP phosphodiesterase/adenylate cyclase/ FhlA) 

domain [32]. In plants phytochromes control cellular responses and tropisms such as 

chloroplast movement, cytoplasmic motility, endoreduplication (genome duplication 

without mitosis), and nyctinastic movements of leaves (opening and closing of leaves 

with a circadian rhythm), as well as other tropic responses such as gravitropism, 

polarotropism, and phototropism [33]. In contrast to the physiologically well 

characterized plant phytochromes, their prokaryotic counterparts from cyanobacterial 

and other prokaryotic genera remain in most cases unlinked to red/ far-red light 

dependent photomorphogenic responses in vivo [34]. However, some phytochromes 

and phytochrome-related proteins from prokaryotic genera have been linked to light 

dependent physiological responses in vivo. For example, the first prokaryotic 

phytochrome-like protein RcaE that was identified in the cyanobacterium Fremyella 
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complementary chromatic adaptation (CCA) [35]. A homolog of RcaE, PlpA 

(phytochrome-like protein) from Synechocystis sp. PCC 6803 is required for growth 

t 

9], but the regulatory role of PYP in this process could not be proven until today.   

 

 which in turn can cause damage to a wide 

d several photoreceptor families that respond to 

this region of the visible radiation.  

of Synechocystis under blue light [36]. 

Interestingly, the trans p-coumaric acid binding xanthopsins [15], whose archetype 

was the photoactive yellow protein (PYP) isolated from Ectothiorhodospira halophila 

[37], seem to be much less widespread than the other photoreceptor proteins. Its 

presence seems to be restricted to proteobacterial genera. Furthermore, no 

conclusive role(s) could be assigned to those otherwise photochemically and 

structurally well characterized photoreceptor modules [38]. It was proposed that E. 

halophila PYP functions to regulate negative phototaxis away from harmful UV ligh

[3

 

The fraction of the visible radiation with the highest inherent energy (excluding the

near-UV and far-UV light) is the blue region of the spectrum (Figure 1) (430-500nm,  

energy content approximately 239 to 280 kj/mol), hence the light with the most 

profound impact on all living beings is probably blue-light. Another feature that 

distinguishes the blue-region from the other wavelengths of the visible spectrum and 

hence contributes largely to its impact on our planet, is its high penetrability into the 

oceanic water column [40]. For example, open ocean deep waters (100-200m depth) 

are enriched with blue-light, whereas the longer wavelengths of light, e.g. red-light, 

do not penetrate below approximately 15m [40]. Organism responses to blue-light 

might either facilitate the optimal utilization of the photosynthesis process for energy 

generation (photosynthetic organisms) or on the other hand initiate tactic light 

avoidance responses (photophobie) to protect the organisms from the harmful effects 

of energy-rich blue-light or UV-light. UV-light is well known as a causative agent of 

severe DNA-damage in living specimens [41]. Contrary, a harmful effect of blue-light 

might be mediated by its capability to excite, with high yield, ubiquitously present 

photosensitizing compounds, e.g. porphyrins and flavins [42, 43]. Photoexcitation 

converts such compounds with high efficiency into the triplet state which in the 

presence of oxygen generates the highly oxidative oxygen singlet state and other 

reactive oxygen containing species (ROS)

range of cellular tissues and organs [42]. 

Therefore, it is not surprising to fin
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The flavin-containing blue-light photoreceptors of the cryptochrome family are found 

in lower and higher eukaryotes [including mammals (Homo sapiens), insects 

(Drosophila), plants (Arabidopsis), and algae (Chlamydomonas)] [18, 44]. The 

classical plant or animal cryptochromes are characterized by their high degree of 

sequence similarity to DNA-photolyases, but lack intrinsic DNA-photolyase activity 

[45-47]. DNA photolyases are enzymes that utilize blue-light to repair UV-induced 

DNA damage by removing pyrimidine dimers from double stranded (ds) DNA [47]. In 

recent years, a new class of putative cryptochromes was discovered in several 

photosynthetic and non-photosynthetic prokaryotes, e.g. in Synechocystis sp. 

PCC6803, [48, 49] and in Vibrio cholerae [50]. This new type of cryptochrome familiy 

was referred to as CRY-DASH, to highlight its relationship with cryptochromes found 

in Drosophila, Arabidopsis, Synechocystis, and Homo (although CRY-DASH itself is 

not found in Drosophila or humans) [51]. With the exception of the CRY-DASH 

familiy, to which no blue-light dependent regulatory role could so far be assigned, the 

cryptochromes are involved in processes ranging from synchronization of the 

circadian clock in animals to hypocotyl elongation, seed germination, and pigment 

accumulation in plants [46, 52]. For members of the CRY-DASH family, it was 

recently demonstrated that they possess DNA- photolyase activity towards 

cyclobutane pyrimidine dimers in single stranded (ss)-DNA, but lack significant repair 

activity on ds-DNA [53]. This discovery challenges the placement of the CRY-DASH 

family of proteins among the classical cryptochrome blue-light photoreceptors. 

 

A recent discovery was the Blue-Light sensing Using FAD (BLUF) family of 

photoreceptor proteins. BLUF seems to be predominant among prokaryotic 

(proteobacterial and a few cyanobacterial) genera. Among the eukaryotes, 

homologous proteins could so far only be found in the unicellular flagellate Euglena 

gracilis and other Euglenoids [19, 48]. The BLUF-protein prototype, AppA from 

Rhodobacter sphaeroides, is involved in blue-light dependent regulation of the 

photosynthesis genes in this phototrophic purple bacterium [54]. In Euglena, the 

BLUF domain-containing photoactivated adenylyl cyclase (PAC) controls both 

negative and positive phototaxis as well as photophobic (abrupt turn in response to a 

rapid increase [step-up] or decrease [step-down] in the light fluence rate) responses 

[55, 56].  
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1.2 The light sensitive LOV signaling modules in plant photoreceptors 

 
Already Charles Darwin and his son Francis described a blue-light dependent 

hypocotyl movement for several plant species including, Arabidposis and Zea mays, 

in their classical volume “The power of movement in plants”, published in 1880 [57]. 

Nevertheless, it took more than one century until Winslow Briggs and colleagues 

were finally able to trace Darwin’s observation to its molecular origin. They identified 

a gene named nph1, whose gene product was acting very early in the signal-

transduction chain for phototropism in Arabidopsis thaliana [16].  The corresponding 

gene product was later named phototropin, after the response it initiates [20]. After 

the identification of the phototropins (phot1 and phot2) as the primary blue-light 

photoreceptors for plant phototropism [58], it soon became clear that they control 

other phenomena such as chloroplast movement, leaf expansion, and stomatal 

opening in a blue-light dependent manner [59]. In the green alga Chlamydomonas 

reinhardtii, phot is instead involved in the control of multiple steps in the sexual life 

cycle [60]. Later biochemical and photochemical studies demonstrated that 

phototropin contains two flavin-binding LOV domains (designated LOV1 and LOV2, 

respectively) which function as blue-light sensitive signaling modules that cause light 

dependent autophosphorylation of a phot-coupled serine/threonine kinase [1], and 

hence enable downstream signaling, probably via a phospho-relay to yet unidentified 

regulatory proteins.  

Another class of LOV domain-containing photoreceptor proteins that is found 

predominantly in higher plants is the ZTL/ADO/FKF1-family. This family of LOV 

photoreceptor proteins plays a primary role in the photocontrol of flowering time [61] 

and the circadian period in higher plants [17].      

 

1.3 The LOV paradigm – conserved structure and photochemistry 

 
The blue-light sensitive LOV domains of phototropins share with other signaling 

modules, e.g. with the light-sensitive photoactive yellow protein (PYP) that binds an 

isomerizable p-coumaric acid chromophore, the heme-binding, oxygen-sensing FixL 

protein as well as with the FAD-binding redox-sensing NifL protein, a common 

structural folding motif, the so-called �/� PAS fold. The LOV domain exhibits an �/� 

fold with the following arrangement of the secondary structure elements: �A�B-
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�C�D�E�F-�G�H�I (Figure 4). The central anti-parallel �-scaffold is constituted by 

two distinct portions �A�B and �G�H�I, which are linked by a helical connector, 

�C�D�E�F, together forming a pocket in which the chromophore flavin 

mononucleotide (FMN) is non-covalently anchored in the dark state. The helical 

connector that comprises the canonical sequence motif (GXNCRFLQ), harbors the 

photoactive cysteine residue (highlighted in bold), responsible and indispensable for 

the LOV photoreaction mechanism.  
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                     *        20         *        40         *        60         *        80         *       100         *           
VIVID_LOV : CALILCDLKQKDTPIVYASEAFLYMTGYSNAEVLGRNCRFLQSPDGMVKPKSTRKYVDSNTINTMRKAIDRNA-EVQVEVVNFKKNGQRFVNFLTMIPVRDETGEYRYSMGFQC :   
CreinLOV1 : HTFVVADATLPDCPLVYASEGFYAMTGYGPDEVLGHNCRFLQGEG-----------TDPKEVQKIRDAIKKGE-ACSVRLLNYRKDGTPFWNLLTVTPIKTPDGRVSKFVGVQV :   
Phy3LOV   : NSFIVVDALKPDFPIIYASTGFFNLTGYTSREVIGGNCRFLQGPD-----------TNPADVASIREALAQGTGTFCGRLLNYRKDGSSFWNLLTIAPIKDDLGSIVKLIGVQL :   
 
        �A          �B      �C     �D      �E     Insertion          �F            �G            �H                �I  
Phy3-LOV2   cEEEEEEccc-cccEEEEEEcHHHHHHcccHHHHcccccHHcccc-----------ccccHHHHHHHHHHHHcccEEEEEEEEE-cccEEEEEEEEEEEEc-cccccccEEEEE

Figure 4: 3D-Ribbon representation of the LOV domain fold. Here, the dark state of C. reinhardtii 
LOV1 (pdb entry: 1N9O) is shown, with alpha-helices depicted in red and beta-strands in yellow. The 
assignment of the secondary structure elements is also shown. Below the structure a sequence 
alignment of the three LOV domains for which a structure is available is shown: the LOV domain of the 
N. crassa VIVID protein (2PD7), C. reinhardtii LOV1(1N9O) and the LOV domain of the chimeric 
phytochrome-phototropin fusion (Phy3, 1G28) of the fern Adiatum capillus veneris. Very recently the 
crystal structure solved for the LOV domain of the bacterial photoreceptor YtvA (2PR5) unequivocally 
proved the conservation of the LOV fold, also among bacterial genera. 
 

The LOV-mediated light-signaling mechanism (or the LOV paradigm; Figure 5) is 

highly conserved among all currently photochemically characterized LOV proteins. In 

brief, photon absorption in the FMN molecule that is bound non-covalently in LOV 

domains dark state (LOV447, numbers refer to the absorption maximum of the 

particular intermediate), excites the FMN molecule on a ps- time scale [62] to its 

excited triplet-state 3[FMN](LOV660). The signaling state (LOV390) formation occurs 

via the decay of LOV660, typically within 1-2μs [63, 64]. This signaling state 

formation is reached by the formation of a covalent bond between the position 4a of 
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the flavin chromophore and the SH-group of the essential cysteine in the above 

mentioned conserved sequence motif. The longest living species of the LOV 

photocycle, the signaling state intermediate (LOV390), thermally recovers in the dark 

to the ground state within minutes to hours for plant and bacterial LOV domains [3, 

65-68]. This recovery can even require several days as reported for the LOV domain 

of the Flavin-Binding-Kelch-Repeat F-box protein of Arabidopsis [67]. For a more 

detailed review of the primary events in the LOV photocycle, as well as for a 

summary of current mechanistic proposals, see the comprehensive review by Losi 

(2007) [69].  

 
 
Figure 5: Simplified scheme illustrating the LOV photocycle. The dark state (LOV447) after blue-
light illumination gives rise within picoseconds to a red-shifted triplet-state intermediate (LOV660). The 
LOV signaling state (LOV390) is formed by a decay of the transient triplet-state intermediate on a 
microseconds timescale.  Dark state recovery occurs thermally within seconds, hours or even days. 
 
Although much is already known about the early events in the LOV photocycle, 

leading from photon absorption in the FMN molecule to the signaling state formation 

in the protein, quite as much remains unknown about the subsequent processes 

finally leading to the physiological output. A number of open questions can be listed 

such as: i) which initial conformational change(s) in the LOV domain finally triggers 
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the biological output?, ii) how is the signal, generated in the LOV core, relayed to the 

corresponding output domain(s) (i.e. to the kinase in plant phot)?, iii) how does the 

dark recovery proceed mechanistically and why are the recovery kinetics so different 

for various LOV domains, especially among the bacterial LOV systems? Regarding 

these pressing questions, several mechanisms were suggested during the last year, 

which will be discussed in detail in the following chapter.  

 

1.4 The proposed signal-transduction mechanisms in plant phot-LOVs  
 

Currently the lack of any structural information for any full-length LOV domain-

containing protein that includes - apart from the conserved LOV core - a fused 

effector domain (e.g. phototropin consisting of LOV1, LOV2, and the serine/threonine 

kinase) clearly hampers the study of the structural basis of the signal relay from the 

light sensitive LOV domain to coupled effector domains.  

In addition, X-ray structures determined for the dark and light state of single LOV 

domain modules such as LOV2 of the fern Adiantum capillus-veneris and LOV1 of 

the green-alga Chlamydomonas reinhardtii did not yield much information regarding 

the downstream signaling mechanism as both dark and light state crystal structures 

did not differ dramatically, whereas the only major changes were restricted to the 

region surrounding the flavin chromophore. This led to the suggestion that signal-

transduction mechanisms must be dynamic in nature [70]. Nevertheless, several 

hypotheses were brought forward regarding how the light signal that is received in 

the LOV domain might be transmitted: 

 i) A conserved salt-bridge between E51 (on �D) and K92 (on the �G-�H loop) 

(Crphot-LOV1 numbering) was suggested to be involved, whose stability may 

modulate changes in the binding affinity between the LOV domain and its partner 

domains [71]. This hypothesis was recently challenged through Molecular Dynamic 

(MD) simulations for the LOV1 and LOV2 domains of C. reinhardtii phot as well as 

through several mutational studies on different phototropins (as elaborated in the 

following paragraph). 

In the case of LOV1, MD simulations indicated that the E-K salt bridge is broken in 

the dark state but formed in the light state, whereas in LOV2 the E-K salt bridge does 

not undergo major changes between dark and light states [72]. Hence, the authors 

suggested a functional role for the E-K salt-bridge in the photoreactivity of LOV1 but 
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not for LOV2, respectively. However, regarding phot function, only LOV2 

photoreactivity seems to be essential whereas LOV1 photoreactivity is largely 

dispensable [73]. Together with the aforementioned suggestion that the E-K salt-

bridge might not undergo changes between light and dark states of LOV2 observable 

in an MD simulation, several lines of evidence now suggest that the phot activation 

does not occur via a mechanism involving the conserved E-K salt-bridge. A 

mutational study further supports the latter argument experimentally. In this study, 

the authors could show that the disruption of the E-K salt in the LOV2 domain of full-

length Arabidopsis thaliana phot1 does not affect the light-induced activity of the 

protein [74]. Nevertheless, the E-K salt bridge could still be functionally important for 

phot signal-transduction by stabilizing the LOV2 core during the photocycle and/or 

mediating dimerization of full-length phot through the LOV1 domain.  

ii) Very recently a glutamine-flipping mechanism was suggested to play a role in 

LOV2 mediated phot activation. Studies on the functional role of the flipping- 

glutamine Q1029 (numbering follows phy3 from Adiatum capillus-veneris) or Q575 

(numbering according to phot1 of Arabidopsis thaliana) suggested a functional role 

for this residue in light-driven phot kinase activation, as a mutation of this residue to 

leucine attenuates the light-induced autophosphorylation reaction [74] and 

furthermore impairs light-driven conformational changes in the central �-sheet region 

[75]. 

iii) Harper and colleagues performed NMR experiments on an extended LOV2 

construct of A. sativa phot1 that contained C-terminally to the LOV2 core an 

extension of about 20 aa, which adopts a helical conformation (hence termed J�-

helix) [76]. They could demonstrate that this helical segment interacts tightly with the 

LOV core in the dark state but becomes unfolded and probably dissociates from the 

core LOV domain upon illumination [76]. Furthermore, mutational disruption of the 

interaction between the J�-helix and the LOV core resulted in constitutive activation 

of the phot kinase domain [77]. A similar mechanism for another secondary structural 

element outside of the canonical LOV core was recently suggested for fungal blue-

light receptor VIVID [68]. 

In the recently solved crystal structure of the short LOV sensor VIVID from 

Neurospora crassa an N-terminal cap (N-cap) that is partially helical in structure is 

found making extensive contacts with the central �-sheet of the core LOV domain. 

Although, the light-driven changes in the crystal of VIVID were very small. The 
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protein in solution showed a dramatic increase in its hydrodynamic radius, which was 

attributed to an increased disordering of the helical portion in the N-cap of VIVID [68]. 

Thus, a suggestion appears plausible that either the dissociation of the J�-helix (in 

phototropin) or correspondingly the disordering of the N-cap (VIVID), both probably 

resulting in the exposure of the central �-scaffold of the LOV core, might trigger phot 

activation or, as in case of VIVID, enable downstream signaling (e.g. via protein-

protein interactions).  

 

1.5 The distribution of prokaryotic phototropin-like photoreceptors 
 

In recent years genome mining and an increasing number of biochemical and 

biophysical studies have pointed towards shared photosensing paradigms between 

such distant taxa as e.g. bacteria, fungi, animals and plants [19, 29, 45, 66, 71, 78-

81]. Hence, it was not surprising to eventually find plant phototropin-like (or LOV 

domain-containing) protein modules also in (oxygenic) photosynthetic prokaryotes 

such as in cyanobacteria and in some (anoxygenic) phototrophic proteobacteria such 

as e.g. Rhodobacter sphaeroides and Erythrobacter litoralis [66].  

More surprising was the nearly ubiquitous distribution of LOV domain-homologous 

sequences in non-photosynthetic proteobacteria [66], since those organisms can not 

directly benefit from sensing a (blue)-light source as photosynthetic prokaryotes and 

obviously plants.  

Today, among non-photosynthetic prokaryotes, LOV domain-homologous sequences 

can be found in a variety of plant pathogen species such as Pseudomonas syringae, 

Xanthomonas campestris, in some plant root colonizing Pseudomonads, like 

Pseudomonas putida and P. fluorescens, in human/mammalian pathogens such as 

Listeria and Brucella species, but also among common soil and leaves bacteria like 

Bacillus subtilis. A summary of the distribution of LOV domain-containing proteins 

among the three domains of life as well as the attempt to understand their phylogeny 

and the inherent evolutionary processes that might have contributed to the ubiquitous 

distribution of the LOV signaling module in today’s biosphere are part of this thesis 

and are further discussed in Chapter 2.1 and Chapter 5.1. 
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1.6 Prokaryotic LOV proteins – a chromophore module servicing multiple 
output domains 

 
The first photochemically and biochemically characterized LOV domain homolog of 

prokaryotic origin was the B. subtilis YtvA protein [3]. Losi, Gärtner and co-workers 

could demonstrate that the YtvA protein and its isolated LOV domain bind oxidized 

FMN and basically undergo the same light-induced photochemistry as plant-

phototropin LOV domains (LOV1 and LOV2) [3]. Whereas the LOV domains of plant 

phototropins are invariably found to be fused to serine / threonine kinases as output  
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Figure 6: LOV domain-containing full-length protein architectures. The highly conserved 
eukaryotic photoreceptor families, namely the phototropins, the ZTL/ADO/FKF1 and the fungal white-
collar-1 system of Neurospora crassa, are depicted in the upper half of the figure. Below the multitude 
of bacterial LOV domain-containing putative photoreceptor systems is shown.  
Abrreviations: LOV: light, oxygen, voltage domain; S/T Kin: serine/threonine kinase; Kelch: Kelch 
repeats; PAS: Per, Arndt, Sim domain; ZnF: zinc-finger motif; STAS: sulphate-transporter antisigma-
factor antagonist domain; HisKin: histidine kinase; REC: response regulator; HTH: helix-turn-helix 
DNA binding domain; GGDEF: diguanylate cyclase; EAL: phosphodiesterase; GAF: domain present in 
phytochromes and cGMP-specific phosphodiesterases; HATPase: histidine kinase ATPase domain.       
 

domain, the bacterial LOV domain-containing protein architectures are much more 

variable with respect to their associated effector modules [66]. As an example, the 

first characterized prokaryotic LOV protein, YtvA of B. subtilis, possesses a sulfate-

transporter anti-sigma factor antagonist (STAS) domain coupled to the conserved 

LOV core. This architecture is conserved among all the LOV domain-containing 
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proteins found in the sequenced Firmicutes genera (e.g. Listeria monocytogenes and 

Oceanobacillus iheyensis). 

Another large group of LOV domain-containing proteins that possess a conserved 

full-protein architecture, comprising a LOV histidine kinase fusion, is constituted by 

sequences distributed in plant pathogen species (e.g. Pseudomonas syringae or 

Xanthomonas spp.), but are also found for example in the aquatic living Caulobacter 

crescentus and other �-proteobacterial genera, e.g. Novosphingobium and 

Sphingomonas species, as well as in human/animal pathogens like Brucella. That 

group of LOV proteins invariably carries a histidine kinase which is sometimes 

followed by an associated response regulator, fused to a single LOV domain. 

Previous studies on the Caulobacter LOV histidine kinase demonstrated a phot-like 

photochemistry for the isolated LOV domain, whereas the full protein could not be 

expressed in a soluble form [66]. Recent studies on another LOV histidine kinase 

from the plant pathogen P. syringae pathovar tomato showed, apart from the 

conserved phot-like photocycle, that the full-length protein undergoes, similarly to the 

plant phot-system, blue-light driven autophosphorylation in the (histidine) kinase 

domain, with subsequent relay of the phospho-group to the coupled response 

regulator. ([82], in press) and [83]. In the latter publication [83] three other LOV 

histidine kinases were described: from the human/animal pathogens Brucella 

melitensis and Brucella abortus, as well as from the marine phototroph  

E. litoralis all showed a phot-like photochemistry as well as light driven 

autophosphorylation. 

Other full-protein architectures that contain a LOV domain comprise for example 

diguanylate cyclase (GGDEF) [84, 85] and phosphodiesterase (EAL) domains. [85] 

Both classes of putative effector domains are reportedly involved in the turnover of 

cyclic-di-GMP, an emerging new class of global second messenger molecules [86]. 

Other full-protein organizations comprise helix-turn-helix (HTH)-transcriptional 

regulators [87], PAS domains [88] as well as GAF domains [89] that are usually 

found associated to phytochromes.  

Some LOV protein architectures, mainly conserved among the saprotrophic 

fluorescent Pseudomonads such as P. putida and P. fluorescens, completely lack a 

fused output domain. Since those last mentioned systems are one main subject of 

the presented thesis, details are summarized in Chapters 3.1 and 3.3 and are 

furthermore discussed in Chapters 5.2.1 and 5.2.3 
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This impressive variety of putative effector domains, which can be found in the 

prokaryotic LOV proteins as well as different full-length architectures found in the 

different eukaryotic LOV photoreceptors (e.g. phototropin, fungal white-collar-1 (WC-

1), and plant ZEITLUPE), raises the question whether the signal-transduction 

mechanism is conserved among all those highly different full-length LOV protein 

architectures. One might ask whether there is a common theme that governs the 

signal relay, e.g. a common interaction surface, or whether conserved dynamic 

conformational changes in the LOV domain exist that trigger the activation of 

different, structurally un-related effector domains? Some of this aspects are part of 

this thesis and are separately discussed in Chapters 3.2 and 5.2.2. 

 
1.7 Biological role of prokaryotic LOV blue-light photoreceptors   

 
Plant phototropins were originally identified using genetic screens for the loss of 

phototrophic hypocotyl elongation. Although the effect of phototropism was known 

already in Darwin’s times, modern genetic tools finally facilitated the identification of 

the molecular basis of a long known phenomenon. In the case of prokaryotic 

photoreceptors of the LOV family, which are the subject of the presented thesis, the 

process was reciprocal. The proteins were primarily identified based on sequence 

similarity to plant phot-LOV domains. Subsequently, biophysical analysis proved their 

blue-light sensitivity and revealed the conservation of the LOV signaling paradigm 

throughout the three domains of life. However, studies regarding their biological 

significance were lacking behind the advances made to understand the LOV 

signaling mechanism. Only recently first hints emerged, demonstrating that some of 

those bacterial LOV domain-containing proteins (in particular the YtvA protein of B. 

subtilis [90-92] and a LOV histidine kinase from B. abortus [83]) mediate blue-light 

dependent physiological responses in vivo. Nevertheless, the available information is 

still scarce compared with the plant phototropins and the plant and fungal circadian 

LOV-photoreceptors (ZEITLUPE [17, 93] and white-collar-1 [94, 95]) for which 

detailed physiological responses as well as signaling networks are described. 
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1.7.1 The YtvA protein acts in the general stress response pathway of B. 

subtilis 
 

One of the strongest and most obvious responses of B. subtilis cells to a wide range 

of stress and starvation conditions is the induction of the so-called general stress 

regulon, consisting of more than 150 genes/proteins [96] that are selectively 

expressed or regulated in B. subtilis in order to cope with changing environmental 

situations. Those stimuli can include high and low temperature, salt stress, ethanol- 

and acid stress, as well as cell wall stress imposed by the addition of antibiotics such 

as vancomycin and bacitracin (environmental signaling branch). The second 

signaling branch facilitates the response to starvation for glucose, phosphate, and 

oxygen (energy stress branch) [96]. The expression of the whole regulon is primarily 

regulated by controlling the activity of the master regulator, �B an alternative sigma 

factor that recognizes a particular promoter structure [97] and hence initiates gene 

expression of the regulon members. The aforementioned environmental branch of 

this pathway contains a family of five paralogous proteins that function either as 

negative regulators (RsbRA, RsbRB, RsbRC, and RsbRD) or as positive regulator 

(YtvA) of �B [91, 98]. Several proteins, including those five paralogous proteins, form 

together with RsbS (an inhibitor of the positive �B regulator RsbT) a large 

environmental signaling complex (also referred to as the Stressosome [99]) that 

controls the activation of �B via the above mentioned environmental signaling branch 

[91, 96]. All five paralogous proteins as well as RsbS contain a STAS domain, hence 

probably act in an antagonist / co-antagonist manner controlling �B activity [91, 98] 

via the control of the partner-switching modules RsbT-RsbS. For a comprehensive 

review of the complex �B activation network in B. subtilis, see Hecker (2007) [96]. 

The LOV domain-containing RsbS paralog YtvA, which was only recently included in 

the Stressosome signaling complex and hence in the environmental signaling 

branch, was shown to be directly involved in a blue-light dependent enhancement of 

the �B response [90-92]. Furthermore, the photoactive cysteine residue of YtvA 

(Cys62) was necessary to facilitate the YtvA specific response [91, 92]. When Cys62 

(or in general the cysteine residue of the canonical sequence motif, NCRFLQG) is 

mutated to alanine or serine, the signaling state intermediate of the LOV photocycle 

can not be formed, thus abolishing the LOV photocycle in YtvA and in other LOV 
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domains [64, 100]. Hence, the conformational changes that may accompany the 

signaling state formation in YtvA are necessary to elicit its physiological function.   

 

1.7.2 Blue-light activated LOV histidine kinases  

 
Briggs, Bogomolni and co-workers very recently characterized a new bacterial 

protein family of histidine kinase associated LOV-photoreceptors (LOV-HKs) that are 

found in several proteobacterial species, namely in the plant pathogen P. syringae 

pathovar tomato, the marine phototroph E. litoralis and in two human/animal 

pathogens B. melitensis and B. abortus. For the latter member of the family, the  

B. abortus LOV-HK (BA-LOV-HK), it could be demonstrated that the corresponding 

gene is required for optimal replication and thus survival of B. abortus in murine 

macrophages, clearly suggesting that the BA-LOV-HK photoreceptor serves as a 

virulence factor in B. abortus [83].  

Furthermore, the authors could demonstrate that the reactive cysteine residue (C69) 

in the LOV domain of BA-LOV-HK is strictly required for the mediation of the 

observed blue-light effect, thus confirming that the conformational rearrangement in 

the LOV domain of the protein, which is triggered by blue-light, initiates the final 

physiological response. It was speculated that, when Brucella is aborted as part of 

the placenta of the infected animal, the organism suddenly encounters a dramatically 

changed environment (outside of its host). In this environment the suddenly present 

light stimulus might prepare the bacteria for the infection of the next host [83]. 
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1.8 Scope and outline of this thesis 
 

At the onset of this study, the available information regarding bacterial LOV domain-

containing proteins was, with respect to the photochemistry, limited to the B. subtilis 

YtvA protein and to the LOV domain of a C. crescentus LOV histidine kinase. 

Information regarding their biological function in any bacterial host was furthermore 

virtually non-existent. Therefore, this study was initiated to broaden the knowledge 

about bacterial LOV domain-containing proteins in general, thus including aspects 

such as phylogenetic inheritance, biochemical / biophysical characterization of novel 

bacterial LOV proteins, as well as their biological significance for the respective host 

organism. 

 

The main part of the presented thesis consists of the attached publications and is 

additionally completed by so far unpublished data to strengthen the arguments in the 

published work. The content brought together here highlights the different aspects of 

the same general scientific theme: bacterial blue-light photoreceptors of the LOV-

family. This main part is divided into three different sub-chapters that extend from 

Chapter 2 to 4 respectively.  

Chapter 2 deals with evolutionary processes that contributed to the emergence of the 

four LOV domain subfamilies that we know today: i) bacterial LOV proteins, ii) 

eukaryotic (plant) phototropin-LOVs, iii) the ZTL/ADO/FKF1-LOV family and iv) the 

fungal white-collar-1 LOV family. 

Chapter 3 focuses on the bacterial LOV domain-containing proteins especially 

corroborating eventually shared signal-transduction mechanisms between the 

extensively studied eukaryotic LOV signaling systems and their counterparts in the 

prokaryotic world. Furthermore, the chapter includes so far unpublished data on a 

possible biological function for one set of those bacterial LOV domain-containing 

signaling proteins, the P. putida PpSB1-LOV and PpSB2-LOV system.  

Chapter 4 describes biotechnological applications of the LOV photoreceptor module 

and points toward possible future directions in this emerging field of research. 
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2. Distribution and evolution of the LOV domain signaling module 

 

2.1 LOV is all around - A phylogenetic study on 
the origin of LOV-dependent blue-light signaling 
Krauss U., Minh B.Q., Losi A., Gärtner W., Eggert T., von Haesler A. and Jaeger K. E.  
Submitted for publication  

 
SUPPLEMENTARY TABLE 1: DETAILED LOV SEQUENCE INFORMATION (SEQUENCE-IDs, ACCESION NUMBERS, 

DOMAIN CONTENT) CAN BE FOUND IN APPENDIX C 
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LOV is all around – A phylogenetic study on the origin of LOV-
dependent blue-light signaling proteins 
Ulrich Krauss1, Bui Quang Minh4, Aba Losi2, Wolfgang Gärtner3, Thorsten Eggert 5, Arndt von Haeseler4 
and Karl-Erich Jaeger1 
 
 
Submitted for Publication 
 
Fungi and plants are known to respond to environmental light stimuli via the action of different 
photoreceptor modules. One such class, responding to the blue-region of light, is constituted by the 
photoreceptors containing so-called light oxygen voltage (LOV) domains as light sensor modules. Three 
distinct families are identified in eukaryotes: i) the plant PHOTOTROPINS responsible for physiological 
effects such as plant phototropism, chloroplast relocation and stomatal opening in response to blue-light 
stimuli, ii) the plant circadian photoreceptors of the ZEITLUPE(ZTL)/ADAGIO(ADO)/Flavin-binding-Kelch-
Repeat F-Box protein1 (FKF1) and iii) the fungal circadian photoreceptor WHITE-COLLAR-1 (WC-1). 
Interestingly, blue-light sensitive LOV signaling modules are widespread also throughout the prokaryotic 
world. In this study, we investigate the evolutionary scenarios for the appearance of LOV-based blue-light 
sensors in the eukaryotic and prokaryotic kingdoms of life. The phylogenetic analysis is based on 128 putative 
LOV domain sequences, representing all currently identified prokaryotic and a selection from the three major 
eukaryotic LOV domain photosensor families. Our results suggest a prokaryotic origin of the three eukaryotic 
LOV-photoreceptor families. Moreover, we highlight the importance of endosymbiosis, gene duplications as 
well as domain shuffling (fusion and fission) in the evolutionary process that apparently resulted in the wide 
distribution of the LOV light-signaling sensory systems within the three kingdoms of life. 
 
 

Introduction 
Phototropism in plants, defined as the movement or 
elongation of plant hypocotyls towards a 
unidirectional source of light, is a well-known 
phenomenon. It was first scientifically described by 
Charles Darwin in his book dating back to 1880: “The 
power of Movement in plants” (Darwin 1880). 
Nevertheless, it took more than a century until the 
photoreceptor mediating these responses was 
identified by Winslow Briggs and colleagues (Huala et 
al. 1997). The gene nph1 (non-phototrophic 
hypocotyl) whose product was later named 
phototropin (phot) (Christie et al. 1999) was identified 
in forward genetic screens in Arabidopsis thaliana 
(Liscum and Briggs 1995) to act very early in the 
signaling cascade of the blue-light dependent 
phototrophic response (Huala et al. 1997). 
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After the identification of phototropins it soon became 
apparent that other blue-light driven phenomena in 
plants, such as chloroplast-relocation, stomatal 
opening as well as leave opening and expansion are 
mediated by the very same photoreceptor (Kagawa et 
al. 2004; Ohgishi et al. 2004).  
Likewise, the phototropin of the green alga 
Chlamydomonas reinhardtii is involved in blue-light 
mediated gametogenesis (Huang and Beck 2003). In 
the eukaryotic photototropin systems, two so-called 
light, oxygen, voltage (LOV) photosensor domains, 
LOV1 and LOV2 were identified as the sensor 
switches (Christie et al. 1999) of a phosphorelay-
signaling cascade which initiate the above mentioned 
physiological responses whereas a serine/threonine 
kinase located C-terminally to the LOV sensor 
domains is autophosphorylated in a blue-light 
dependent manner (Christie et al. 1998).  
Another class of eukaryotic LOV-domain containing 
proteins is constituted in particular by the ZTL and the 
FKF1 proteins (ZTL/ADO/FKF1-family). Those were 
found to play a primary role in the photocontrol of 
flowering in plants (Nelson et al. 2000) and the light-
dependent regulation of the circadian period in higher 
plants (Somers et al. 2000). The best characterized 
fungal LOV-domain containing protein is the white-
collar 1 (WC-1) protein of Neurospora crassa 
(Ballario et al. 1996), that is involved in the blue-light 
dependent control of circadian responses in this 
fungus (Froehlich et al. 2002). Moreover, Neurospora 
crassa WC-1 was identified as the key regulator of all 
blue-light responses, namely induction of mycelial 
carotenogenesis, promotion of conidia and 
protoperithecia development, phototropism of 
perithecial beaks and inhibition or shifts in the 
circadian rhythm of conidiation (see (Ballario et al. 



1996) and references therein). With the increasing 
number of completely sequenced microbial genomes it 
became evident that many bacteria are equipped with 
a variety of putative photosensory proteins such as 
red/ far-red sensing phytochromes (Davis, Vener, and 
Vierstra 1999), rhodopsins (Beja et al. 2000), and 
several blue-light sensing photoreceptors such as 
cryptochromes (Brudler et al. 2003), and sensors of 
the blue-light sensing using FAD (BLUF) (Gomelsky 
and Klug 2002) and light, oxygen, voltage (LOV) 
(Losi et al. 2002; Crosson, Rajagopal, and Moffat 
2003) photoreceptor families. The latter LOV sensory 
modules that were previously identified as the key 
modulators of a myriad of plant and fungal blue-light 
responses, were surprisingly found equally widespread 
in photosynthetic and non-photosynthetic prokaryotic 
organisms (Losi 2004). Thus, the major light sensing 
paradigms are shared between such distantly related 
taxa as fungi, plants, bacteria and archaea. 
Biochemical/photochemical data suggest that 
prokaryotic LOV-domain containing proteins undergo 
a photochemistry similar to the LOV domains of plant 
phototropins (phot) (Losi et al. 2002; Losi 2004; 
Krauss et al. 2005; Narikawa et al. 2006; Briggs 
2007). This alone, as well as the sheer abundance of 
these sensor modules among prokayotes suggests 
blue-light driven physiological responses in their 
corresponding bacterial/archaeal hosts. 
Although experimental evidence for archaeal LOV 
domains with the same photochemistry (as in bacteria 
and eukaryotes) is still missing, sequence analysis and 
the conservation of the mechanistically crucial amino 
acids strongly suggests a conservation of the LOV 
photosensing paradigm also in the archaeal lineages 
(Losi 2004; Losi 2006).  
On the molecular level, the light sensitive function of 
the LOV-proteins is strictly based on the presence of a 
cysteine residue located in a distance of about 4 � to 
the isoalloxazine ring of the flavin chromophore. 
Upon irradiation, a covalent bond is formed between 
this cysteine and the carbon-atom in position 4a of the 
flavin isoalloxazine ring, which thermally opens again 
within minutes to hours, dependent on the LOV 
protein (Losi 2006; Matsuoka et al. 2006). In this 
article, we will refer only to phot-like LOV domains 
bearing the reactive cysteine (highlighted bold-
underlined) in the canonical LOV sequence motif 
GXNCRFLQG and therefore presumably exhibiting 
phot-LOV like photochemistry. 
In the last two years it was demonstrated in several 
ground-breaking studies that blue-light is indeed an 
important environmental stimulus even in non-
photosynthetic prokaryotes (Avila-Perez, Hellingwerf, 
and Kort 2006; Gaidenko et al. 2006; Swartz et al. 
2007). 
So far blue-light dependent physiological responses 
are described for a two component signaling system in 
the common soil bacterium Bacillus subtilis. In B. 
subtilis the YtvA protein, having been the first 
photochemically characterized LOV sensor module 
(Losi et al. 2002), shows a phot-like photochemistry 
and acts in a complex signaling network that regulates 
the general stress response pathway in B. subtilis in a 
blue-light dependent manner (Avila-Perez, 

Hellingwerf, and Kort 2006; Gaidenko et al. 2006; 
Suzuki et al. 2007). Very recently, Bogomolni and co-
workers were able to demonstrate that for the 
intracellular animal pathogen Brucella abortus, 
efficient cell-replication in its host and hence 
virulence is strongly stimulated by blue-light (Swartz 
et al. 2007). Brucella abortus as well as two other 
Brucella species, among those also the notorious 
human pathogen Brucella melitensis, harbour LOV 
domain containing histidine kinases. The authors 
could unequivocally demonstrate that the LOV-
domain containing kinase is blue-light sensitive, 
possessing a photochemistry similar to the plant phot-
system (Swartz et al. 2007). Furthermore, like in plant 
phototropins, irradiation causes an 
autophosphorylation in the LOV associated kinase that 
triggers the above mentioned physiological response 
(Swartz et al. 2007). A similarly structured system, 
consisting of a LOV-domain, a histidine kinase and a 
fused response regulator has recently been identified 
for the plant pathogen Pseudomonas syringae pv 
tomato (Cao et al. 2007)  
Finally, only several years after the identification of 
the plant phot-system with its blue-light-sensitive 
LOV sensory modules, experimental evidence 
accumulates for similar systems in bacteria, namely 
LOV histidine kinases, which can regulate blue-light 
dependent responses via phot-like 
autophosphorylation systems. This raises questions 
regarding the evolutionary history of the LOV 
photosensor module in the pro- and eukaryotic 
domains of life. Currently, no in-depth and up-to-date 
phylogenetic analyses are available that include all 
putative LOV-domain representatives found in both 
pro- and eukaryotic taxa and thus questions regarding 
their evolution are still unresolved. We therefore 
performed a phylogenetic analysis that comprised 129 
putative LOV sequences from 11 eukaryotic, 65 
bacterial and 3 archaeal taxa.  
 
 

Material and Methods 
 
Sequence retrieval and domain content analysis 

Protein sequences with significant sequence similarity 
to LOV (Light Oxygen Voltage) domains were 
obtained using the PSI-BLAST (Altschul et al. 1997) 
utility of the NCBI homepage using several eukaryotic 
and bacterial LOV domain sequences of proteins with 
demonstrated function or photochemistry as query-
sequences in independent BLAST searches. The 
resulting hits were manually filtered regarding the 
presence of the canonical LOV sequence motif 
GXNCRFLQG and, more importantly, of the 
photoreactive cysteine residue therein (highlighted in 
bold). The remaining sequences of the independent 
runs were subsequently used as input for a second 
PSI-BLAST iteration. Again sequences without the 
canonical sequence motif and furthermore duplicate 
hits from the independent BLAST runs were 
discarded.



 

The obtained list sequences covered representatives of 
divergent taxa and kingdoms, including eukaryotic 
phots (Briggs and Christie 2002), ZTLs (Somers et al. 
2000), fungal WC-1 (Ballario et al. 1996) sequences 
as well as archaeal LOV domain containing proteins, 
and most importantly a comprehensive list of LOV 
homologs from a variety of bacterial taxa. Phototropin 
sequences were divided in LOV1 and LOV2 domains, 
and separately included in the alignment. The 
retrieved full-length protein sequences were subjected 
to a functional domain content analysis using the 
Simple Modular Architecture Research Tool 
(SMART)(Schultz et al. 1998; Ponting et al. 1999) at 
the European Molecular Biology Laboratory (EMBL) 
http://smart.embl-heidelberg.de/.  
The 16s rRNA gene sequences that were used to 
reconstruct the phylogenetic species tree of the LOV 
photoreceptor protein containing taxa, were obtained 
either from the NCBI Genebank database 
(www.ncbi.nlm.nih.gov), from the GreenGenes 16s-
rRNA gene database (http://greengenes.lbl.gov) 
(DeSantis et al. 2006), or from the Ribosomal 
Database Project II (http://rdp.cme.msu.edu/) (Cole et 
al. 2007). For the plant species in our analysis, the 
respective nuclear encoded small subunit ribosomal 
RNA gene sequences were used to reconstruct the 
three kingdoms species tree.   
Sequence Alignment  

Protein sequences of the LOV domain were aligned 
with M-Coffee (Wallace et al. 2006). M-Coffee is a 
meta alignment method which combines five different 
aligning strategies T-Coffee (Notredame, Higgins, and 
Heringa 2000), Clustalw (Thompson, Higgins, and 
Gibson 1994), Muscle (Edgar 2004), Mafft (Katoh et 
al. 2002), and Probcons (Do et al. 2005). Independent  
alignments were also constructed using these five 
methods to assess the quality of the final alignment. 
The DNA alignment of the LOV domain was 
subsequently obtained from the protein alignment 
based on the corresponding codon frames. The 16S 
rRNA sequences were aligned directly with M-Coffee 
and other methods using the same methodology. 
Resulting LOV and 16S alignments are available in 
the supplementary materials. Visual inspection and 
judgement based on alignment scores showed that M-
Coffee produced the best result, although T-Coffee 
and Clustalw produce similar alignments. Hence, the 
alignment from M-Coffee was edited manually and 
used in subsequent phylogenetic analysis. 
Phylogenetic Tree Reconstruction  
Bayesian analysis 
Six different runs of MrBayes (Huelsenbeck and 
Ronquist 2001) were conducted to account for a 
possible trapping in local optima. Due to a large 
number of sequences in both alignments we use one 
Markov Chain Monte Carlo (MCMC) chain per run, 
set the total number of generations to 50 millions and 
sampled every 1000 generation. At the end, each run 
produced a collection of 50,000 trees except the 
random starting tree. The convergence of all runs was 
then judged by the tool Tracer 
(http://tree.bio.ed.ac.uk/software/tracer/) 

(Rambaut and Drummond 2007). 
The best run was finally used with a suitable burn-in 
to summarize the MrBayes tree. 
 
For the LOV sequences analysis results showed that 
two of the six runs were trapped in sub-optima, 
suggesting that this is a difficult data set. However, 
the remaining four runs converged to the same 
plateau. The best run was identifed to converge after 
10 million generations. The burn-in value was 
therefore set to 10,000. In contrast, the tree likelihood 
from all MCMC chains on the 16S gene converged 
very early to the same peak.  
Bootstrap with maximum likelihood 

A non-parametric bootstrap was used to evaluate the 
reliability of the tree topology. 1000 bootstrap 
samples from each original alignment were generated 
using the seqboot program from the PHYLIP package 
(Felsenstein 1989). From each bootstrap alignment we 
reconstructed a maximum likelihood (ML) tree using 
the IQPNNI program version 3.2 (Vinh and Von 
Haeseler 2004). For the IQPNNI heuristic, at least 200 
iterations were executed and the stopping rule was 
turned on to automatically determine how many 
iterations are needed to reach a ML tree with 95% 
confidence. The number of iterations was limited to at 
most 2000 to avoid the program from running too 
long. Subsequently, an extended majority-rule 
consensus tree was constructed using PHYLIP’s 
consense program.  
 
The HKY85+G model of substitution (Hasegawa, 
Kishino, and Yano 1985; Yang 1994) was used for the 
LOV domain data set, whereas the TN93+G model 
(Tamura and Nei 1993; Yang 1994) was used for the 
16S rRNA gene data both with four discrete gamma 
rate categories. Note that the Modeltest program 
(Posada and Crandall 1998) suggested TVM+I+G for 
the LOV data and TN93+I+G for the 16S data. 
However, we decided to use a simpler evolution 
model for the LOV domain and the 16S rRNA gene 
data, because of the short sequence length and the 
estimated proportion of invariable sites that is not 
sufficiently high for both data sets. 
Maximum likelihood tree 

In order to determine the best ML tree, 30 independent 
runs of IQPNNI were started, all with stopping rule 
enabled and with no limit on the number of iterations. 
The tree with highest likelihood among all runs was 
considered as the ML tree. 
 

Evaluation of tree topologies 

In order to determine whether MrBayes, bootstrap and 
maximum likelihood trees are significantly different 
or not, several topology tests were performed, 
including the one-sided KH test (Kishino and 
Hasegawa 1989), SH test (Shimodaira and Hasegawa 
1999), expected likelihood weight (ELW)  (Strimmer 
and Rambaut 2002), and the approximately unbiased 
test (AU; (Shimodaira 2002). The significance level of 



 

all tests is set at 0.05. The tests were performed with 
Tree-puzzle (Schmidt et al. 2002) and CONSEL 
(Shimodaira and Hasegawa 2001) 

 

Results and Discussion 
 
LOV is all around 

Previous studies had indicated that the LOV signaling 
module is widely distributed in all three kingdoms of 
life but apparently is absent in animals (Losi 2004). A 
BLAST analysis using PSI-BLAST (Altschul et al. 
1997) (www.ncbi.nlm.nih.gov) as well as independent 
genome mining in various fungal genome projects 
(accessible at the Munich Information Center for 
Protein Sequences, http://mips.gsf.de) was performed 
to retrieve sequences with significant similarity to 
bacterial and eukaryotic LOV domains. The PSI-
BLAST results were manually filtered regarding the 
presence of the canonical LOV sequence motif 
GXNCRFLQG and more importantly for the presence 
of the photoreactive cysteine residue therein 
(highlighted in bold).  
These analyses revealed that the LOV signaling 
module occurred in about 12% of bacterial taxa (65 
organisms out of 521 completely sequenced genomes) 
and correspondingly in approximately 7% of archaeal 
taxa (3 organisms out of 46 completely sequenced 
genomes) (Entrez-genome, September 2007). Among 
the Archaea, LOVs seem to be restricted to a few 
haloarchaeal lineages, whereas in the bacterial 
kingdom they are much more widely distributed. They 
are widely dispersed throughout the Proteobacteria, 
are represented among the Firmicutes (esp. Bacillus 
and Listeria genera) and the Cyanobacteria and were 
so far found in only a few Chloroflexi and 
Actinobacteria. It should be noted that the rapidly 
growing number of sequenced bacterial genomes as 
well as the huge amount of metagenome sequences 
deliver novel LOV sequences almost monthly. 
Therefore, a sequence analysis can de facto never be 
complete but merely represents a snapshot of the 
sequence and species data available at the given 
moment. Additional to the prokaryotic LOVs for 
which the sequence list should be complete for the 
time being, representative sequences for the currently 
known three major eukaryotic LOV-photoreceptor 
families, namely phototropins-LOVs, 
ZTL/ADO/FKF1-LOVs and the fungal WC-1 family, 
were included in the analysis to gain insight into 
evolutionary relationship between the prokaryotic and 
the eukaryotic LOV-systems. 
 
Tree reconstruction and evaluation 

The phylogenetic analysis presented in this study was 
performed exclusively on the conserved LOV core 
domain (the blue-light sensitive sensor domain) of the 
putative and known photoreceptor proteins. This 
choice was dictated by an overwhelming diversity of 
the functional domains found additionally to the LOV 

sensor domain within the photoreceptors in general 
and especially among the prokaryotic LOV-containing 
proteins. Therefore, no meaningful alignment can be 
generated using full-length photoreceptor sequence 
information. Thus, it is impossible and not meaningful 
to construct a tree for the three kingdoms of life based 
on full-length LOV photoreceptor sequences. 
 
An initial tree reconstruction based on an amino acid 
(aa) sequence alignment of the LOV domains, 
produced a more or less un-resolved tree (star-like 
topology). This might be attributed to convergent 
evolution on the aa level, due to functional restriction. 
As this would obviously be less pronounced on the 
nucleotide level, due to the degenerate nature of the 
genetic code, we used the corresponding nucleotide 
sequence alignment of the LOV core domain 
throughout this study. Interestingly, all 30 different 
runs of IQPNNI, carried out to identify the best ML 
tree, of the LOV sequences, reconstructed 30 different 
tree topologies, whereas on the 16S rRNA gene all 
runs inferred the same tree. This again indicates that 
the LOV alignment is a difficult data set and more 
runs are needed to gain more confidence about the ML 
tree. 
 
Several tree topology test were performed on the 
MrBayes, bootstrap and the ML tree reconstructed for 
the LOV domain data set (see materials and methods 
section for details). All tests except ELW indicated 
that no significant topological difference between 
trees is observed, whereas the ELW test rejected the 
bootstrap consensus tree only with a marginal p-value 
of 0.03.  
Therefore, the phylogenetic tree generated by 
MrBayes is used for the illustration throughout this 
study. For the 16S rRNA gene all three trees are very 
similar and thus no tests were performed.   
 
We have to note here, that even with the use of the 
nucleotide alignment the obtained tree resolution is 
low and the phylogentic signal is weak in particular at 
certain deep branches and in the bootstrapped tree. 
This might in general be attributed to the short 
sequence length, and thus to the low amount of data 
that is available to reconstruct the evolution. 
Nevertheless, the branches that we are going to 
discuss in the following in more detail are among the 
ones with 
the highest support. 
 
Topology of the three kingdoms phylogeny 

The tree shown in Fig. 1 clearly supports a separation 
of bacterial and archaeal LOV sequences with a strong 
evolutionary signal. This prokaryotic dichotomy is 
well in accordance with the 16S rRNA gene tree (Fig. 
2) that comprises the same taxa as the LOV domain 
tree. Therefore, the tree shown in Fig.1 was rooted 
using the archaeal LOV sequences.  
 
We observe a separation into two subtrees in the non-
archaeal part of the tree, the top grouping consists of 
bacterial sequences including plant sequences 



 

(ZTL/ADO/FKF1-LOV), whereas the lower part is a 
mixture of eukaryotic sequences from fungi (WC-1-
LOVs) and plants (phototropin-LOVs), and of 
protobacteria. This dichotomy does not occur in the 
16S-rRNA tree.  
The evolutionary events which may have resulted in 
the distribution and appearance of LOV among the 
three kingdoms of life are illustrated in Fig. 3. In the 
bacterial subtree of the LOV tree, the general topology 
is by large congruent with the topology of the 
ribosomal tree. For example the Firmicutes and 
Cyanobacteria are clearly separated from the majority 
of the Proteobacteria (�,�,�). Interestingly, the 
different eukaryotic LOV photoreceptor families (with 
the exception of the fungal sequences) are 
monophyletic, whereas the respective clades show a 
clear affinity to certain bacterial lineages and are not 
separated from bacteria and archaea as observed in the 
16S rRNA tree.  
 
The bacterial origin of the eukaryotic LOV signaling 
systems 

Regarding the evolutionary history of the LOV 
domain photoreceptor module and hence, of LOV-
dependent blue-light perception in the plant and 
fungal kingdoms, the phylogenetic tree presented in 
Fig. 1 points in all cases toward a direct sister-group 
relationship between bacterial LOVs and certain 
eukaryotic LOV lineages.  
Firstly, the eukaryotic ZTL/ADO/FKF1-LOV family 
clusters within the cyanobacterial LOV sequences 
(Bayesian support 0.79), but it does not form a 
monophyletic group together with the other 
eukaryotes (the fungi and phot-LOVs), as could be 
expected under the classic view of evolution. Thus, 
the LOV domain of the ZTL/ADO/FKF1-LOV family 
in higher plants probably was already present in the 
photosynthetic cyanobacterial endosymbiont which 
gave rise to the eukaryotic chloroplast.  
Secondly, the remaining two eukaryotic LOV 
photoreceptor families, namely the plant phototropin-
LOVs and the LOV domains of the fungal circadian 
photoreceptor WC-1, are related with an �-
proteobacterial clade, which comprises mainly marine 
phototrophic �-proteobacteria, including among other 
species Rhodobacter spaeroides (Alpha3), 
Roseobacter dentrificans (Alpha2_1), 
Dinoroseobacter shibae (Alpha6) and Erythrobacter 
litoralis (Alpha8_1-4). This suggests also in case of 
the latter two eukaryotic LOV photoreceptor families 
the involvement of endosymbiosis (here with an 
ancient proteobacterium) in the early evolutionary 
processes that led to the appearance of LOV in the 
eukaryotes. Because the Bootstrap and Bayesian 
support values for this grouping are weaker (0.63), we 
can however not exclude the possibility that this part 
of the tree follows the classical view of three 
kingdoms. Notably, some of the ZTL sequences (that 
cluster with the cyanobacterial clade) and the 
phototropin LOV sequences (that show a clear affinity 
towards the proteobacterial groups) are even found 
within the nuclear genome of the same species, 
namely Arabidopsis thaliana.  

The apparent scenario for the appearance of LOV in 
the eukaryotes therefore is well in accordance with the 
general endosymbiotic theory (Mereschkowsky 1905; 
Wallin 1927). Today, most biologists agree that an �-
proteobacterium (Esser, Martin, and Dagan 2006), 
probably belonging to an ancient photosynthetic 
(non)-sulphur bacterial lineage (Cavalier-Smith 2006), 
was the ancestor of eukaryotic mitochondria. The 
chloroplasts, on the other hand, are thought to have 
originated from the endosymbiosis of an ancestral 
cyanobacterium (McFadden 2001). Therefore, the 
evolutionary scenario presented for the LOV domain 
containing photoreceptors and thus the general 
topology of the LOV gene tree seem feasible in the 
light of the current view of endosymbiotic theory 
whereas the general topology of the species tree 
generated based on 16s rRNA gene sequences follows 
the classic view of the three kindoms. 
 
An observation challenging the endosymbiotic 
hypothesis for the appearance of LOV among the 
eukaryotes relates to the exclusive localization of the 
eukaryotic LOV photosensors in the nuclear but not 
the chloroplast or mitochondrial genomes of the 
respective plants. However, this discrepancy might be 
accounted for by invoking gene transfer from 
organelles to the nucleus after the endosymbiotic 
uptake event. This process which is known as 
endosymbiotic gene transfer is widely accepted today 
and is comprehensively reviewed by Timmis, Martin 
and co-workers (Timmis et al. 2004). 
It is interesting to note that both ZTL/ADO/FKF1, the 
phototropins and WC-1 LOVs probably originated 
directly from bacterial species that were able to 
perform photosynthesis, either oxygenic as in case of 
the cyanobacteria or anoxygenic as in case of the �-
proteobacteria of our analysis. In light of this 
observation it seems feasible to suggest that 
photosynthesis, or more generally, phototrophy, 
defining a metabolic mode in which organisms 
convert light energy into chemical energy for growth 
(Bryant and Frigaard 2006) might have been a 
prerequisite for the “invention” of a blue-light sensor 
in prokaryotes. This definition also includes the 
Archaea as halophilic but also phototrophic organisms 
capable to sustain metabolic processes by means of 
light-driven proton pumps (bacteriorhodopsins) 
(Haupts, Tittor, and Oesterhelt 1999; Lanyi 2004). 
 

LOV domain distribution among the three domains 
of life may have involved duplication events 

In Fig. 3 the evolutionary scenarios that might have 
contributed to the wide distribution of LOV among the 
three kingdoms are summarized. The affinity of 
certain (�, �, �) - proteobacterial genera to the two 
major branches of the non-archaeal LOV gene tree 
(Fig. 1) is inconsistent both with the tree describing 
general microbial phylogeny and with the 16S rRNA 
gene tree (Fig. 2). This fact might be explained by an 
ancient duplication event that took place before the 
separation of Firmicutes and Cyanobacteria from the 
Proteobacteria occurred.  



 

 
Figure 1: Phylogenetic tree, reconstructed for the LOV gene sequences from divergent taxa. Bayesian analysis and tree reconstruction was 
performed using MrBayes (Huelsenbeck and Ronquist 2001).Six independent runs were conducted to account for a trapping in local optima during the 
Markov Chain Monte Carlo (MCMC) run. After evaluation of the respective runs for convergence of the MCMC chain the best run was finally used with 
a suitable burn-in to summarize the MrBayes tree. Bayesian posterior probabilities and bootstrap (in this order) support values, based on 1000 replicates, 
are shown at the relevant branches of the MrBayes tree.  The  respective LOV sequences of the three different eukaryotic photoreceptor families as well as 
the LOV sequences of prokaryotic origin are color-coded: The Archaea as outgroup are shown in black,.�-proteobacteria in pink, �-proteobacteria in red 
and �-proteobacteria in orange. Cyanobacterial genera are shown in cyan and the Firmicutes sequences are highlighted in dark green. Fungal WC-1 and 
plant-phot LOV (LOV1 and LOV2) are depicted in blue and the ZTL/ADO/FKF1-LOV family of the higher plants is shown in light green. Detailed 
sequence information, including protein accession numbers, are summarized in Table 1 in the Supplementary Material. 

 



 

 
 

Figure 2: 16s rRNA gene tree reconstructed to infer the species evolution of the LOV-domain containing taxa. Bayesian, bootstrap and ML trees 
were constructed as described for  the LOV gene tree. All three trees that were generated using the different phylogeny-inference methods showed the 
same overall topology. Here the MrBayes generated tree is depicted. Bayesian posterior probabilities and bootstrap support values are added at relevant 
branches. The sequences are color-coded in similarity to the LOV gene tree shown in Figure 1.     



 

This assumption predicts subsequent gene loss in the 
Firmicutes and Cyanobacterial lineages to explain the 
absence of two phylogenetically distinct LOV domain 
subgroups in those genera. Another more recent 
duplication event in the eukaryotic LOV domain 
containing lineages (phot and WC-1) may have led to 
the presence of two LOV domains (LOV1 and LOV2) 
in plant phototropins. 
 
A somewhat intriguing feature of the eukaryotic LOV 
phylogeny is the dichotomy of the fungal LOV sensor 
modules. Interestingly, they do not form a separate 
monophyletic fungal clade as would be expected 
under the assumption of the fungi as a late diverging 
eukaryotic group, but contrarily cluster in two 
phylogenetic groups (although the separation is only 
weakly supported) within the eukaryotic phot branch. 
However this feature might be explained by placing 
the duplication event into phototropin LOV1 and 
LOV2 well before the separation of the plant and 
fungal lineages.  
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Figure 3: Illustration of our evolutionary hypothesis that may have 
led to the distribution of the LOV blue-light sensors in the three 
kingdoms of life. The figure illustrates the evolutionary scenarios that 
may have led to the wide dispersion of the LOV domain sensor module 
in the three kingdoms of life. The LOV signaling module might have 
its origin in phototrophic prokaryotes. An ancient duplication event in 
the bacterial branch of the LOV tree might have caused the 
proteobacterial dichotomy that is observed in the LOV gene tree, but is 
incongruent with the ribosomal (species) tree generated for the LOV 
domain containing taxa. A subsequent gene loss event is predicted to 
explain the absence of two distinct cyanobacterial / Firmicutes LOV 
sub-families. The prokaryotic LOV signaling module might have 
spread to the eukaryotes by endosymbiosis of ancient cyanobacteria (in 
case of the ZTL/ADO/FKF1 family (euZTL)) or proteobacteria (in case 
of phototropins (phot-LOV1 and phot-LOV2), respectively. Whereas 
two independent endosymbiotic events might explain the dichotomy of 
the plant LOV photosensors that is observed in our phylogenetic LOV 
gene tree, in contrast to the classical view of the three kingdom 
evolution represented in the ribosomal tree. Another more recent 
duplication event has to be invoked to account for the presence of two 
LOV domains (LOV1 and LOV2) in plant phototropins. 

 

This hypothesis might even find support in the 
observation that the earliest diverging branch in both the 
distinct phot-LOV1 and LOV2 branches is the LOV1 

(plant3_L1) and respectively LOV2 (plant3_L2) 
sequence of the phototropin from the green alga 
Chlamydomonas reinhardtii. Therefore, in agreement 
with the conclusion drawn by Lariguet and Dunand 
(Lariguet 2005), the C. reinhardtii phototropin might be 
close to the ancestral sequence from which plant phots 
have evolved. This furthermore implies that the 
duplication into phot-LOV1 and LOV2 clades must have 
occurred before the separation of the algae from the 
higher plants and hence a priori well before the 
separation of the fungal and plant eukaryotic lineages. 

 
Bacterial LOV histidine-kinases as the ancestors of 
the plant phototropins 

The phylogenetic tree reconstruction for the LOV 
photoreceptors was performed solely based on the 
conserved LOV core domain (i.e. the light sensor 
module), ignoring for the purpose of tree generation 
any additionally fused functional domains. Notably, 
the tree reconstructed from the LOV-domain multiple 
sequence alignment nevertheless results in a 
reasonable grouping of sequences with respect to their 
function, but also to the additionally fused functional 
domains of the respective full-length photoreceptor 
protein. An exemplary overview of the tremendous 
variety of full-length LOV photoreceptor multi-
domain architectures is depicted in Fig. 4.   
This multitude of architectures in which the LOV-
domain is the only constant attribute clearly indicates 
that domain fission and fusion (Kummerfeld and 
Teichmann 2005; Cock and Whitworth 2007) must 
have played a primary role in the evolution of LOV 
domain containing photoreceptor proteins. In some 
cases, our phylogenetic analysis that was based only 
on the sensor LOV domain in these photoreceptors, 
might provide a basis for the deduction of domain 
acquisition (fusion) and loss (fission) events. 
 
A striking example which we want to discuss in some 
more detail, is the appearance and distribution of 
LOV-kinase systems among the pro- and eukaryotes 
as illustrated in Fig. 5. In particular, the bacterial 
LOV-histidine kinases (LOV-HisKin) and hybrid 
LOV-histidine kinase (additionally containing a fused 
response regulator (RR)), sparked substantial interest 
lately, as they represent one of the few bacterial 
examples for which a blue-light dependent biological 
function (Cao et al. 2007; Swartz et al. 2007) has been 
established. 
 
The evolutionary hypothesis we presented above 
predicts that the LOV domains of the plant 
phototropin photoreceptors probably originated from 
an endosymbiotic event of an ancient �-
proteobacterium. Plant phototropins possess, apart 
from the two LOV domains, a fused serine/threonine 
kinase which is autophosphorylated in response to 
blue-light (Christie et al. 1998). Strikingly, the LOV 
proteins of the �-proteobacterial lineages, which we 
propose being direct ancestors of the plant phot-LOV 
systems predominately possess fused histidine 
kinases. For some of these systems a similar blue-light 



 

dependent functionality, namely light-driven 
autophosphorylation was demonstrated (Cao et al. 
2007; Swartz et al. 2007).   
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Figure 4: Exemplary multi-domain architectures of LOV 
photoreceptors. The domain content of full-length LOV-photoreceptor 
proteins was analyzed using the Simple Modular Architecture Research 
Tool (SMART)(Schultz et al. 1998; Ponting et al. 1999) at the 
European Molecular Biology Laboratory (EMBL) http://smart.embl-
heidelberg.de/. Whereas the multi-domain LOV-architectures in the 
respective eukaryotic photosensor systems are completely conserved, 
the variety of full-protein organizations found in the prokaryotic 
domains of life is tremendous. Therefore, only a few paradigmatic 
LOV- photoreceptor architectures from the prokaryotes are depicted. 
The percentage values next to the respective group correspond to the 
proportion of this particular LOV-photoreceptor organization of the 
total prokaryotic sequences. Abbreviations: LOV: light, oxygen, 
voltage domain; S/T Kin: serine/threonine kinase; Kelch: Kelch 
repeats; PAS: Per, Arndt, Sim domain; ZnF: zinc-finger motif; STAS: 
sulphate-transporter antisigma-factor antagonist domain; HisKin: 
histidine kinase; RR: response regulator; HTH: helix-turn-helix DNA 
binding domain; GGDEF: diguanylate cyclase; EAL: 
phosphodiesterase; GAF: domain present in phytochromes and cGMP-
specific phosphodiesterases; 
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Figure 5: Distribution and appearance of LOV-kinase systems in 
the tree kingdoms of life. The figure illustrates how a LOV domain 
duplication and output domain speciation might have led to the 
emergence of today’s phototropin system in the eukaryotes. A 
primordial LOV-histidine kinase from an ancient �-proteobacterium is 
suggested to be the ancestor of the eukaryotic phot system, whereas the 
uptake probably occurred through mitochondrial endosymbiosis. The 
same primordial bacterial systems (LOV-histidine kinases) might have 
further speciated, followed by a domain acquisition (fusion) event, 
hence resulting in today’s hybrid LOV-histidine kinases. Interestingly 
this domain acquisition event coincides with a change in the microbial 
life-style, namely a shift from marine habitats (�-proteobacteria) 
towards a plant associated life style (symbiotic or pathogenic)(�,� – 
proteobacteria). 

We therefore propose that �-proteobacterial LOV-
histidine kinases might represent the ancestors of the 
eukaryotic phototropins LOV-serine/threonine 
kinases. A similar scenario was previously suggested 
for the eukaryotic red/far-red light sensing 
phytochrome serine/threonine kinases that may 
possess a prokaryotic histidine kinase ancestry (Yeh 
and Lagarias 1998). Since also the few haloarchaeal 
LOV systems contain histidine-kinases fused to LOV 
sensor module, it is tempting to speculate that the 
primordial LOV photoreceptor systems were blue-
light activated histidine-kinases. 
The hybrid LOV-histidine kinases (LOV-HisKin-RR) 
are found nearly exclusively in bacterial plant 
pathogen species, e.g. Xanthomonas spp. (Gamma1-4) 
and Pseudomonas syringae spp. (Gamma5-6). Those 
systems probably derived from the ancestral �-
proteobacterial LOV- histidine kinases by speciation 
(as judged from the phylogenetic tree in Fig. 1). 
Furthermore, a domain fusion event may account for 
the appearance of the fused response regulator in the 
hybrid LOV-histidine kinase architectures in those �-
proteobacterial plant pathogens (see Fig. 5). It is 
interesting to note that this domain acquisition event 
seems to coincide with a change in the lifestyle of the 
respective microbial species that contain those hybrid 
LOV-histidine kinases. All organisms containing the 
hybrid LOV-histidine kinases show a plant-associated 
or -symbiontic (e.g. Bradyrhizobium spp (Alpha18). 
and Burkholderia phymatum (Beta1) or a plant 
pathogenic (e.g. the above mentioned Xanthomonas 
and P. syringae species) life-style, whereas their 
probable ancestors the LOV-histidine kinases (lacking 
the RR) are found in predominately marine 
phototrophic �-proteobacteria (e.g. Roseobacter 
(Alpha6), Fulvimarina (Alpha3), and Erythrobacter 
(Alpha8) species etc.). 
 

Conclusions 
Based on the three kingdom phylogeny presented in 
this study we propose that the LOV signaling module 
represents an evolutionary ancient light sensor that 
retained its photochemistry from archaeal to bacterial 
and moreover to eukaryotic genera. The known 
eukaryotic LOV photosensor families may have 
originated by endosymbiosis from cyanobacterial or �-
proteobacterial lineages. Consequently, the respective 
endosymbiotic uptake event should mark the time of 
the appearance of LOV among the eukaryotes. 
Moreover, our analysis suggests that the plant 
circadian photoreceptors of the ZTL/ADO/FKF1-LOV 
family and the respective plant phototropins have 
originated from two distinct endosymbiotic events 
separated by a few hundred million years in time. 
Hence, the distinct LOV photoreceptor families in 
plants (ZTL/ADO/FKF1-LOVs and phototropins) 
probably underwent independent divergent evolution 
toward distinct functions, namely light dependent 
regulation of i) the circadian rhythmicity and ii) 
phototropic responses. Contrarily, the circadian LOV 
photoreceptor systems found in plants 
(ZTL/ADO/FKF1-LOVs) and fungi (WC-1), which we 



 

suggest to have originated from two different 
endosymbiotic events, convergently  evolved to use 
the same light sensitive domain for the control of 
similar cellular processes, namely the light-
entrainment of the circadian clock. 
Apparently, the LOV photoreceptors retained the 
primary photochemical events that enable photon-
capture and thus (blue)-light perception but are 
utilized for different responses in the three kingdoms 
of life. This is also reflected in the tremendous variety 
of additional functional domains that are found 
associated to the LOV sensor domain. 
As an important result of our analysis, ancestral LOV-
histidine kinases found today in marine phototrophic 
�-proteobacteria and in a few halophilic Archaea 
appear as among the evolutionary oldest and thus 
primordial LOV photoreceptor systems. Hence, 
phototrophy may have played a primary role in the 
evolutionary processes occurring in ancient marine 
habitats and has resulted in the “invention” of blue-
light LOV photoreceptor systems which we find today 
dispersed in the three domains of life. 
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Forschungszentrum Jülich, D-52426 Jülich, Germany. E-mail: t.eggert@fz-juelich.de

bDept. of Physics, University of Parma and CNR-INFM, Parma, Italy
cMax-Planck-Institut für Bioanorganische Chemie, Stiftstr. 34-36, 45470 Mülheim, Germany

Received 1st April 2005, Accepted 3rd June 2005
First published as an Advance Article on the web 17th June 2005

The open reading frame PP2739 from Pseudomonas putida KT2440 encodes a 151 amino acid protein with
sequence similarity to the LOV domains of the blue-light sensitive protein YtvA from Bacillus subtilis and to the
phototropins (phot) from plants. This sensory box LOV protein, PpSB2-LOV, comprises a LOV core, followed
by a C-terminal segment predicted to form an a-helix, thus constituting a naturally occurring paradigm for an
extended LOV construct. The recombinant PpSB2-LOV shows a photochemistry very similar to that of YtvA
and phot-LOV domains, yet the lifetime for the recovery dark reaction, trec ¼ 114 s at 20 1C, resembles that of
phot-LOV domains (5–300 s) and is much faster than that of YtvA or YtvA-LOV (43000 s). Time-resolved
optoacoustics reveals phot-like, light-driven reactions on the ns–ms time window with the sub-nanosecond
formation of a flavin triplet state (FT ¼ 0.46) that decays into the flavin–cysteine photoadduct with 2 ms lifetime
(F390 ¼ 0.42). The fluorescence spectrum and lifetime of the conserved W97 resembles the corresponding W103 in
full-length YtvA, although the quantum yield, FF, is smaller (about 55% of YtvA) due to an enhanced static
quenching efficiency. The anisotropy of W97 is the same as for W103 in YtvA (0.1), and considerably larger than
the value of 0.06, found for W103 in YtvA-LOV. Different to YtvA and YtvA-LOV, the fluorescence for W97
becomes larger upon photoproduct formation. These data indicate that W97 is located in a similar environment
as W103 in full-length YtvA, but undergoes larger light-driven changes. It is concluded that the protein segment
located C-terminally to the LOV core (analogous to an interdomain linker) is enough to confer to the conserved
tryptophan the fluorescence characteristics typical of full-length YtvA. The larger changes experienced by W97
upon light activation may reflect a larger conformational freedom of this protein segment in the absence of a
second domain.

Introduction

The Pseudomonas putida KT2440 gene PP2739 encodes a 151
amino acid (aa) protein (Q88JB0)1 that comprises a LOV
(light, oxygen and voltage) domain similar to the photosensing
units of plant phototropins (phot),2 and of the bacterial YtvA
protein from Bacillus subtilis3 LOV domains belong to the PAS
(PerArntSim) superfamily, small protein modules of about 110
amino acids with a characteristic a–b folding, implied in a
variety of sensory functions.4 The LOV domains of YtvA and
phot bind oxidized flavin mono-nucleotide (FMN) as a chro-
mophore and absorb maximally at about 450 nm (LOV447) in
the dark state.3,5,6 Blue-light illumination triggers a photocycle
involving the reversible formation of a blue-shifted FMN-
cysteine C(4a)-thiol adduct (LOV390).

7 The lifetime for the
dark recovery process, trec, is between 5 and 330 s (25 1C)
for phot-LOV domains,8,9 whereas for YtvA and YtvA-LOV
trec is exceptionally long (2600 and 3900 s, at 25 1C).10

The P. putida LOV protein characterized in this work is
referred to as PpSB2-LOV (SB2 ¼ Sensory Box 2, the suffix 2
was taken in accordance with reference1). Besides the LOV
domain, it contains an 18 aa long N-terminal sequence and a
C-terminal extension of 31 aa, without a fused effector domain.

A similar architecture is found in the photoactive yellow
protein (PYP), where the light sensing unit is a PAS domain
binding an isomerizable chromophore, with a folding similar to
a LOV domain.11

In the LOV core of PpSB2-LOV all the residues known to
interact with FMN in LOV domains are conserved with LOV1
or LOV2, with the exception of an asparagine in the canonical
GX�NCRFLQG sequence (X ¼ any aa) that contains the active
cysteine. This sequence is changed into YQ�DCRFLQG in
PpLOV-SB2, and is characteristic of a few other bacterial
LOV proteins.1 Such modification in the binding motif, i.e.,
the introduction of a charged aa at the position preceding the
reactive cysteine, raises questions about the effects of this
exchange on the suggested photochemistry.
Furthermore, the additional 31 aa at the C-terminus of the

PpSB2-LOV protein renders it a naturally occurring extended
LOV protein without an effector domain, a structure that can
be compared to a synthetic construct of a plant LOV domain,
recently characterized by NMR spectroscopy.12 In that work,
the authors characterized the light-dependent conformational
changes of an Avena sativa phot1-LOV2 extended construct
comprising 40 aa downstream the LOV core (LOV2-40). Their
results showed the formation of an about 20 aa long amphi-
pathic helix (Ja) in the C-terminal extension that interacts with
the LOV domain in the dark and undergoes conformational
changes upon blue-light irradiation.12 The NMR studies re-
vealed also that the interaction of the single, conserved LOV

w Electronic supplementary information (ESI) available: Fig. 2 in
colour; colour also in HTML version. See http://dx.doi.org/10.1039/
b504554a
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tryptophan (W491) to the amphipatic helix is abolished upon
light activation. Recent studies also determined that the con-
served W of YtvA-LOV (W103) is implied in interdomain
interaction, although it undergoes very small conformational
changes in full-length YtvA.13 The investigation of PpSB2-
LOV, comparable to an extended LOV construct, may give
additional information on the role of the conserved W in LOV
domains.

In this work, we demonstrate that the light-driven reactions
occurring in the PpSB2-LOV protein are similar to those in
phot-LOV domains, despite the differences in the conserved
sequence that contain the reactive cysteine. Time-resolved
optoacoustic spectroscopy has been employed to investigate
the early kinetics of the photocycle and thermodynamics of the
transient species, together with determination of the photo-
cycle quantum yields. UV fluorescence spectroscopy has been
applied to the conserved W97 with the aim to understand
whether the short C-terminal sequence is sufficient to mimic the
properties of the homologous W103 in full-length YtvA.
Furthermore, we wanted to understand whether the absence
of a second domain (STAS in YtvA) renders the C-terminal
segment to a more flexible conformation and responsive to the
light-induced reactions, in order to compare the results with
the NMR derived conclusions.

Materials and methods

Protein expression and purification

The Sensory Box 2 protein of Pseudomonas putida KT2440
(PpSB2-LOV) (SwissProt: Q88JB0) was PCR-amplified from
genomic DNA of P. putida KT2440 using the primer pair
SB2_NdeI_fw: 50-CCT ACA ATC ATA TGA TCA ACG
CAA AAC TCC TGC-30, and SB2_XhoI_rev_Stop: 50-CGC
TAA CTC GAG TCA GTG CTT GGC CTG G-30, and
subsequently cloned into the pET28a plasmid (Novagen-
Merck, Darmstadt, Germany), allowing the expression as
N-terminal 6xHis-Tag fusion protein. The His-tagged PpSB2-
LOV protein was expressed in Escherichia coli BL21 (DE3),
induced by addition of 0.4 mM isopropyl-b-D-thiogalactopyr-
anoside (IPTG) (Roth, Karlsruhe, Germany). Following soni-
cation of the cells, the soluble PpSB2-LOV protein was purified
from crude cell free extracts by affinity chromatography under
native conditions on a Ni-NTA Superflow resin (QIAGEN,
Hilden, Germany) using an ÄKTA-explorert chromatography
system (Amersham Biosciences Ltd, Buckinghamshire, UK).
The molecular weight of the purified PpSB2LOV fusion pro-
tein was estimated by size exclusion chromatography on an
ÄKTA-explorert chromatography system using a HiLoad
Superdex75 XK16/60 column (Amersham Biosciences Ltd,
Buckinghamshire, UK) with 20 mM Tris/HCl pH 8.0, 0.15
M NaCl as eluent. Calibration was performed with a Low
Molecular Weight Gel Filtration Calibration Kit (Amersham
Bioscience). Full-length YtvA and YtvA-LOV domain (aa 26-
127 of the full protein) were prepared as previously described.10

Chlamydomonas reinhardtii phot-LOV1 (Cr-phot-LOV1) was
kindly donated by Prof. Peter Hegemann (Humboldt Univer-
sity Berlin, Germany).

Modelling of three-dimensional structure

The three-dimensional structure of PpSB2-LOV was modelled
on homology to phot-LOV1 domain of C. reinhardtii, obtained
from the Brookhaven Protein Data Bank (1n9lA) and aligned
using the tools available in the SwissPdbViewer.14 The addition
of water molecules to structural models was performed using
the VegaZZ package.15 Energy minimization was carried out
with the MAB all-atom force field implemented in the MO-
LOC molecular modelling program suite16,17 and the Gro-
mos96 force field implementation of SwissPdbViewer.18

Preliminary docking of the C-terminal extension to the

PpSB2-LOV-core

Secondary structure prediction for the 31 aa C-terminal exten-
sion of the PpSB2-LOV core (residues 122-152) was carried out
using the PredictProtein server’s PROF algorithm (http://
www.predictprotein.org/).19 Docking of the predicted helical
structure segment to the protein core was done using the
ClusPro Server (http://nrc.bu.edu/cluster/). The ClusPro dock-
ing algorithm evaluates billions of possible complexes, retain-
ing a preset number with favourable surface com-
plementarities. A filtering method is then applied to this set
of structures, selecting those with good electrostatic and des-
olvation free energies for further clustering.20 The program’s
output is a short list of possible complexes ranked according to
their clustering properties. Evaluation of the model’s quality
was done using the SAVS (structure analysis and verification)
server at http://www.doe-mbi.ucla.edu/, which employs the
tools WHAT_CHECK,21 PROCHECK,22 ERRAT,23 and
VERIFY3D.24

Electrostatic calculations

Electrostatic calculations on the PpSB2-LOV core and the
adjacent helical extension as well as the generation of the
corresponding molecular electrostatic potential surface maps
were performed using the VegaZZ package.15

Spectrophotometric analysis

Absorption spectra and kinetics curves were recorded using a
Shimadzu UV-2102 PC spectrophotometer. Fluorescence mea-
surements were carried out at 10 1C, in phosphate buffer
10 mM, pH ¼ 8, NaCl 10 mM. FMN (FLUKA, Neu-Ulm,
Germany) was used as a standard (FF ¼ 0.26)25 to measure the
fluorescence quantum yield of the PpSB2-LOV flavin chromo-
phore. Fluorescence lifetimes were measured with a time
correlated single photon counting nFL920 spectrometer (Edin-
burgh instruments, Livingston, UK), equipped with M300
excitation and emission monochromators, a start PMT detec-
tor and a red light-sensitive S300-R PMT detector. Excitation
at 280 and 295 nm was achieved with an F900 nanosecond
flash-lamp (Edinburgh instruments, Livingston, UK), with
hydrogen as operating gas. Pulse frequency was 40 kHz. Steady
state fluorescence spectra were recorded with a Cary Eclipse
fluorescence spectrophotometer (Varian, Victoria, Australia).
Photoequilibrium conditions, with accumulation of the photo-
activated state were achieved illuminating the sample with a
blue-light emitting Led-LensersV8 lamp (Zweibrüder Optoe-
lectronics, Solingen, Germany). Steady state anisotropy, r, has
been measured with a Perkin-Elmer LS-50 luminescence spec-
trometer equipped with the polarization accessory Par No.
L225 0100 (Perkin-Elmer Ltd., Beaconsfield, England). The
anisotropy is defined by intensities of vertically (IJ) and hor-
izontally (I>) polarized light measured when excitation light is
vertically polarized, namely r ¼ (IJ � I>)/(IJ þ 2I>).26

For the laser induced optoacoustics spectroscopy (LIOAS)
experiments, excitation at 450 nm was achieved by pumping
the frequency-tripled pulse of a Nd:YAG laser (SL 456G, 6 ns
pulse duration, 355 nm, Spectron Laser System, Rugby, UK)
into a b-barium borate optical parametric oscillator (OPO-C-
355, bandwidth 420–515 nm, Laser Technik Vertriebs GmbH,
Ertestadt-Friesheim, Germany) as previously described.27 The
cuvette holder FLASH 100 (Quantum Northwest, Spokane,
WA, USA) was temperature controlled to �0.02 1C. The signal
was detected by a V103-RM ultrasonic transducer and fed into
a 5662 preamplifier (Panametrics Inc., Waltham, MA, USA).
The pulse fluence was varied with a neutral density filter and
measured with a pyroelectric energy meter (RJP735 head
connected to a meter RJ7620 from Laser Precision Corp.).
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The beam was shaped by a 1 � 12 mm slit, allowing a time
resolution at most of B60 ns by using deconvolution techni-
ques.28 The experiments were performed in the linear regime of
amplitude versus laser fluence and the total incident energy
normally used was B20 mJ pulse�1 (this corresponds to 7.5 �
10�11 einstein for 450 nm excitation, photon energy 265.82 kJ
mol�1). The sample concentration was about 15 mM, corre-
sponding to 1.8 � 10�9 mol in the excitation volume V0 ¼ 0.12
mL. These conditions correspond to 0.04 photon per protein
molecule. New coccine (FLUKA, Neu-Ulm, Germany) was
used as calorimetric reference.29 The time evolution of the
pressure wave was assumed to be a sum of monoexponential
functions. The deconvolution analysis yielded the fractional
amplitudes (ji) and the lifetimes (ti) of the transients (Sound
Analysis 3000, Quantum Northwest Inc., Spokane, WA,
USA). The time window was between 20 ns and 5 ms. At a
given temperature and for each resolved i-th step the fractional
amplitude ji is the sum of the fraction of absorbed energy
released as heat (ai) and the structural volume change per
absorbed einstein (DVi), according to eqn. (1):30,31

ji ¼ ai þ DVi

El

cpr
b

ð1Þ

El is the molar excitation energy, b ¼ (qV/qT)p/V is the volume
expansion coefficient, cp is the heat capacity at constant
pressure, and r is the mass density of the solvent. In this work
we used the so-called ‘‘two temperature’’ (TT) method in order
to separate ai from DVi.

32 The sample waveform was acquired
at a temperature for which heat transport is zero, Tb¼-0 ¼
3.2 1C, and at a slightly higher temperature, Tb40 ¼ 10 1C. At
Tb¼0 the LIOAS signal is only due to DVi. The reference for
deconvolution was recorded at Tb40, and eqn. (2a) and (2b)
were then used to derive ai and DVi:

DVi ¼ ji Tb¼0El
b

Cpr

����
����
Tb40

ð2aÞ

ai ¼ ji Tb¼0 � ji

�� ��
Tb¼0

ð2bÞ

The activation energy (Ea) for the recovery reaction was
determined with the Arrhenius eqn. (3):

ln k ¼ � Ea

RT

� �
þ lnA ð3Þ

where k ¼ 1/trec. Given that Ea E DHz and DSzE R ln(Ah/
kBT), the free energy of activation, DGz ¼ DHz � TDSz, can be
estimated at a given temperature. The temperature range
investigated was between 10 and 25 1C.

Results

Heterologous expression of PpSB2-LOV protein and

purification

The PpSB2-LOV protein was heterologously expressed in
E. coli BL21 (DE3) as an N-terminal His–Tag fusion protein.
The protein had an apparent size of approximately 18 kDa as
determined by SDS-PAGE analysis, which was in accordance
with the calculated molecular weight for the fusion-protein
(19.2 kDa). However, the size of the native protein as deter-
mined by analytical gel filtration experiments was about 39
kDa, which is two times larger than its calculated size, suggest-
ing a dimeric organization of the native protein.

The soluble protein was purified chromatographically to
electrophoretic homogeneity using immobilized metal ion affi-
nity chromatography (IMAC). The eluted PpSB2-LOV fusion
protein showed a yellow color, indicating the presence of
an associated chromophore. Under blue light illumination
(450 nm) the purified protein preparation emits a green–yellow
fluorescence, which shows light-induced reversible bleaching.

Three-dimensional structure modelling

Homology modelling of the PpSB2-LOV core results in a
characteristic LOV domain folding, including the FMN chro-
mophore (Fig. 1A) as described in detail for the B. subtilis
phototropin-related protein YtvA.3 However, in case of
PpSB2-LOV the protein contains a C-terminal extension (re-
sidues 122–152) which shows a-helical structure in secondary
structure predictions. To connect the C-terminal a-helical
extension to the PpSB2-LOV core, an automatic docking
approach was used. Therefore, a pdb-file containing the co-
ordinates of the helical extension was produced using
SwissPdbViewer which has been docked after energy minimi-
zation in an automatic manner to the PpSB2-LOV core using
the ClusPro server.20 The docking approach comprised a
predicted structural complex in which the a-helical segment
could be aligned to the PpSB2-LOV core’s C-terminal end,
spanning the five stranded b-scaffold surface of the protein
core, placing the a-helical extension directly underneath the
FMN chromophore. The two segments were joined using the
tools available in the MOLOC molecular modelling program
suite. Energy minimization was carried out as described in the
materials and methods section. Fig. 1B shows the derived
model, containing both the PpSB2-LOV core and the docked
a-helical extension. According to electrostatic calculations and
helical wheel analysis the C-terminal a-helix has amphipathic
character containing a cluster of negatively charged glutamic
acid residues forming a hydrophilic (E129, E130, E134, E136,
E138, E141) and a nonpolar hydrophobic face (A128, V132,
L135, V139, L142). The hydrophilic, negatively charged side of
the helical segment probably faces the aqueous layer whereas
the hydrophobic amino acids of the a-helical extension interact
with the hydrophobic surfaces of the b-sheet of the LOV
domain (Fig. 2) as shown in case of the extended LOV2-40
construct.12

Spectroscopical studies and recovery kinetics

The absorption spectrum of PpSB2-LOV450 (dark state) is
shown in Fig. 3, compared to the absorption spectrum of
YtvA-LOV450. Although the two spectra are very similar in
the blue-light region around 350 nm (UVA), PpSB2-LOV is
more similar to Chlamydomonas reinhardtii LOV1 (Cr-
LOV1),33 with the band being slightly blue-shifted and broader
with respect to YtvA-LOV. This feature is reminiscent of the
spectral differences between phot LOV1 and LOV2. The
fluorescence spectrum of the bound chromophore, upon 450
nm excitation, is the same as in YtvA and LOV domains.10 The

Fig. 1 (A) Theoretical model of the PpSB2-LOV protein LOV core,
showing a typical LOV domain fold consisting of three a-helices which
form together with a five-stranded b-scaffold the pocket around the
FMN chromophore. (B) Theoretical model of the extended LOV core
of PpSB2-LOV prepared using an automatic protein–protein docking
approach. The C-terminal extension predicted to have an helical
structure could be attached to the LOV-core of PpSB2-LOV. A cluster
of negatively charged glutamic acid residues (E134, E136, E138, E141)
in the LOV core’s helical extending segment is highlighted. Further-
more both pictures show the conserved tryptophan (W97) residue and
the chromophore flavin mononucleotide (FMN). Both figures were
generated using the SwissPdbViewer.14
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steady state anisotropy of the bound flavin (for 450 nm
excitation, emission recorded at 500 nm) is 0.30 � 0.02 in all
three proteins, indicating that the chromophore pocket is
similarly rigid.

Upon illumination with blue-light, the absorption band in
the visible region decreases with concomitant loss of the flavin
fluorescence, although the photoproduct of PpSB2-LOV can-
not be accumulated to 100% like in YtvA and YtvA-LOV.10

The difference spectrum shows that light activation induces the
formation of a photoadduct, referred to as PpSB2-LOV390.
The recovery of the absorption in the dark can be followed at
480 nm,10 and obeys a single exponential decay. The recovery
lifetime, trec ¼ 114 s at 20 1C, is much faster than in the B.
subtilis YtvA (trec ¼ 3200 s) and YtvA-LOV (trec ¼ 5280 s),
and is similar to Cr-phot-LOV1 (trec ¼ 334 s) at the same
temperature. trec is strongly temperature dependent, showing a
linear Arrhenius behaviour in the temperature range between
10 and 25 1C (see materials and methods). From the values of
the activation energy Ea ¼ 72.6 kJ mol�1 and the preexponen-
tial factor A ¼ 4.54 � 1010 s�1, the values of activation
enthalpy (DHz), entropy (DSz), and free energy (DGz) can be
derived (summarized in Table 1).
Comparison with data obtained for YtvA, YtvA-LOV and

Cr-phot-LOV1 shows that the value of DGz accounts for the
differences in the observed trec, i.e. higher DG

z correspond to
slower kinetics. We note that the temperature range employed
is very small, giving rise to larger errors than the experimental
ones (within 10% from a set of two experiments for each
sample) in the determination of the activation parameters. This
is especially true for the value of DSz, derived from the
intercept of the Arrhenius plots. Therefore the apparent corre-
lation between trec and DGz must be taken with great care,
given the large influence of the TDSz term. The value of Ea is
more reliable than DGz and gives a correlation with trec only
for three out of the four proteins investigated, excluding YtvA-
LOV. A larger array of LOV proteins would be needed in order
to assess if a correlation holds for the majority of them.

Time-resolved optoacoustic (LIOAS) studies

The LIOAS signals at Tb¼-0 ¼ 3.2 1C are similar to those
recorded for YtvA, YtvA-LOV and Cr-phot-LOV1,3,10,33 with
a transient species formed within 20 ns with a small contraction
(DV1 ¼ �0.8 ml einstein�1), decaying with a lifetime t2 ¼ 2 ms
into a second transient that is formed with a larger volume
contraction, DV2 ¼ �6 ml/einstein (Table 2, Fig. 4).
In analogy with the other known LOV proteins, the un-

resolved step (t1 o 20 ns) is assigned to the fast reactions

Fig. 2 (A) Helical wheel analysis of the a-helical part (residues 125–140) of the PpSB2-LOV C-terminal extension. (B) Electrostatic surface
potential of the LOV core and the adjacent C-terminal helical extension with negatively charged regions shown in red and regions with positive
charge in blue. Figure (B) was generated using the VegaZZ tool.15

Fig. 3 (A): Absorption spectrum of the PpSB2-LOV protein in the
dark (thick line) compared to YtvA-LOV (thin line). The fluorescence
spectrum of the bound flavin chromophore after 450 nm excitation is
also shown for PpSB2-LOV (dashed line). The intensity has been
arbitrarily normalized in order to be compared with the absorbance.
(B): changes in absorbance induced by blue-light illumination in
PpSB2-LOV (dashed line). The inset shows the light–dark difference
spectra for PpSB2-LOV (thick line) and YtvA-LOV (thin line).
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generating the FMN triplet state (referred to as PpSB2-LOVT).
The microsecond process (t2 ¼ 2 ms) corresponds to the decay
of PpSB2-LOVT into the photoadduct, PpSB2-LOV390.

3,10,33

With the knowledge that the FMN triplet state, both in
solution and in LOV proteins lies at ca. 200 kJ mol�1,3,33 it
is possible to calculate the formation quantum yield of PpSB2-
LOVT, FT, from eqn. (4):

FT
ET

El
¼ 1� a1 � FF

EF

El
ð4Þ

where EF is the average energy for the fluorescence emission
(232 kJ mol�1, 515 nm), FF ¼ 0.25 is the flavin fluorescence
quantum yield (measured in comparison to FMN and YtvA),
and El ¼ 265.8 kJ mol�1 is the photon energy at 450 nm. The
resulting value is FT ¼ 0.46 � 0.04 (Table 3).

The value of ET ¼ 200 kJ mol�1 for the triplet state of the
bound chromophore, as measured by means of LIOAS in LOV
proteins, has been recently confirmed by phoshorescence spec-
troscopy on a phot-LOV2 domain,34 that is intrinsically very
precise. Therefore the error associated with FT does not exceed
the experimental one of about 10%.

The energy level of PpSB2-LOV390 is calculated by means of
eqn. (5) and requires the determination of F390. This was done

relatively to YtvA as previously reported, 10 giving F390 ¼
0.42 � 0.08, namely close to 100% efficiency from the triplet
state (the error derives from the uncertainty of the measure-
ments and the one associated with F390 for YtvA).

a2 ¼ FT
ET

El
� F390

E390

El
ð5Þ

Finally, the molecular volume changes are evaluated by means
of eqn. (6a) and (6b):

DVT ¼ DV1

FT
ð6aÞ

DV390 ¼ DVT þ DV2

F390
ð6bÞ

The resulting values, photophysical, photochemical and struc-
tural parameters, are reported in Table 3, and are compared
with other LOV proteins. The largest errors are associated with
the determination of E390, whose value, different than that for
ET, cannot be checked by means of optical techniques.
Furthermore experimental errors are propagated through
eqn. (5) and the determination of ai with LIOAS has intrinsi-
cally a large uncertainty.35 As a whole the uncertainty asso-
ciated with E390 is Z 50%.

Fluorescence of the conserved W97

The PpSB2-LOV protein possesses a single tryptophan, W97,
localized in the LOV core and conserved with the majority of
LOV domains (Fig. 1).1 The fluorescence maximum of W97 in
PpSB2-LOV and YtvA is localized at about 336 nm, with a
half-band width of about 60 nm, similarly to W103 in YtvA.13

In YtvA-LOV, W103 has a maximum at about 345 nm and a
broader half-band width (68 nm).13 The steady state anisotro-
py of W97 (excitation at 295 nm, emission at 350 nm, 20 1C),
r ¼ 0.1 � 0.02 is also very similar to r ¼ 0.11 � 0.02 for W103
in YtvA, and is higher than r ¼ 0.06 � 0.01 in YtvA-LOV (the
errors derive from a set of 5 measurements for each sample).
This implies that W97 has a conformational flexibility similar
to W103 in full-length YtvA. The fluorescence lifetime distri-
bution is also comparable to W103 in YtvA (Table 4), although
the relative fluorescence quantum yield of W97 (FF) is only
55% in comparison to that of W103. This shows that the value
of FF is affected by ultrafast deactivation processes, e.g.

Table 1 Activation parameters for the recovery reaction in LOV proteins

P. putida-SB2 aYtvA aYtvA-LOV aCr-phot-LOV1

Ea/kJ mol�1 72.6 98 68 81

A/s�1 4.54 � 1010 4.6 � 1013 1.8 � 108 7.5 � 1011

cDSz/J mol�1 K�1 �40.7 16.65 �86.9 �17.6

DHz/kJ mol�1 72.6 98.0 68.0 81.1
cDGz/kJ mol�1 84.5 93.0 93.9 86.3

trec/s (at 20 1C) 114 3200 5280 334

a Ref. 10. b Losi and Ternelli, unpublished data (Cr: Chlamydomas reinhardtii). c At 20 1C. The values are derived from a set of two measurements

for each sample. The experimental error associated with Ea, A and trec is about 10%.

Table 2 Raw LIOAS data for PpSB2-LOV as compared with other LOV proteins

a1 (t1 o 20 ns) DV1/mL mol�1 a2 (t2 ca. 2 ms) DV2/mL mol�1

PpSB2-LOV 0.43 � 0.03 �0.8 � 0.04 0.14 � 0.05 �6.0 � 0.6
aYtvA 0.3 � 0.03 �0.44 � 0.05 0.23 � 0.04 �5.8 � 0.2
aYtvA-LOV 0.33 � 0.1 �0.46 � 0.05 0.28 � 0.1 �9.1 � 0.7
bCr-phot-LOV1 0.36 � 0.04 �0.72 � 0.1 0.09 � 0.10 �4.1 � 0.8

(t2 ¼ 1.2 ms)
a Ref. 10. b Ref. 33.

Fig. 4 (A) PpSB2-LOV LIOAS signal recorded at Tb¼-0 ¼ 3.2 1C (full
line) and at Tb40 ¼ 10 1C for the reference (new coccine, dashed line).
At this temperature, the signal for the reference is zero, whereas the
protein signal reflects structural volume changes (here contractions).
The curve fitted to the experimental signal with a sum of two
exponential functions (see text) is superimposed (dotted line) on the
sample waveform. (B) Reference and sample recorded at 10 1C. At this
temperature both heat deposition and structural volume changes
contribute to the protein signal.
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formation of exciplexes with neighbouring polar groups and/or
other static quenching phenomena.

Different to W103 in YtvA and YtvA-LOV, the fluorescence
of W97 is affected by the formation of the photoproduct. It
increases of about 7% in the photo-equilibrium state. This
change is fully reverted in the dark with a trecW ¼ 102 � 10 s at
20 1C, quite in accordance to trec ¼ 114 s for the recovery of the
flavin absorption (Fig. 5). The difference in the fluorescence
intensity between the dark and photoequilibrium states is, in

absolute terms, very small, giving rise to a large noise in the
kinetics traces and a quite large error in the value of trecW. The
data are nevertheless fully reproducible and the light-induced
effect completely reversible, showing that the difference is
significative.

Discussion

In this work we have demonstrated that the PpSB2-LOV
protein undergoes phot-like photochemistry, similarly to other
prokaryotic proteins, i.e. YtvA from B. subtilis3 and a LOV-
kinase from Caulobacter crescentus.1 PpSB2-LOV represents a
novel variation of LOV proteins, in that the canonical
GX�NCRFLQG sequence is changed for YQ�DCRFLQG, with-
out impairing chromophore binding or the photochemical
activity of the protein. Interestingly, the native PpSB2-LOV
protein seems to have a dimeric organization as identified by
size exclusion chromatography. Very recently, this dimeriza-
tion effect has been suggested for other LOV-domain contain-
ing proteins by different groups: Nakasako and co-workers
reported about the dimerization of the LOV-domain contain-
ing protein (FKF1) of Arabidopsis thaliana36 and Salomon
et al. discussed the possible LOV1 mediated dimerization of
phototropin of Avena sativa.37 The phototropin-like protein
YtvA from B. subtilis also appears as dimer after overexpres-
sion in E. coli and purification by affinity chromatography,
when treated under non-reducing conditions (Krauss and
Eggert, unpublished results). However, it cannot be excluded
that the observed dimer formation might be an artifact linked
to the purification conditions. Its importance for the protein
function in vivo still has to be determined.
As evidenced from the LIOAS data (Table 2), the thermo-

dynamic profile and photocycle kinetics (Table 1) and quan-
tum yield (Table 3) are comparable with previously reported
values in other LOV proteins.10,33 The photoproduct has a
high energy content, E390 ¼ 130 kJ mol�1, indicating a strained
conformation, typical of these blue-light sensors. In contrast,
the energy level of the signalling state in PYP is only about
60 kJ mol�1, suggesting a relaxed protein structure.38

The study of the fluorescence properties of the conserved
W97 (Table 4, Fig. 5) also gives information on the molecular
mechanisms underlying interdomain communication and light-
to-signal conversion in LOV proteins. In phot the photoche-
mical reactions centered at the LOV domains trigger self-
phosphorylation through the C-terminal kinase moiety, via
still poorly characterized inter-domain communication. In
the bacterial LOV proteins, a single LOV can be associated
to diverse output domains (e.g. kinases, phosphodiesterases,

Table 3 Molecular light-driven volume changes and photochemical parameters

cFT
dE390/kJ mol�1 eF390

fDVT/mL mol�1 gDV390/mL mol�1

PpSB2-LOV 0.46 133 0.42 �1.74 �16.0
aYtvA 0.62 136 0.49 �0.71 �12.5
aYtvA-LOV 0.69 113 0.55 �0.67 �17.2
bCr-phot-LOV1 0.63 171 0.6 �1.15 �8.0

a Ref. 10. b Ref. 33. c Error is about 10%. d Error Z 50%; e Error is about 20%; f Error is about 10%; g Error is about 20%.

Table 4 Time-resolved fluorescence of W97 compared to W103 in YtvA and YtvA-LOV

lex ¼ 295 nm, lem ¼ 340 nm, T ¼ 10 1C

t1/ns A1 (%) t2/ns A2 (%) t3/ns A3(%) hti/ns w2

PpSB2-LOV 1.8 37 5.8 63 4.3 1.055

YtvA 2 24 5.6 76 4.7 1.101

YtvA-LOV 0.87 33 2.5 46 5.8 21 2.6 1.034

The errors associated with lifetimes (ti) and relative amplitudes (Ai) are within 5%. Average of two sets of experiments for each sample.

Fig. 5 (A) Fluorescence of W97 in PpSB2-LOV after 295 nm excita-
tion in the dark (dashed line) and in the photo equilibrium state (about
50% photoproduct, full line). (B) Recovery kinetics for W97 in the
dark (dots), followed by recording the fluorescence at 340 nm (excita-
tion 295 nm). The monoexponential fitting of the experimental points
(full line) yields trec ¼ 102 � 10 s at 20 1C. For comparison the time
course of absorption recovery of the flavin chromophore at 480 nm has
been reported.
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response regulators) with putative enzymatic or regulatory
activities.3,39 In B. subtilis YtvA, the N-terminal LOV domain
is followed by a STAS domain (Sulfate transporter/Anti-
Sigma-factor antagonist), suggested to have a general NTP
(nucleoside triphosphate) binding role.40 It is still to be deter-
mined whether in the various LOV proteins the light-to-signal
transduction mechanism is similar, even due to the lack of
structural information on full proteins.

The recently characterized extended construct LOV2-40,
possess a 20 aa long amphipathic helix (Ja), C-terminal to
the LOV core and connected to it by a flexible loop of 10 aa.12

In LOV2-40, the Ja helix affects the LOV domain structure in
the dark, but the constraint is removed after light activation
and the helix becomes disordered. This conformational change
is reversible in the dark and the recovery can be time-resolved
by following the change in the chemical shift of several amino
acids involved in the interaction with the Ja helix,41 including
the conserved W491 of of LOV2-40. In contrast with these
results, fluorescence studies on the corresponding W103 in
YtvA showed that this residue undergoes very small changes
upon formation of the photoproduct. Nevertheless, the fluor-
escence properties of W103 in YtvA are sharply different from
those in the YtvA-LOV construct, indicating that W103 parti-
cipates in inter-domain interaction. Similarly, W491 has a
different chemical shift in LOV2-40 and in the LOV2 core, in
the dark state.12 The architecture of the PpSB2-LOV protein is
similar to the extended LOV2-40 construct. The fluorescence
results presented here (Table 4) show that the short C-terminal
extension of PpSB2-LOV (31 aa) is sufficient to confer to W97
fluorescence properties (emission maximum, anisotropy and
fluorescence lifetime distribution) similar to full-length YtvA
having a second domain of 135 aa. This supports the idea that
the conserved W participates in inter-domain communication
by interacting with a region immediately following the LOV
core, rather than via direct interaction with the effector do-
main. Contrary to the case of YtvA, but similar to LOV2-40,
W97 in PpSB2-LOV undergoes well detectable and reversible
changes in the photoequillibrium state (Fig. 5), suggesting a
larger flexibility of this region in the absence of a second
domain.

Secondary structure predictions indicate that the region
C-terminal to the LOV core assumes a helical conformation
in PpSB2-LOV, similar to the Ja helix that follows phot-LOV2.
Furthermore, an automated docking approach of the C-term-
inal a-helical domain and the LOV core resulted in an extended
structural model for PpSB2-LOV (Figs. 1 and 2) showing high
similarities to the LOV2-40 construct reported by Harper
et al.,12 suggesting similar interactions between the LOV core
and its adjacent helical extension.

The conserved W is located in the vicinity of the loop that
connects the LOV core to the helical extension, both in our
model of PpSB2-LOV and in the NMR-derived structure of
LOV2-40,12 appearing quite exposed to the solvent. This does
not immediately explain why the fluorescence properties of
W97 and W103 in YtvA are so different from those of YtvA-
LOV, and why the chemical shift of W491 is sharply different
between the extended LOV2-40 and the LOV2-core.12 The
reason may rely in the fact that the presence of the helical
extension can affect the C-terminal part of the LOV core that
appears to contain a looped region in the extended construct,12

different from LOV domains of known structure, which are in
b-strand.42,43 This more flexible region could interact with W97
more strongly than in our model and extend to the loop that
preceeds the helical extension.

The spectroscopic results presented in this work, together
with the output of the docking approach, suggest that the
mechanism of transmitting the light-induced conformational
changes to the effector domains is similar between bacterial
LOV proteins and plant phot. Furthermore, they highlight the
importance of the linker region in determining the inter-

domain interactions in this type of light sensors. Bacterial
LOV proteins, with their variety of effector domains or even
occurring as extended LOV-constructs1 may thus represent
good systems to understand the molecular details of signal
transmission from a LOV-core to domain partners.

Abbreviations

PAS(PerArntSim): Per: period circadian protein, Arnt: Ah
receptor nuclear translocator protein, Sim: single-minded pro-
tein; STAS: Sulfate Transporter/AntiSigma factor antagonist;
LOV: Light, Oxygen and Voltage; PYP: photoactive yellow
protein; W: tryptophan.
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13 A. Losi, E. Ternelli and W. Gärtner, Photochem. Photobiol., 2004,

80, 150–153.
14 N. Guex and M. C. Peitsch, Electrophoresis, 1997, 18, 2714–2723.
15 A. Pedretti, L. Villa and G. Vistoli, J. Mol. Graph. Model., 2002,

21, 47–49.
16 P. R. Gerber and K. Muller, J. Comput. Aid. Mol. Des., 1995, 9,

251–268.
17 P. R. Gerber, J. Comput. Aid. Mol. Des., 1998, 12, 37–51.
18 W. R. P. Scott, P. H. Hunenberger, I. G. Tironi, A. E. Mark, S. R.

Billeter, J. Fennen, A. E. Torda, T. Huber, P. Kruger and W. F.
van Gunsteren, J. Phys. Chem. A, 1999, 103, 3596–3607.

19 B. Rost, G. Yachdav and J. F. Liu, Nucleic Acid Res., 2004, 32,
W321–W326.

20 S. R. Comeau, D. W. Gatchell, S. Vajda and C. J. Camacho,
Bioinformatics, 2004, 20, 45–50.

21 R. W. Hooft, G. Vriend, C. Sander and E. E. Abola,Nature, 1996,
381, 272–272.

22 R. A. Laskowski, M. W. MacArthur, D. S. Moss and J. M.
Thornthon, J. Appl. Crystallogr., 1993, 26, 283–291.

23 C. Colovos and T. O. Yeates, Protein Sci., 1993, 2, 1511–1519.
24 R. Luthy, J. U. Bowie and D. Eisenberg,Nature, 1992, 356, 83–85.
25 P. W. van den Berg, J. Widengren, M. A. Hink, R. Rigler and

A. G. Visser, Spectrochim. Acta A, 2001, 57, 2135–2144.
26 A. S. Ladokhin, in Encyclopedia of Analytical Chemistry, ed. R. A.

Meyers, John Wiley & Sons Ltd, Chichester, 2000, pp. 5762–5779.
27 A. Losi, A. A. Wegener, M. Engelhard, W. Gärtner and S. E.
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The Bacillus subtilis protein YtvA is related to plant phototropins in that it senses UVA–blue-light by
means of the flavin binding LOV domain, linked to a nucleotide-binding STAS domain. The structural
basis for interdomain interactions and functional regulation are not known. Here we report the
conformational analysis of three YtvA constructs, by means of size exclusion chromatography, circular
dichroism (CD) and molecular docking simulations. The isolated YtvA-LOV domain (YLOV, aa
25–126) has a strong tendency to dimerize, prevented in full-length YtvA, but still observed in YLOV
carrying the N-terminal extension (N-YLOV, aa 1–126). The analysis of CD data shows that both the
N-terminal cap and the linker region (aa 127–147) between the LOV and the STAS domain are helical
and that the central b-scaffold is distorted in the LOV domains dimers. The involvement of the central
b-scaffold in dimerization is supported by docking simulation of the YLOV dimer and the importance
of this region is highlighted by light-induced conformational changes, emerging from the CD data
analysis. In YtvA, the b-strand fraction is notably less distorted and distinct light-driven changes in the
loops/turn fraction are detected. The data uncover a common surface for LOV–LOV and intraprotein
interaction, involving the central b-scaffold, and offer hints to investigate the molecular basis of
light-activation and regulation in LOV proteins.

Introduction

B. subtilis YtvA is a blue-light responsive protein (261 aa), carrying
a flavin-binding LOV (light, oxygen, voltage) domain, with LOV
belonging to the PAS (PerArntSim) superfamily.1 The photochem-
ical LOV paradigm has emerged during the last years, thanks
to the discovery and molecular characterization of phototropins
(phot), blue-light receptors for a variety of responses in plants.2–4

Phot are organized in two N-terminal LOV domains (LOV1 and
LOV2, ca. 110 amino acids) and a C-terminally located ser/thr
kinase domain. A self-phosphorylation reaction5,6 is activated by
UVA–blue light illumination of phot, thanks to the activation
the LOV domains that carry a flavin-mononucleotide (FMN)
as chromophore.7 Light activation of LOV domains triggers a
photocycle that involves the reversible formation of a covalent
adduct between a conserved cysteine residue and position C(4a) of
FMN,7–11 formed upon decay of the FMN triplet state.12–14 Despite
the similarities in the light-triggered reactions, the two phot-LOV
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Italy. E-mail: losia@fis.unipr.it
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domains have not the same functional significance, with the self-
phosphorylation reaction being mostly mediated by LOV2,15,16

that also presents a larger quantum yield for the formation of the
covalent adduct.9 The LOV paradigm is configuring as one of the
most conserved among distant phyla, and LOV proteins are now
well documented in eukaryotes and prokaryotes.17,18 In bacteria
they are present in about 15–17% of the sequenced genomes,
and light-induced, phot-like reactions have been demonstrated
for some of them.18–20

Although the mechanistic details of the photochemical FMN–
Cys adduct formation are still under debate (see ref. 19 and
references therein, and ref. 21) the photocycle of LOV domains
is by far the best characterized part of the light-to-signal trans-
duction chain, thanks to the fact that isolated LOV domains
are readily expressed and have been functionally and structurally
analyzed.9,10,22,23 A structure of full-length phot is not yet available
and little is known about the mechanism leading to kinase
activation and on the protein surfaces involved in domain–
domain interactions. Light-driven unfolding of the helical linker
connecting LOV2 and the kinase domain (Ja-linker) has been
recently proposed to trigger the self-phosphorylation reaction,
based on NMR spectroscopy and mutagenesis experiments.24,25

This idea has recently been challenged by the observation that
the Ja-linker is not needed either for LOV2-kinase interaction or
for light-driven phosphorylation of a heterologous substrate.15

In prokaryotes the LOV light-sensing module is coupled to
diverse effector domains, such as kinases (similar to phot), phos-
phodiesterases, response regulators, DNA-binding transcription
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factors, regulators of stress sigma factors.17,18,26 Therefore, besides
the intrinsic interest regarding their structure, function and phys-
iological role, they also represent a powerful tool to understand
fundamental and still open questions in the field of LOV-based
photoperception. (i) Are the light-induced reactions, centered on
the LOV domain, transmitted to effector partners by means of
the same molecular mechanisms, and do LOV domains interact
with partner domains by means of the same protein surface?
In phot1-LOV2 the central b-scaffold has been demonstrated to
participate in interdomain communication, making contact with
the Ja-linker.24,25 A similar process has been observed with phot2-
LOV2.27 (ii) Why only one LOV domain is present in bacterial
LOV proteins, whereas phot possess two of such units organized in
tandem?17,18 The LOV2 domain has a higher photocycle quantum
yield than LOV1,9 and acts as the principal light-sensing domain
triggering phot1 and phot2 kinase activity, whereas LOV1 might
have a regulative role.16 The amino acid sequence of bacterial LOV
domains has in general intermediate characteristics between LOV1
and LOV2.18 (iii) Which factors govern LOV–LOV dimerization,
considered a key feature in PAS-mediated sensing/regulation,28,29

and which is the relevance of it during light sensing? It was
shown by gel filtration chromatography that phot1-LOV1 has a
tendency to dimerize, whereas LOV2 is monomeric.30 This has led
to the suggestion that LOV1 is responsible for phot dimerization,
providing a possible functional role for the tandem organization
of LOV domains in phot.30 By means of pulsed thermal grating
Terazima and coworkers, detected a transient volume increase
(about 1.8 times, with time constant of 300 ls) during light
activation of an extended phot1-LOV2 construct (including an N-
terminal cap and the Ja-linker), and interpreted this phenomenon
as a transient dimerization,31 whose functional significance is not
known. Dimeric states have been detected by means of small-
angle X-ray scattering (SAXS) for the LOV domain of FKF132

and phot LOV1 domains.33 The SAXS experiments showed that
phot1-LOV2 is a dimer (in contrast with ref. 30 and 31) whereas
phot2-LOV2 is monomeric.33 The LOV domain of WC-1 from
Neurospora has also been shown to homodimerize in vitro.34

In this work we have investigated three different constructs of
YtvA, in order to partially address these problems. In YtvA the
LOV domain is linked to a C-terminal STAS domain (sulfate
transporters antisigma-factor antagonists).35 This architecture is
conserved in LOV proteins form other Firmicutes, e.g. in Listeria
and Oceanobacillus genera.18 Recent work has shown that YtvA is
a positive regulator in the environmental signaling pathway that
activates the general stress factor rB36,37 and, most importantly,
that the cysteine involved in the photoadduct formation is needed
for its in vivo function,37 in turn regulated by blue-light activation.38

These last two recent studies allow to regard Ytva as a real flavin-
based blue-light photoreceptor in B. subtilis, not only a blue-light
sensitive protein. The STAS is thought to be the effector domain of
YtvA, although little is known of its molecular functionality, with
the exception that it confers to YtvA the ability to bind GTP and
ATP,39 in analogy with another STAS protein.40 The constructs
that we used are the LOV core (YLOV, aa 25–126), the N-YLOV
comprising also the first 24 aa (aa 1–126) and the full-length
protein YtvA. We applied gel filtration chromatography to detect
possible dimers and circular dichroism spectroscopy for secondary
structure determination, improving the data analysis with respect
to previous work.41 The data uncover a common surface for YLOV

homodimerization and interdomain interactions, and corroborate
a molecular model of the YLOV dimer obtained by docking
simulations. Similarities and differences with phot-LOV domains
are discussed.

Experimental

Protein samples and chemicals

For the N-YLOV protein, the DNA sequence encoding LOV
core + N-terminal cap (aa 1–126 of the full protein) was amplified
by PCR (Polymerase Chain Reaction). The recombinant plasmid
of full-length YtvA in (pET28a) was used as template, the primers
were:

5′-CAGCCATATGGCTAGTTTTCAATCATT (forward)
5′-TATTACTCGAGTTAGGTGATATCATTCTGAATTC

(reverse)
Platinum R© Taq DNA Polymerase (Invitrogen, Karlsruhe,

Germany) was used for the PCR. PCR product, digested with
NdeI/XhoI (NEB, Ipswich, UK), was ligated into the expression
vector pET28a (Novagen-Merck, Darmstadt, Germany), which
was digested with the same restriction enzymes. An N-terminal
extension, including the 6×His-tag (sequence: MGSSHHHH-
HHSSGLVPRGSH) was furnished, in the same way as for YtvA
and YLOV. For the details of full-length His-tagged YtvA and its
isolated LOV core (YLOV) generation, see previous reports.19,42

The His-tagged proteins were expressed in E. coli BL21 DE3
(Stratagene, Amsterdam, The Netherlands) using IPTG (BioMol,
Hamburg, Germany) induction. The proteins were then purified
by affinity chromatography on Talon (Qiagen, Hilden, Germany)
and finally concentrated in Na-phosphate buffer 10 mM, NaCl
10 mM, pH = 8.

Chromatography

Gel filtration chromatography experiments were performed on
a Pharmacia FPLC apparatus, using a Superdex 75 HR 10/30
column (Amersham Biosciences), equilibrated with Na-phosphate
10 mM, pH = 8, NaCl = 0.15 M. A calibration curve was made
using bovine serum albumin (69 kDa), ovalbumin (42.7 kDa), a-
chymotrypsin (25 kDa), myoglobin (16.9 kDa) and ribonuclease
(13.7 kDa) (low Mw calibration kit, Amersham Biosciences).
YtvA, YLOV and N-YLOV were loaded on the column at a
concentration between 1 and 50 lM, to give a final concentration
ranging from 0.05 to 2.5 lM at the detection peak, due to dilution
through the column.

Circular dichroism spectroscopy and data analysis

Circular dichroism (CD) experiments were carried out using a
Jasco J715 spectropolarimeter, calibrated with ammonium d-10-
camporsulfonic acid. The measurements were carried out in the
far-UV spectral region (195–240 nm) at a temperature of 20 ◦C
and the buffer background was always subtracted. The optical
pathlength was 0.2 cm. Protein concentration was estimated from
the absorption coefficient at 220 nm, eYTVA

220 = 492800 M−1 cm−1,
eYLOV

220 = 223900 M−1 cm−1 and eN−YLOV
220 = 267900 M−1 cm−1,

calculated by comparison with eFMN
447 = 12500 M−1 cm−1, in a 1 : 1

protein to chromophore ratio (vide infra). The corresponding value
for FMN is eFMN

220 = 34500 M−1 cm−1, thus introducing a negligible
error also in case that some apoprotein is present. The mean
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residue ellipticity HMRW was calculated from the concentration
of residues, c, (281 aa for YtvA, 122 aa for YLOV and 146
aa for N-YLOV, including the tag, according to the formula
HMRW = Hobs/(10 × cl), where c is in mol liter−1, l = 0.2 cm
and Hobs is in mdeg and HMRW in deg cm2 dmol−1. Typically,
the protein concentration was in the lM range and c = 10−6 ×
281 = 2.8 × 10−4 mol liter−1 for YtvA, c = 10−6 × 122 =
1.2 × 10−4 mol liter−1 for YLOV and c = 10−6 × 146 = 1.4 ×
10−4 mol liter−1 for N-YLOV. Prediction of secondary structure
composition was performed using the convex constraint analysis
(CCA) algorithm,43,44 and an extended curves dataset comprising
46 protein spectra.45 In CCA, the sum of the fractional weights
of each component spectrum is constrained to be 1. In addition,
a constraint-called volume minimization is defined which allows
a finite number of component curves to be extracted from a set
of spectra without relying on spectral nodes. CCA does not use
X-ray crystallographic data in the deconvolution procedure. Once
the basis curves are obtained, they must be assigned to specific
secondary structures. The secondary structure was also predicted
from the amino acid sequence by means of bioinformatic tools,
using the consensus secondary structure prediction method at the
Pôle Bioinformatique Lyonnais.46

Docking simulation, evaluation of complexes and model validation

Docking simulations of the YLOV dimer were carried out at
the ClusPro Server,47 using the DOT 1.048 and ZDOCK v.
2.349 programmes, employing the previously published YLOV
structural model (PDB databank accession code 1IUM).19 The
ClusPro docking algorithm evaluates billions of putative com-
plexes, retaining a preset number with favourable surface com-
plementarities. A filtering method is then applied to this set of
structures, selecting those with good electrostatic and desolvation
free energies for further clustering. Evaluation of the ClusPro
predicted complexes was carried out using the VADAR tool,50

which calculates multi-chain parameters such as the accessible
surface area and the percentage of accessible hydrophobic side
chains. The quality of the ClusPro predicted YLOV dimer model
was verified by using the protein structure analysis and valida-
tion server (SAVS) of the NIH MBI Laboratory for Structural
Genomics and Proteomics at the University of California, Los
Angeles (UCLA) (http://nihserver.mbi.ucla.edu/SAVS/) that
implements the programs PROCHECK,51 WHAT_CHECK,52

ERRAT,53 VERIFY_3D,54 and PROVE.55 Additionaly, PPI-
Pred56 and the computational interface alanine scanning tool at
the Robetta server57 were used to predict the dimerization interface
of the YLOV-monomer and of the YLOV dimers respectively.

Results and discussion

Gel filtration chromatography

The elution profile of YLOV (Fig. 1) reveals that the majority of
the protein is present in a state having Mw = 36.44 kDa, namely
2.63 times larger than the theoretical Mw (13.81 kDa, considering
also the 20 aa at the N-terminal His-tag). This suggests a dimeric
state that deviates from a spherical shape, as previously reported
for other LOV domains.30,32,33 Traces of a globular monomer are
observable in some preparations, as well as a small fraction of a

Fig. 1 Elution profiles of the YLOV (dashed line) and N-YLOV (full line)
domains of YtvA. The main peaks correspond to Mw = 2.6 × MwYLOV and
Mw = 2.1 × MwN-YLOV, respectively.

larger aggregate, most probably a trimer, with Mw = 51.97 kDa.
Light activation does not appreciably affect the elution profile of
YLOV. N-YLOV is also mostly present in a dimeric state, with
apparent Mw = 34.00 kDa, 2.06 times larger than the theoretical
Mw (16.54 kDa, again including the His-tag). For N-YLOV the
shape of the dimer is therefore approximately spherical.

The full-length protein YtvA presents a larger heterogeneity
and the elution profile is different among different preparations
(Fig. 2). Up to three peaks can be identified, with peak 1 resulting
in Mw = 72.85 kDa, peak 2 with Mw = 48.39 kDa and peak 3
with Mw = 35.07 kDa. The theoretical Mw of YtvA is 31.36 kDa,
therefore we can assign the three peaks to a dimeric state (peak
1), an elongated monomer (peak 2, Mw = 1.56 × MwYtvA) and a
spherical monomer (peak 3, Mw = 1.12 × MwYtvA). Peak 2 (elon-
gated monomer) represents in all YtvA preparations observed

Fig. 2 Elution profile of 2 different YtvA preparations. Peak 1 corre-
sponds to Mw = 2.32 × MwYtvA (MwYtvA = 31.36 kDa); peak 2 corresponds
to Mw = 1.56 × MwYtvA; peak 3 corresponds to Mw = 1.12 × MwYtvA.
A. YtvA : FMN = 1 : 1 (no apoprotein). B. YtvA : FMN ≈ 2 : 1 (apoprotein
is present).
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(nine in total) the predominant protein fraction. Peaks 1 and 3 are
more evident in preparations that contain considerable amount
of apoprotein (without the flavin chromophore). Nevertheless,
even in these cases, the flavin chromophore is present in all three
fractions, as proven by detection at 390 nm (data not shown).
Again light activation does not result in appreciable changes in
the elution profile. For the three protein constructs, the elution
profile is not affected by concentration, in the low range employed
here (0.05–2.5 lM).

As a whole, the gel filtration experiments show that the LOV
domain of YtvA has a strong tendency to dimerize in solution
that is not hindered by the N-terminal cap. Dimerization is instead
prevented by the presence of the C-terminal domain of the protein,
pointing to the fact that the LOV core employs the same surface
(partially or totally) for homodimerization and for interdomain
interactions.

Circular dichroism spectroscopy

The UV-CD spectra for the three analyzed constructs of YtvA,
in the dark adapted state, are shown in Fig. 3. The mean residue
ellipticity, HMRW, was calculated as explained in the experimental
section. The spectra shown are an average of all measurements (5
sets of measurements with 2 different preparations for YLOV; 4
sets of measurements with 2 different preparations for N-YLOV;
11 sets of measurements, 9 different preparations for YtvA), but
each single spectral output was analyzed separately using the CCA
algorithm.

Fig. 3 CD spectra in the UV region for (A) the YLOV (dashed line) and
N-YLOV (full line) domains and (B) full-length YtvA, in the dark adapted
state.

A critical step during CCA analysis of CD data, is the
assignment of the component curves (Fig. 4) to specific secondary
structures. In the literature there is a large agreement about the
CD spectrum of regular a-helices and unordered polypeptides

Fig. 4 The 5 component curves as extracted from the CCA analysis. The
assignment is as follows: I, a-helix, II, unordered structures, III, turns
and other structures, IV, distorted/twisted b-strands/parallel b-sheet, V,
antiparallel b-sheet (see text for details).

(random coil, RC) that can be assigned to curve I and II
respectively (ref. 58 and 59and references therein).

Curve V was assigned to the turn fraction60 and the b-structures
were assigned to curve IV + V, whose sum is similar to the curve
corresponding to b-strands in Matsuo et al.60 Based on the fact
that distorted/twisted b-sheets present a strong positive band in
the 190–220 region,61 curve IV is assumed to include this fraction.
Furthermore, the antiparallel b-sheet has three allowed transitions
(the pp* transition is splitted),62,63 whereas the parallel b-sheet has
two; therefore, we assigned curve V to the regular antiparallel b-
sheet and curve IV to twisted + parallel b-sheet. Curve IV may
also receive contributions from turn structures, in that different
type of turns have very different CD spectra.44,64,65 The results of
the CCA analysis, with the curve assignment as discussed above,
are reported in Table 1, both for the dark and light-adapted state.

To test the quality/reliability of our component assignment, we
made a prediction of secondary structure composition based on
the three dimensional models of the LOV and STAS domains19,39

and on the consensus method for the remaining parts of the
protein.46 The N-cap and the linker region are predicted to be
largely helical, whereas the His-tag (20 aa in length) is, as expected,
predicted to be unordered (Table 2).

The comparison with CD data is very good in the case of the
helical fraction, although for YtvA the statistical error associated
with this component is quite large. This may be due to the
variability in the preparations, and/or to the fact that component
I and V are in some cases difficult to separate (see Fig. 4 and
Table 1). The results confirm that the N-cap and the linker region
are mostly helical. For full-length YtvA also the turn/loops
and b-strands predicted fractions match the sum of component
II + III and IV + V, respectively, within the experimental error,
(Table 2), supporting our curve assignment. In the case of LOV
and, particularly, N-LOV, the fraction of b-strands is smaller than
expected, to the advantage of the RC/turns/others component.
Furthermore, LOV domains do not contain parallel b-sheets19,22,23

and the large percentage associated to component IV has to be
assigned to the distortion/twisting of the central, antiparallel b-
scaffold. This is in contrast with YtvA, for which the number of
aa associated to component IV, can be readily explained with
the presence of four parallel b-strands localized on the STAS
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Table 1 Results of the CCA analysis on CD spectra

LOVa (122 aa)b (%) N-LOVa (147 aa)b (%) YtvAa (281 aa)b (%)

Secondary structure Dark Light Dark Light Dark Light

I, a-Helix 16.9 ± 2.7 19.5 ± 5.8 24.9 ± 2.4 27.3 ± 0.9 30.9 ± 4.7 32.0 ± 6.5
(21 ± 3) (24 ± 7) (37 ± 4) (40 ± 1) (87 ± 13) (90 ± 18)

II, RC 23.9 ± 4.1 22.8 ± 3.9 24.9 ± 0.9 23.6 ± 0.9 22.4 ± 1.0 21.7 ± 3.5
(29 ± 5) (28 ± 5) (37 ± 1) (35 ± 1) (63 ± 3) (61 ± 10)

III, b-Turns/others 27.9 ± 1.1 28.8 ± 2.3 27.5 ± 1.0 28.3 ± 1.5 16.8 ± 3.6 18.7 ± 3.5
(34 ± 1) (35 ± 3) (40 ± 1) (42 ± 2) (47 ± 10) (52 ± 10)

IV, b-Twisted/b-parallel 14.7 ± 1.6 18.6 ± 1.0 12.1 ± 1.6 15.9 ± 0.9 9.9 ± 4.1 11.0 ± 3.7
(18 ± 2) (23 ± 1) (18 ± 2) (23 ± 1) (28 ± 11) (31 ± 10)

V, b-Antiparallel 16.2 ± 4.1 10.2 ± 4.7 10.6 ± 3.4 4.9 ± 2.1 19.9 ± 5.6 16.6 ± 5.8
(20 ± 5) (12 ± 6) (15 ± 5) (7 ± 3) (56 ± 16) (47 ± 16)〈

n∑
i=1

[ yi − f (k)]2

〉
c 1.9 ± 0.4 3.6 ± 2.9 2.2 ± 1.8 2.1 ± 0.7 6.2 ± 2.8 5.2 ± 2.3

a The statistical error is the standard deviation and comes from 5 sets of measurements on 2 different preparations for LOV, 4 sets of measurements on 2
different preparations for N-LOV, 11 sets of measurements, and 9 different preparations for YtvA. b The number of aa is given in parentheses, below the
percentage, together with the statistical error. c Average squared error, where yi = experimental curve, f (k) = fitting curve.

Table 2 Comparison between expected and CD-derived secondary structure composition

YtvA segments Helices Turns/loops b-Strands
Number of aa Number of aa Numberof aa

His-Taga — 20 —
N-Cap1–24

a 10 13 1
LOV25–126

b 24 36 42
Linker127–146

a 18 2 —
STAS147–254

b 36 41 31
C-End255–261

a 2 4 1
YtvAc 90 116 75
N-LOVc 34 69 43
LOVc 24 56 42

CCA analysis—dark state a-Helix RC/turns/others b-Strands
YtvA 87 ± 13 110 ± 9 84 ± 17
N-LOV 37 ± 4 77 ± 1 33 ± 5
LOV 21 ± 3 63 ± 4 38 ± 5

a Consensus secondary structure prediction at the Pôle Bioinformatique Lyonnais server.46 b Structural homology models of the LOV core19 and of the
STAS domain.39 c Predicted number of aa for each of the constructs analyzed.

domain and a modest distortion of the overall b-fraction.39 These
observations suggest that dimerization in YLOV and N-YLOV
markedly affects the central b-sheet of the LOV core (see the
docking section).

Inspection of Table 1 and of the light − dark difference spectra
(Fig. 5) shows that light activation of the three analyzed constructs
does not result in large secondary structure conformational
changes, as previously noticed for full-length YtvA.41 A further
distortion of the central b-sheet is induced in YLOV and N-YLOV,
and the difference spectra are very similar for the two proteins.

Light-induced changes of the central b-sheet have been recently
demonstrated with low temperature Fourier transformed infra-
red spectroscopy (FTIR) also for phy3-LOV2.66 The CD light-
difference spectrum of phot1-LOV2 was interpreted as a loss
of helical structure, but without the support of a detailed data
analysis.67

In full-length YtvA there is still a perturbation of the b-fraction,
but a distinct change in the turn fraction (positive shoulder at
ca. 230 nm in Fig. 5), missing in YLOV and N-YLOV. The
determinations are affected by a large error, but confirmed by
previous data as obtained with FTIR, that show a distinct

Fig. 5 Light − dark plots of the mean residue ellipticity HMRW for YtvA
(squares + line), LOV (circles + line) and N-LOV (full line), calculated
from the average CD spectra (see Fig. 1 and Table 1).

difference between YtvA and YLOV in the light-induced changes
of the turns fraction (around 1700 cm−1).68 These results could be
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interpreted as a conformational change transmitted from the LOV
core to the STAS domain, but actually we have no hint to localize
precisely the position of the altered turn fraction, that could even
be on the LOV domain itself and its changes being not detectable
in the LOV dimers. Temperature-dependent FTIR experiments
show indeed that changes in the turn fraction occur before the
conformational alterations of the b-sheet in phy3-LOV2, the latter
changes only detectable at room temperature.66 In this view, the
light-induced conformational changes could reach the b-scaffold
only in the YLOV and N-YLOV dimers and be limited by the
presence of the second domain, so that the changes on the turn
fraction can persist during the lifetime of the adduct in YtvA.

The YLOV–YLOV dimer

The ClusPro best ranked model (ZDOCK generated) is shown in
Fig. 6. A very similar model is ranked at the first position by using
the DOT docking software (not shown).

The evaluation of the complexes performed with the VADAR
tool,50 reveals that this model has a quite large buried surface area
as well as a high percentage of buried hydrophobic side-chains
(33.76%) (see electronic supplementary information, ESI†). This
feature would favour dimerization in an aqueous environment, and
agrees with the fact that YLOV is a stable dimer in solution, even
at very low concentrations. The quality of the model, evaluated
at the SAVS server (http://nihserver.mbi.ucla.edu/SAVS/) was
as an overall good, with 84.1% of residues in most favoured
regions, 12.5% of residues in additionally allowed region, 2.3% of
residues in generously allowed regions and only 1.1% of residues
in disallowed regions of the Ramachandran plot. The Verify-
3D54 score (96.1) and the Errat-quality factor53 (98.9) were very
high, both indicative of a reasonable and good resolved model-
structure. Finally, the dimerization surface predicted with PPI-
Pred56 and Robetta,57 identified high scoring regions for YLOV–
YLOV interactions within Ab, Bb, Hb and Ib strands and the
Hb–Ib loop (Fig. 6).

In the dimer models of Fig. 6, the two YLOV domains face each
other with the central b-sheet, presenting an antiparallel mirror
symmetry. The interface is mostly stabilized by hydrophobic
interactions. This feature is not in common with phy3-LOV2,
where a bunch of charged/polar amino acids forms an extended
HB (hydrogen bonds) network with the corresponding residues
on the second monomer, centered around His1011, Gln1013
(Hb) and Asp1017 (Hb–Ib loop). Interestingly, His1011 and
Gln1013 of LOV2 domains (Thr and A/T respectively on LOV1
domains), and this feature may account for the fact that LOV1
has a stronger tendency to dimerize than LOV2 in an aqueous
environment.30 Although the dimerization of phy3-LOV2 and the
specific orientation of the two monomers may be an artifact of
crystallization, a complex very similar to the phy3-LOV dimer is
readily obtained by the docking algorithm (not shown) and the
residues at the interface are part of the hot spots predicted by PPI-
Pred and Robetta (Fig. 6). We note that for YLOV, complexes with
similar orientation as phy3-LOV are also detected by the ClusPro
docking algorithm (cluster 2 and 8 in the DOT output and cluster
10 in the ZDOCK output, see ESI†). Our choice of the model in
Fig. 6 (cluster 1 for both DOT and ZDOCK outputs) is based
on the ClusPro ranking, on the high surface complementarity
and interactions symmetry, and on the presence of a cluster of
hydrophobic amino acids at the interface, that nicely accounts for
the stability of the dimer in solution.

The antiparallel mirror symmetry and the interface observed
in our YLOV–YLOV model and in the phy3-LOV dimer is very
similar to the one reported for homo and heterodimers of the
ARNT PAS-B domain in solution69 and in dimers of the heme-
binding PAS domain of E. coli Dos (EcDos)70 and R. meliloti
FIXL (RmFIXL).71 An antiparallel mirror symmetry has also
been suggested for the LOV–LOV dimer of the FKF1 protein
and for phot-LOV1 on the basis of small-angle X-ray scattering
experiments, although in that case the authors favoured a different
model for the complex, where the two LOV domains do not face
each other via the central b-sheet.32,33

Fig. 6 (A) The YLOV dimer model (see text for details). (B) The phy3-LOV2 dimer in the crystal unit cell (PDB accession code 1G28, chains a,c).22

(C) Residues at the dimer interface (within 4 Å, shadowed), mapped on the sequence of YLOV and phy3-LOV2. For comparison the interaction hot-spots
predicted by PPI-Pred56 (in bold) and by Robetta57 are also shown (in bold and underlined). Arrows indicate the residues interacting with FMN in
phy3-LOV2. Secondary structure elements are shown below the phy3-LOV2/YLOV alignment and indicated with conventional letters. E = strands, H =
helices, C = unordered. The nomenclature of the secondary structure elements is after Harper et al.24
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The model as in Fig. 6 not only corresponds to the best qual-
ity/validation parameters, but also agrees with the observations
that in YLOV the b-scaffold is distorted/twisted within the dimer,
as indicated by the CD data. With this respect we have to remind
that the docking simulation requires that the partners within the
complex are kept rigid, a feature that may not be verified in the
real complex, as again suggested by the distortion of the b-scaffold.
Therefore, the model structure reported in Fig. 6 has to be taken
with care and, albeit probably qualitatively correct, may not match
the solution dimer-structure as far as the details are concerned.

In the structure of EcDos and RmFIXL PAS domains, the
dimers are further stabilized by the helical N-cap and the dimers
retain an elongated shape.70,71 In the case of N-YLOV, although the
N-cap is helical (from CD data), the dimer is instead approximately
spherical (gel filtration). This observation, together with low
similarity to the corresponding sequences in EcDos and RmFIXL,
does not allow to build a reliable model of the N-cap in YLOV
and of its orientation with respect to LOV core.

Similar considerations apply to a structural model of the
full-length protein. The LOV-STAS linker region is predicted
to be helical and CD data confirm the prediction (see above),
nevertheless we cannot safely state that it assumes an orientation
similar to that in phot1-LOV2, namely underneath the central b-
scaffold of the LOV core,24 because of low sequence similarity.
The amino acid sequence of YtvA Ja-linker is much more similar
to the C-terminal extension of the heme binding PAS domain of
FIXL from B. japonicum, actually protruding outside the PAS
core.72 Although this might be, in the latter case, an artifact of
crystallization (in the absence of the associated kinase domain),
such orientation of the Ja-linker cannot be excluded. This would
imply a direct interaction of the STAS domain with the LOV
core, competing with the dimerization surface, different to the
structural features proposed for phot as a basis for the self-
phosphorylation reaction.24 We must also consider that alternative
complex conformations may exist: the linker is not needed for the
activation of the kinase activity in phot2 towards a substrate, a
reaction carried out via direct interaction between the separately
expressed LOV2 and kinase domains.15 As a whole we still have
too little structural and functional information about the N-cap
and Ja-linker to build a reliable model of full-length YtvA. In
order to gain further structural information, e.g., orientation of
the helical linker with respect to the LOV core and its relevance in
the LOV-STAS interaction, we are designing separated constructs
for the STAS domain and the LOV core furnished with the linker
region.

We wish to point out that with CD experiments we can only
see modifications in the secondary structure elements, but protein
movements could occur without large conformational changes
of the secondary structure. Furthermore our experiments are
not time resolved, therefore we cannot detect transient structural
changes occurring within the time-scale for the formation of the
adduct (ca. 2 ls).19Another problem is represented by the fact
that we are working with a system that only partially resembles
physiological conditions. In fact, from a very recent paper we know
that YtvA functions within a large macromolecular complex,
about which we presently do not have any structural information.37

Some hints about the way the STAS domain is activated may
come from our recent experiments showing that YtvA binds
Nucleotide TriPhosphate (NTP = GTP, ATP)39 and that light-

induced conformational changes are transmitted from the LOV-
core to the NTP binding cavity on the STAS domain.39These
changes are very small and certainly do not imply large structural
changes in YtvA, but may have a larger significance within the
macromolecular complex mentioned above.

Conclusions

In this work we have investigated the conformation of YtvA
in solution. The analysis of CD spectra by means of the CCA
algorithm and curve assignment has been improved with respect
to previous work and can be now reliably employed to determine
the secondary structural composition of LOV proteins. The LOV
domain of YtvA has been proven to be an elongated dimer,
stabilized by interactions that involve the b-scaffold, for which
we have modelled a structure that agrees with experimental data
and bioinformatic analysis. In the N-YLOV construct, the helical
N-terminal cap is expected to participate in dimerization, although
we could not model the complex due to lack of information about
the orientation of this segment. In the full-length protein YtvA,
dimerization appears only in case that apoprotein is present, most
probably with the formation of heterodimers (apoprotein/FMN-
bound YtvA). The data strongly suggest that the b-scaffold is
involved both in YLOV dimerization and intraprotein interactions
with the linker and/or STAS domain, confirming that this region
is a good candidate as a surface responsible for signal transmission
to the effector domains in LOV proteins. This latter aspect
highlights a sharp similarity with phot-LOV2,24 but the missing
light-driven unfolding of the Ja-linker also points to a distinct
difference between phot and YtvA, in the way the effector domain
is activated. Furthermore, the data presented here suggest that
dimerization of LOV domains might play an important regulative
role by competing with domain–domain interactions and should
be thoroughly investigated.
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Pseudomonas putida KT2440, a typical saprotrophic bacterium, bears two genes encoding for LOV-proteins, 
PpSB1-LOV and PbSB2-LOV, both harbouring a LOV-core with N- and C-terminal flanking regions and 
lacking a fused effector domain. For PpSB2-LOV we have previously demonstrated the occurrence of a 
typical LOV-photocycle. Here we present the spectroscopic characterization of PpSB1-LOV and show that 
the two proteins, although they are very similar in sequence, exhibit dramatically different dark recovery 
kinetics. This study was addressed to identify potential signaling pathways of the two LOV-domain proteins, 
and, more generally, the effects of blue light irradiation on the physiological behaviour of P. putida. 
Bioinformatic analysis of the genome proximity for PpSB1-LOV and PpSB2-LOV, revealed a clustering of 
genes encoding for proteins involved in the iron-starvation response, prompting us to investigate a possible 
blue-light regulation of this process. We detected under blue-light and iron starvation conditions an 
approximately 2-fold increase in the production of the iron-siderophore pyoverdine with respect to cells kept 
in the dark or under green or red light. Furthermore, growth of P. putida cells under blue light irradiation or 
in darkness (control) gave first evidence that blue light might have a stimulating effect on biofilm formation. 
The blue-light sensitivity and the in silico analysis suggest that the two LOV proteins are involved in these 
processes. Due to the conservation of similar LOV photosensor modules in several saprotrophic 
Pseudomonads, we anticipate functionally conserved blue-light responses and signaling processes among this 
group of organisms.  
 

Introduction 
One of the most ancient environmental stimuli and/or 
energy source that all organisms, even before the advent 
of oxygen in the primordial atmosphere some 2.3 billion 
years ago1, encountered or relied on, was the light 
emitted by the sun. On the other hand, in particular the 
short wavelength region of the overall incoming 
radiation, i.e., the UV- and blue-light range can cause 
deleterious effects in all living beings by: i) directly 
causing cellular damage on proteins and DNA due to 
direct photon absorption and excited state formation in 
the affected molecular structures and cellular 
compartments (UV-light)2 and ii) by the excitation of 
endo- and exogenous photosensitizing molecules such 
as porphyrins and flavins, to their corresponding triplet-
states3, 4. Those excited photosensitizers can 
subsequently induce the formation of free radicals (by 
electron transfer and proton abstraction, Type I 
photosensitization) and/or energy transfer to a 
secondary acceptor (e.g. O2)(Type II). In aerobic 
environments both Type I and Type II reactions 
effectively generate reactive oxygen species (ROS) 
among which singlet oxygen is one of the most 
powerful known oxidant agents5. 
 
 
_________________________________________________________________________ 
a Institut für Molekulare Enzymtechnologie, Heinrich-Heine Universität 
Düsseldorf, Forschungszentrum Jülich, D-52426 Jülich, Germany;  
E-mail: u.krauss@fz-juelich.de 
b Department of Physics, University of Parma, via G.P. Usberti 7/A,, 
43100-Parma, Italy 
cCNR-INFM, Parma, Italy 
dEVOcatal GmbH, Merowingerplatz 1a, D-40225 Düsseldorf, Germany 
eMax-Planck-Institute for Bioinorganic Chemistry, Stiftstraße 34-36, D-
45470 Mülheim an der Ruhr, Germany 
 

 
ROS are known to cause damage in a wide range of 
cellular tissues and organs3 It is thus not surprising that 
many living beings have developed mechanisms to i) 
either utilize the incoming radiation efficiently by 
employing phototropism as in case of the plants6 or 
positive phototaxis as in case of microbes7, to optimize 
the photosynthetic / phototrophic processes, ii) employ 
mechanisms to repair the caused damage (e.g., by the 
action of DNA photolyases)8 or  iii) to avoid high light 
exposure by negative phototaxis or photophobic 
responses7. All these three processes are dependent on 
the ability of the organisms to sense the source of 
radiation and optimally integrate physical parameters 
such as wavelength, intensity and duration to produce a 
balanced physiological response. For this purpose many 
organisms are equipped with a variety of photoreceptors 
that rely on the binding of a light sensitive chromophore 
to “detect” a specific wavelength range of the visible 
light. Currently six different photoreceptor families that 
are widespread in pro-and eukaryotes are distinguished: 
The red/far-red sensing phytochromes9, 10, sensory 
rhodopsins11, 12, xanthopsins13 as well as the blue-light 
sensing flavin-binding photoreceptors of the 
cryptochrome14-, the BLUF- (blue-light sensing using 
FAD)15 and LOV- (light, oxygen, voltage) families16-18.  
One of the most widely distributed class of flavin-
binding photoreceptors seems to be the LOV family17.  
The best characterized LOV domain-containing 
photoreceptors are the plant phototropins that contain 
invariably two LOV domains (LOV1 and LOV2), 
coupled to a serine threonine kinase, which is 
autophosphorylated upon blue-light exposure6. 
Phototropins (phot1 and phot2) were initially identified 
as the primary photoreceptors that mediate blue-light 
dependent plant phototropism19. However, it became 



 

soon apparent that they control also other blue-light 
dependent phenomena such as chloroplast movement, 
leaf expansion, and stomata opening20. Likewise, in the 
green algae Chlamydomonas reinhardtii, phot is instead 
involved in the control of multiple steps in the sexual 
life cycle21.  
Due to an increasing number of biophysical and 
structural studies, the reaction mechanisms, by which 
LOV domains sense and react to blue-light are well 
understood. Furthermore, it became clear that the LOV 
photochemistry is conserved between eu- and 
prokaryotic taxa: photon absorption by the FMN 
molecule that is bound non-covalently in LOV domain 
dark state (LOV447), excites the FMN molecule on a 
ps- time scale22 to its excited triplet-state   
3[FMN](LOV660). The signaling state (LOV390) 
formation occurs via the decay of the LOV660, typically 
with a lifetime of 1-2μs23, 24. LOV390 contains a FMN-
cysteine (C4a) -thiol adduct25-27, and the only amino 
acid residue indispensable for the adduct formation is a 
cysteine residue located in a sequence motif 
(GXNCRFLQG) conserved among the majority of LOV 
domains. The signaling state LOV390 is the longest 
living species of the LOV photocycle and thermally 
reconverts in the dark to the ground state within minutes 
to hours for plant and bacterial LOV domains28-32. This 
recovery can take up to several days, as reported for the 
LOV domain of the Flavin-Binding-Kelch-Repeat F-box 
protein (FKF1) of Arabidopsis 31.   
The first prokaryotic LOV domain-containing protein, 
biochemically and biophysically characterized was the 
Bacillus subtilis YtvA protein30. Subsequently, LOV 
domain homologous sequences were identified in a 
variety of photosynthetic and non-photosynthetic 
prokaryotes. Consequently, photochemical studies on 
various prokaryotic LOV-proteins were conducted. Data 
is now available for LOV-proteins from  B. subtilis30, P. 
putida28, Caulobacter crescentus29, a (filamentous) 
cyanobacterium Anabaena sp. PCC 712033 and very 
recently also for a hybrid LOV-histidine kinase (LOV-
HK-RR, whereas, RR stands for response regulator that 
C-terminally to the kinase) from Pseudomonas syringae 
pv. tomato34, 35, a LOV-HK from the marine phototroph 
Erythrobacter litoralis and LOV-HKs from the 
intracellular animal/human pathogens Brucella abortus 
and Brucella melitensis35.  However, their physiological 
importance, especially in non-photosynthetic soil 
microorganisms such as B. subtilis and P. putida is in 
most cases poorly understood. 
Only recently, evidence was provided that YtvA 
mediates blue-light dependent physiological responses 
in B. subtilis. Gaidenko and co-workers were able to 
demonstrate that YtvA is part of large environmental-
signaling complex that controls or modulates the 
activation of the B. subtilis general stress transcription 
factor �B 36 and that the cysteine62, substrate in the 
YtvA photocycle, is required for the biological response 
in vivo36, 37. Furthermore, it was shown by Avila-Perez 
and colleagues that the activation of the B. subtilis 
general stress response (governed by �B) is directly 
modulated by blue-light due to the action of YtvA38. 
Very recently, Swartz and co-workers were able to 
demonstrate that for the intracellular animal pathogen  
B. abortus, efficient cell-replication in its host and 

hence virulence is strongly stimulated by blue-light35, 
and moreover, that the organisms LOV-HK is mediating 
this response.  
Therefore, a few years after the identification of LOV 
domains in the plant phototropins, experimental 
evidence is brought forward that proves the functional 
conservation of the LOV paradigm between the pro- and 
eukaryotic domains of life. Nevertheless, the available 
information is still scarce compared to some plant LOV 
signaling systems (e.g., the circadian photoreceptors of 
the ZEITLUPE-LOV family39), for which detailed 
physiological responses but also signaling/regulatory 
cascades are described40, 41.  
 
We reported recently the photochemical and 
biochemical characterization of a LOV blue-light 
signaling module (termed PpSB2-LOV)28, identified in 
the plant-root colonizing proteobacterium P. putida 
KT244042. Here we present evidence that the same 
microorganism possesses a second LOV-protein (termed 
PpSB1-LOV), with a very similar sequence to PpSB2-
LOV, but with a significantly different photochemical 
behavior with respect to dark state recovery kinetics. 
Based on bioinformatic analysis and initial 
physiological studies using P. putida KT2440, we 
demonstrate the influence of blue-light in the iron-
starvation / stationary phase response in this organism, 
which implies the action of (a) blue-light receptor(s) 
and hence suggest a possible role for the two LOV 
photoreceptor proteins. Furthermore, the conservation of 
the LOV-protein containing gene-clusters among 
several saprotrophic (here root-colonizing) 
Pseudomonads suggests a conserved functional role for 
blue-light signaling in those organisms. 
 

Experimental 
 
Bioinformatic analysis. 
Annotated sequences of the genome regions of 
Pseudomonas strains, for which BLAST analyses had 
suggested the presence of LOV domain containing 
sensory box proteins (either PpSB1-LOV and/or PpSB2-
LOV-like), were obtained from the Genebank database 
at the National Center for Biotechnology Information 
(NCBI)   (www.ncbi.nlm.nih.gov). 
Those Pseudomonas genome regions, were manually 
inspected for the conservation of operon-like structures 
or a clustering of certain functional proteins in the 
vicinity of the respective LOV-protein.  
Amino acid sequence alignments were performed using 
the AlignX tool of the Vector-NTI software package 
(Invitrogen, Carlsbad, CA, USA). Alignments were 
visualized and edited using the alignment editor 
Genedoc43 and pairwise sequence identities were 
derived using the same tool. The Genome proximity for 
the two sensory box proteins (PpSB1-LOV and PpSB2-
LOV) of P. putida KT2440 was compared using the 
PutidaList server of the Institute Pasteur 
(http://bioinfo.hku.hk/GenoList/index.pl?database=putid
alist). Phylogenetic analyses were performed using 
either PhyML44, MultiPhyl45 or IQPNNI46. Bootstrapped 
Maximum-Likelihood trees with 100 replicates for each 



 

run were generated using the PhyML-Server 
(http://atgc.lirmm.fr/phyml/) and the MultiPhyl-server 
(http://distributed.cs.nuim.ie/multiphyl.php), 
respectively. 
Next-Neighbour Interchange and Subtree Pruning and 
Recrafting heuristic tree-searches with 100 bootstrap 
replicates were performed using the MultiPhyl-server. 
Additionally, Bayesian posterior probability support 
values were added to each branch of the ML-tree using 
BEAST v1.4.547. An initial run of ProtTest48 on the 
input alignment, suggested a JTT+G model of amino 
acid substitution (with 4 gamma-shapes and an alpha 
value of 1.751) as best suiTable for reconstructing the 
sequence evolution in our dataset. Therefore, all 
phylogenetic tree reconstructions were carried out using 
this amino acid substitution matrix. 
For Bayesian computations random starting trees were 
used, and analyses were run for 5 million generations, 
sampling the Markov chain Monte Carlo (MCMC) run 
at intervals of 100 generations until the MCMC run had 
reached convergence. Initial 500000 states (10%) of the 
sampled trees were discarded as burn-in. Three 
independent analyses starting from different random 
trees were conducted to assure that our analyses were 
not trapped in local optima and convergence of the 
MCMC run was reached from the independent random 
starting trees. 
  
Bacterial strains and culture conditions. 
P. putida KT244042 was grown in EM-medium or in 
minimal medium (MSB) supplemented with succinate as 
a sole carbon-source at 30°C. E. coli strains used in the 
study were grown in LB broth at 37°C. When necessary, 
kanamycin (50), was added in the concentration as 
indicated in parentheses (concentrations in μg/ml).   
 
Growth  of P. putida strains under iron starvation and 
illumination.  
For growth experiments under iron starvation 
conditions, P. putida KT2440 was grown in a mineral 
salt medium (MSB) consisting of 6g/l K2HPO4, 3g/l 
KH2PO4  1g/l (NH4)2SO4 and 0.2g/l MgSO4 with 
succinate (4g/l) as sole carbon source. The pH of the 
medium was adjusted to pH 7.2. The cultures were 
diluted to OD600 = 0.01 of an overnight seed culture 
grown in the same medium. For each experiment six 
cultures of were grown under continuous blue, red and 
green light illumination (30μE/m2*s), whereas 
additional six cultures were kept in the dark (wrapped in 
aluminum foil). Illumination was achieved in a custom-
made dark incubator equipped with exchangeable LEDs 
(Luxeon Star, Lumileds-Phillips San Jose, CA, USA) to 
facilitate illumination of shaking liquid cultures. After 
72 hours of incubation at 30°C, 120 rpm, the six 
identical cultures were combined and cells were pelleted 
by centrifugation. The pyoverdine containing 
supernatant was filtered by passing through a 0.22μM 
sterile filter unit.  
 
Pyoverdine quantification. 
Quantification of the pyoverdine content in culture 
supernatants was achieved fluorometrically by 
monitoring the intrinsic fluorescence of the pyoverdine 
siderophore. Pyoverdine emission spectra (410-600 nm) 

were recorded after excitation at 400nm using a Perkin-
Elmer LS50B fluorescence spectrophotometer (Perkin-
Elmer Ltd., Beaconsfield, England). In each 
independent experiment five measurements were carried 
out for each combined culture supernatant. For 
pyoverdine quantification the maximum of the emission 
peak (460 nm) was used. Values were normalized 
against the optical density (measured at 600 nm) of the 
corresponding cultures. 
 
Biofilm quantification  
A UV-sterilized 96-well microtiter plate (Greiner, 
Polystyrol), containing 100 μl MSB medium with 
succinate as sole carbon source in each well was 
inoculated with a starter culture of P. putida KT2440 
grown overnight in the same medium. The plate was 
heat sealed with a light-transparent plastic foil and 
incubated for 72 hours at 30°C without shaking. 
Continuous blue-light illumination (30μE/m2*s) was 
achieved using a custom-made 96-LED-module (Fa. 
Seltsam, Aachen, Germany) mounted perpendicular to 
the 96-well plate containing the P. putida KT2440 
culture. A control was grown under identical conditions, 
but without illumination. Quantification of the biofilm 
adherent at the polystyrol walls of the single wells was 
achieved using a protocol adapted from O´Toole und 
Kolter (1998)49. Briefly, 20μl of a 1% crystal-violet 
solution (in 96% Ethanol) were added after the 
incubation to each of the 96 wells of the plate. The plate 
was incubated for 15 minutes at room-temperature. 
Planktonic cells were removed by washing carefully but 
thoroughly 10 times with distilled water. After drying of 
the crystal-violet stained biofilms - that now stick to the 
walls of the plate wells - 200μl of 96% Ethanol were 
added to each well and the absorbance of the dye was 
read at 650 nm using a SpectraMax-Plus  96-well plate 
reader (Molecular Devices, Sunnyvale, CA, USA).   
 
Western blot analysis.  
To facilitate the immunodetection of PpSB2-LOV in 
cell-free protein extracts of P. putida KT2440, the 
proteins were separated on SDS-polyacrylamide gels 
(16% acrylamide) and subsequently blotted onto PVDF 
membranes (BioRad Laboratories, Hercules, CA, USA). 
For the detection of PpSB2-LOV on the membrane, a 
specific polyclonal antiserum, raised against the purified 
protein was used (Eurogentec, Seraing, Belgium). 
 
Cloning, heterologous expression and purification of 
PpSB1-LOV and PpSB2-LOV.  
The PpSB1-LOV (Q88E39) encoding gene (PP4629) 
was PCR amplified by using the primer SB1_NdeI_fw: 
5’-TCCAGTACATATGATCAACGCGCAATTGCTGC-3’ and 
SB1_XhoI_rev: 5’-TACAATCTCGAGTCAGGCGCGTTCGTCGG-
3’. PCR amplification was carried out using Turbo-
PfuTM DNA Polymerase according to the instructions of 
the manufacturer (Stratagene, LaJolla, CA, USA). The 
PCR amplified and NdeI, XhoI digested product was 
cloned into equally digested pET28a (Novagen, Merck, 
Darmstadt, Germany) furnishing PpSB1-LOV with an 
N-terminal hexa-histidine-tag resulting in the construct 
pET28a-PpSB1-LOV. Expression of PpSB2-LOV was 
achieved from a similar pET28a-PpSB2-LOV 
construct28. The recombinant protein was expressed in 



 

E. coli BL21(DE3), employing an auto-induction 
medium adapted from Studier et al. (2005)50, briefly, 
containing 12 g/l casein hydrolysate, 24 g/l  yeast 
extract and 5 g/l glycerol in 100 mM, potassium 
phosphate buffer pH 7.0. To facilitate auto-induction of 
gene-expression the media was supplemented after 
sterilization of the media with 1% glucose (of a 50 g/l 
stock-solution) and 10% lactose (20 g/l stock-solution). 
Protein expression was carried out at 30°C for 30 hours. 
Immobilized Metal Affinity Chromatography (IMAC) 
purifications on Ni-NTA resin (QIAGEN, Hilden, 
Germany) were performed employing an ÄKTA 
Explorer FPLC system, as described previously28.  
 
Biochemical characterization: spectrophotometry, and 
HPLC separation of protein bound chromophore. 
All protein samples were thoroughly dialyzed against 10 
mM NaPO4- buffer, 10 mM NaCl pH 8.0 using a 3000 
Dalton cut-off Float-A-Lyser dialysis unit (Spectrum 
Laboratories Inc., Rancho Dominguez, CA,USA). 
Protein absorption spectra were recorded using a 
Beckmann DU-650 UV/VIS-spectrophotometer 
(Beckmann Coulter, Fullerton, CA, USA) whereas 
protein amounts were adjusted to an absorbance at 450 
nm of approximately 0.2 to account for different apo-
protein amounts in the preparations. Illumination of the 
protein samples with blue-light of 450 nm was achieved 
using a Led-Lenser®V8 lamp (Zweibrüder 
Optoelectronics, Soelingen-Germany) to accumulate the 
signaling state. As initial experiments indicated a very 
slow recovery of PpSB1-LOV, the dark recovery time of 
the protein had to be estimated by recording 
sequentially protein absorbance spectra after the protein 
was illuminated with blue-light.  
Separation and quantification of protein bound FAD, 
FMN and Riboflavin was achieved by using a reverse 
phase C18- HPLC column (250/4 Nucleodur, 
Macherey&Nagel, Düren, Germany, fitted with an 8/4 
pre-column filled with the same material) connected to a 
Shimadzu LC10Ai HPLC system (Shimadzu 
Corporation, Kyoto, Japan). As mobile phases, 50 mM 
ammoniumacetate buffer pH 6.0 (Eluent B) and 70% 
acetonitrile in B (Eluent A) were used. As standards 
authentic FMN, FAD and Riboflavin purchased from 
FLUKA, Neu-Ulm, Germany were used.  
To release the protein bound flavin chromophores, the 
samples were heat denatured (10 min, 99°C). The 
precipitated protein was removed by centrifugation at 
4000 rpm, for 20 minutes. The flavin co-factor-
containing supernatant was spun through a Microcon 
YM3 (Millipore, Billerica, MA, USA (MWCO 3000 Da) 
centrifugal concentrator device (13000 rpm, 1 hour) to 
remove any residual protein from the samples prior 
injection into the HPLC.  
 
Elution was followed by absorption at 263 nm. The 
identity of the respective elution peak was verified by 
its typical flavin spectra. For identification and 
quantification, a calibration was performed using 
authentic compounds in a concentration range from 10 
μM to 50 μM. Typical retention times for FAD, FMN 
and Riboflavin were 13,56 14,78 and 17,70 minutes, 
respectively. 

HPLC protocol used for the separation of the different flavin 
species: 

 
Time Flow rate (ml/min) % Eluent A %Eluent B 

0 0.63 5% 95% 
20 0.63 40% 60% 
22 0.8 40% 60% 
29 0.63 5% 95% 

B : 50mM NH4Ac pH 6.0, A : 70% Acetonitrile in B 

 
 

Results and Discussion 
A second putative blue-light photoreceptor of the 
LOV family in P. putida KT2440 
Previous BLAST analysis suggested the presence of two 
putative blue-light photoreceptor modules of the LOV 
family in P. putida KT244029. In a previous study we 
could show that the protein PpSB2-LOV (Q88JB0) 
binds a flavin chromophore and shows photochemical 
activity similar to the blue-light sensitive signaling 
modules (LOV domains) in plant phototropin. A second 
putative LOV gene (named PpSB1-LOV in accordance 
with28, 29, was PCR-amplified from P. putida KT2440 
genomic DNA and subsequently cloned, into pET28a, 
similarly as described for the PpSB2-LOV gene. 
Sequence analysis demonstrated that PpSB1-LOV 
shares with PpSB2-LOV about 66% identical positions 
(78% semiconserved positions) on the amino acid (aa) 
level.  The PpSB1-LOV protein was heterologously 
expressed as an N-terminal hexa-histidine fusion protein 
using E. coli BL21(DE3) as expression host. For 
comparison, Figure 1A shows the PpSB1-LOV and 
correspondingly the PpSB2-LOV dark state absorption 
spectra (solid line), as well the absorption spectra of the 
signaling state (dashed line) recorded after blue-light 
illumination of the sample. Due to a very slow recovery 
of PpSB1-LOV (revealed by initial experiments, data 
not shown), sequential absorption spectra for the protein 
over a period of 30 hours after an initial blue-light pulse 
had to be recorded in order to evaluate the dark recovery 
kinetics. The experimental data could be readily fitted 
using a single exponential decay curve (goodness of fit 
χ2-test: R2=0.999), thus revealing a very slow dark 
recovery time constant for PpSB1-LOV of 
�rec=29.5±1.5 hours (at 20°C). The corresponding 
recovery trace at 480 nm, extracted from the 
sequentially recorded absorption spectra is shown in 
Figure 1B. For comparison, the dark recovery time 
constant previously recorded for PpSB2-LOV was 
�rec=114 seconds (at 20°C) (Figure 1B). In order to 
evaluate the flavin-chromophore binding to PpSB1-
LOV and PpSB2-LOV, with respect to the bound flavin 
species (FAD, FMN and riboflavin), a HPLC analysis 
was performed.  The chromophores of purified PpSB1-
LOV and PpSB2-LOV were extracted and subsequently 
separated using high-performance liquid 
chromatography (HPLC).  
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Figure 1: Comparative characterization of PpSB1-LOV and PpSB2-LOV.  A) Blue-light sensitivity and photochemistry of PpSB1-LOV (upper half) 
and PpSB2-LOV (lower half). The Figures show the absorbance spectra of the dark state for both proteins (solid-line) and the corresponding absorbance 
spectra of the proteins after illumination with blue-light (dashed line). The insets show the light-dark difference spectra.  B) Dark recovery kinetics for 
PpSB1-LOV and PpSB2-LOV, respectively. For PpSB1-LOV the dark recovery was monitored by recording sequential absorbance spectra over a period 
of 30 hours due to the very slow recovery of the protein. In the corresponding Figure, the kinetic trace at 480 nm was extracted from the sequential 
absorbance spectra. The experimental data could be well fitted using a single exponential decay curve. In case of PpSB2-LOV the dark recovery was 
monitored by recording the absorbance recovery at 480 nm over 3600 seconds. Correspondingly, the experimental data was fitted with a single 
exponential decay curve.   

The assignment of the bound flavin species (FMN, FAD 
or riboflavin) was achieved by comparing the 
corresponding peak retentions time to those of authentic 
compounds (Table 1).  The HPLC analysis of the 
protein-bound flavin content revealed that PpSB1-LOV 
binds only (100%) FMN, but no detecTable other flavin 
species. Contrarily, PpSB2-LOV seems to contain a 
mixture of FMN (62%) and riboflavin (38%). 
 
Table 1: Comparison of flavin-chromophore content of 
PpSB1-LOV and PpSB2-LOV as derived from high 
performance liquid chromatography (HPLC).  

  FAD FMN Riboflavin 

PpSB1-LOV n.d 100% n.d 
PpSB2-LOV n.d 62% 38% 

n.d.: not detecTable under the used conditions (see 
experimental section for details) 
 
Structural determinants of the dark recovery 
kinetics. 
The pressing question that arises is what structurally 
determines the dramatically different dark recovery 
kinetics for two proteins that on the sequence level 
share about 66% of identical aa positions. Although, the 
mechanistic basis of the primary events in the 

photocycle of LOV domains are extensively studied and 
largely understood, the mechanisms that govern the dark 
recovery reaction on the other hand remain largely 
elusive. Nevertheless, several hypotheses were recently 
brought forward: 
In a recent study Kennis, Alexandre and co-workers51 
suggested,  in accordance with a previous hypothesis of 
Swartz et al.24, a base catalyzed recovery reaction. 
Mechanistically it was proposed that in a base-catalyzed 
back reaction, a proton has to be abstracted from N(5) 
of the flavin isoalloxazine ring. The breaking of the 
Cys-S-C(4a) and the regeneration of the C(4a)-N(5) 
double bond probably occurs spontaneously, to relieve 
strain in the protein and the flavin ring system caused 
by the proton abstraction from N(5)24. As proton-
abstracting groups, two surface exposed histidine 
residues in the Avena sativa phot1- LOV2 domain were 
suggested51. Although, they are located in a distance of  
about 12 Å from the flavin ring, base catalysis was 
suggested to occur via a postulated hydrogen bond 
network of the base, chromophore and intraprotein 
water molecules51. 
For PpSB1-LOV (characterized by a very slow dark 
recovery) and PpSB2-LOV (characterized by a fast 
recovery), the presence of four histidines in PpSB2-
LOV and correspondingly the complete absence of 



 

histidine residues in PpSB1-LOV might indeed imply a 
similar mechanism. In the PpSB1-LOV / PpSB2-LOV 
system this explanation seems feasible; especially as in 
PpSB2-LOV a histidine  residue (His64) is probably 
located in close proximity to the flavin isoalloxazine 
ring system (structural information derived from the 
homology model of PpSB2-LOV described by Krauss et 
al. (2005)28). In PpSB1-LOV the same position is 
occupied by an arginine residue (Arg61). Thus, the slow 
dark recovery of PpSB1-LOV might be due to the 
absence of a strong proton acceptor in the vicinity of the 
flavin-ring system and vice versa the fast recovery of 
PpSB2-LOV might be driven correspondingly from the 
above mentioned histidine (His64) as proton-accepting 
group. 
Another hypothesis based on a random mutagenesis 
study on the Avena sativa(As) phot1-LOV2 domain, 
suggested the involvement of an isoleucine residue 
located within van der Waals distance from the highly 
conserved photoactive cysteine. The isoleucine probably 
makes contact via its methyl-group to the sulfhydryl 
group of the photoactive cysteine residue52, causing 
steric stabilization of the C(4a)-thiol(S) bond in the 
LOV signaling state. Mutation of this isoleucine to 
valine or leucine resulted in a dark recovery that was 
faster compared to the wildtype protein. The authors 
consequently argued the mutation to valine or leucine 
alters the native, light-driven support of the C(4a)-S 
bond and thus enables a faster dark recovery52.  
In PpSB1-LOV and PpSB2-LOV the sequence region of 
the isoleucine residue identified in Asphot1-LOV2 as 
hot-spot that strongly influences the dark recovery 
reaction, is conserved between the two proteins. In both 
proteins the position is occupied by a leucine, which 
might in accordance to the above hypothesis account for 
the relatively fast recovery reaction in PpSB2-LOV. 
However, quite to the contrary, the same argument fails 
to explain the slow recovery observed for PpSB1-LOV. 
Therefore, as in particular the protein region around the 
leucine residue is highly conserved in both of the 
paralogous Pseudomonas proteins, the dramatic 
difference between the two cannot be explained by a 
steric stabilization effect as in the case of the Asphot1-
LOV2 domain.  
This implies the involvement of additional mechanisms 
in the PpSB1-LOV and PpSB2-LOV recovery that result 
in the observed differences and hence structurally 
distinguish the two. The high degree of sequence 
conservation between PpSB1-LOV and PpSB2-LOV 
(66% identical positions) and the concomitant dramatic 
difference in their dark recovery time constants, should 
render the pair of paralogous proteins PpSB1-LOV and 
PpSB2-LOV a perfect model system to study the 
mechanisms of the dark recovery process, by means of 
site-directed or random mutagenesis.    
Presence of conserved LOV signaling modules arranged 
in conserved gene clusters suggest functional 
convergent responses in saprotrophic Pseudomonads.   
 
A BLAST-analysis was performed to identify PpSB1-
LOV and PpSB2-LOV homologous protein sequences in 
the genome of other Pseudomonas species. Only those 
LOV sequences were considered as hits, in which the 
LOV domain- specific canonical sequence motif 

GXNCRFLQG was changed to YQDCRFLQG, a feature 
that clearly distinguishes the P. putida LOV proteins 
from all other so far identified plant and bacterial LOV 
domains. Using this criterion, homologous sequences 
could be identified in P. putida W619, P. putida F1, P. 
putida GB1, P. fluorescence Pf-5, P. fluorescens PfO1 
as well as in P. mendocina YMP and in P. stutzeri 
A1501. Whereas, the first two P. putida strains W619 
and F1 as well as the previously analyzed P .putida 
KT2440 possess two such LOV proteins encoded in 
different locations in their genome, the latter five 
Pseudomonas strains encode only one LOV protein. The 
multiple sequence alignment of those sequences is 
provided in supplementary Figure 1. Pairwise identities 
to PpSB1-LOV and PpSB2-LOV are shown in Table 2.  
Table 2: Pairwise sequence identity of the newly identified 
Pseudomonas LOV homologs. 

LOV protein 
identical 

positions (%) assignment$ 

identical 
positions 

(%) 

  PpSB1-LOV   
PpSB2-

LOV 
PpSB1-LOV 100  66 
PpSB2-LOV 66  100 

P.putida W619-1 86 � 64 
P.putida W619-2 61 	 83 

P.putida F1-1 98 � 65 
P.putida F1-2 65 � 98 
P.putida GB1 92 � 64 

P.fluorescens Pf-5 65 
 64 
P.fluorescens PfO-

1 55 
 55 
P.mendocina YMP
P.stutzeri A1501 

64 
60 


 

 

70 
68 

$: assignment to one or the other group of sensory box protein sequences 
is indicated by an arrow. In case sequence identity comparison allowed an 
unequivocal assignment to a particular sensory box protein group 
(PpSB1-like or PpSB2-like), the corresponding value is highlighted in 
grey. If no unequivocal assignment was possible an  
 is shown in the 
assignment column.  

 
Interestingly, for the first three newly identified P. 
putida strains a clear differentiation into PpSB1-LOV-
like and PpSB2-LOV-like was possible, based on higher 
sequence identity to either PpSB1-LOV or PpSB2-LOV. 
However, for the other Pseudomonas strains, such an 
assignment was not possible, due to a less pronounced 
affinity for one or the group of sequences (see Table 2).  
 

Therefore, to gain some insight into the evolutionary 
history of the two LOV signaling modules in 
Pseudomonads, we reconstructed a phylogenetic tree based 
amino acid sequence data (Figure 2).  Additionally, LOV 
protein genomic loci, or functionally conserved proteins 
that flank the corresponding LOV protein(s) in the 
different Pseudomonas strains were compared and plotted 
to the phylogentic tree in Figure 2.  Both Next-Neighbour 
Interchange (NNI) and Subtree Pruning and Recrafting 
SRP) algorithms as well as Bayesian posterior probability 
calculations and single Important Quartet Puzzling and 
Next Neighbour Interchange (IQPNNI) runs result in the 
same tree topology depicted in Figure 2. The phylogenetic 
analysis thus suggests the two P. fluorescens LOV 
sequences as ancestral to the P. putida LOV protein 



 

sequences, with a very recent duplication event giving rise 
to PpSB1-LOV-like and PpSB2-LOV-like sequences in all 
P. putida strains. This duplication might have occurred 
after the speciation into P. putida and P. fluorescens; or 
alternatively it implies an earlier duplication event with 
subsequent loss of one LOV protein module in the two P. 
fluorescens strains, as well as in two non-fluorescent 
Pseudomonas species (P. stutzeri and P. mendocina).  

 

Conserved operon-like structures in all LOV domain 
harbouring Pseudomonads suggest a common light-signal 
transduction mode  

Interestingly, the genome context in which the 
respective PpSB1-LOV and PpSB2-LOV homologs are 
found, is more or less conserved throughout the 
different P. putida strains (Figure 2). For example a 
MerR-like53 transcriptional regulator comprising a 
helix-turn-helix (HTH) DNA binding motif is found in 
nearly all Pseudomonas strains in close proximity to the 
corresponding LOV protein(s). Furthermore, highly 
conserved in several Pseudomonas strains are LysR-like 

(HTH) transcriptional regulators54.  
This co-localization of isolated LOV signaling modules 
(PpSB1-LOV/PpSB2-LOV) that do not contain a fused 
effector domain, together with transcriptional regulators 
of the HTH-family (MerR- or LysR-like)53, 55 in all 
analyzed Pseudomonas strains, implies a mode for the 
signal transduction from the light sensor to the 
downstream targets that may initiate a light-driven 
response. Therefore, based on our bioinformatic 
analysis, we suggest the HTH- transcriptional regulators 
as the LOV associated, but not fused, effector domains 
in P. putida KT2440 and probably in other 
Pseudomonads. This suggests a light driven initiation or 
regulation of the expression of certain genes in response 
to a blue-light stimulus. Moreover, although an 
interaction of a LOV domain with a transcriptional 
regulator, has so far not been proven experimentally, 
comparative sequence analyses of putative LOV 
photosensors show that a number of proteins exist in 
nature in which a LOV domain is directly fused to a 
HTH transcriptional regulator. 
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Figure 2: Phylogenetic tree reconstructed for the different short LOV proteins found in several Pseudomonas species. Conserved Operon structures 
(or classes of functionally conserved proteins) are shown at the particular branch of the tree. The bootstrapped maximum-likelihood tree was constructed 
using PhyML and MultiPhyl-Online Server by applying both Next Neighbour Interchange (NNI) and Subtree Pruning and Recrafting (SRP) algorithms for 
the heuristic tree search. Furthermore, BEAST v1.4.5 was used to infer Bayesian posterior probabilities for each bifurcation of the ML-tree. Support 
values of 100 bootstrap replicates of the NNI and SRP calculation as well as BEAST posterior probability values (in that order) are depicted at the 
corresponding branch. Only values higher than 50% are shown 

For example the LOV proteins found in Erythrobacter 
litoralis (Q2NB98), Novosphingobium aromaticivorans 
(Q2G8Z7), Sphingopyxis alaskensis (Q1GUF5), 
Sphingomonas sp. SKA58 (Q1N7J1) and 
Thiomicrospira denitrificans (Q30NS0) all possess a 
LOV domain fused to a HTH DNA-binding domain, 
thus corroborating at least the possibility of a signal-
transduction process between the two partners with the 

LOV domain acting as the sensor- and the HTH-
transcriptional regulator as the effector- or output 
domain. 
Implications of the genome proximity for the biological 
role of the LOV proteins in P. putida KT2440 

Another highly conserved feature of the PpSB1-LOV 
protein containing genomic region that distinguishes the 



 

PpSB1-LOV locus from the PpSB2-LOV locus, is the 
presence of an LrgA/LrgB operon-like structure within 
the PpSB1-LOV genomic region. The LrgA/LrgB 
system together with its homologs cidA/cidB were 
identified to be involved in Staphylococcus aureaus 
mediated cell death and lysis56 and were furthermore 
suggested to play a role in biofilm development and 
adherence in this organism57.  
 
Moreover, the LrgA/LrgB operon is also present in the 
two probably ancestral P.  fluorescens strains, thus on 
the one hand corroborating our hypothesis on the 
ancestry of the PpSB1-LOV-like systems over the 
PpSB2-LOV-like systems and on the other hand 
pointing toward biological processes that might be 
influenced by one of the two light sensors.  
A more extensive analysis of the wider genomic 
proximity of the P. putida KT2440 LOV-proteins 
revealed a clustering of proteins that are annotated to 
play a role in the iron-starvation response in P. putida 
KT2440 (derived from genome region comparison using 
tools implemented in the PutidaList server, data not 
shown). Especially, the genomic proximity of the 
PpSB1-LOV protein is rich in siderophore-receptors, 
outer-membrane ferric-iron and dicitrate receptors, as 
well as extracytoplasmatic function (ECF)-Sigma 
Factors. The latter ones are implied in the control of 
transcription in response to external stimuli (that might 
include iron-starvation). Whereas, the different 
receptors (e.g. siderophore-uptake and iron-uptake), 
might be involved in regulating cellular iron-
homeostasis and thus counteracting iron-limitation by 
facilitating ferric-iron uptake.  
Taken together, the presence of iron-starvation 
regulated genes like siderophore receptors, iron-
transporters as well as the presence of the LrgA/B 
operon implied in the iron-starvation response and 
biofilm development (a process which is intimately 
linked to iron-acquisition in Pseudomonads) in close 
genomic proximity to the two LOV-photosensors in P. 
putida KT2440 might point toward a biological role for 
light driven responses in this organism. Furthermore, 
the co-localization of HTH-transcriptional regulators 
suggests a mode for the signal transduction chain: the 
blue-light stimulus that is received in the LOV domain 
might subsequently be relayed to the HTH-
transcriptional regulator (via induction of protein-
protein interaction or release), which in turn might 
activate the transcription of certain genes that enable the 
organisms to cope with the effects caused by the blue-
light stimulus.  
 
The central question for P. putida and likewise for the 
majority of the other bacterial species that possess a 
LOV signaling module remains: what is the biological 
relevance of a blue-light sensor in those organisms, and 
moreover, what is the biological reason why certain 
bacteria should be able to perceive a blue-light stimulus 
whereas others a completely blind towards it. 
  
Blue-light effects on P. putida KT2440 

In accordance with the genome proximity analysis, we 
attempted to address the question of the biological 

relevance of a blue-light stimulus for P. putida KT2440. 
Therefore, we studied a possible blue-light dependency 
of certain iron-deficiency dependent phenomena in the 
wildtype strain, e.g. pyoverdine-siderophore 
production58 and biofilm formation.  
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Figure 3: Growth behaviour of P. putida KT2440 under blue-light 
and in the dark. Microbial growth was monitored photometrically by 
measuring the OD600 (optical density measured at 600nm) of the 
growing cultures. A) The strain was grown in full-media (iron-rich 
conditions), see experimental section for details. Whereas, three 
identical cultures were grown under continuous blue-light 
illumination and six cultures were grown in the dark under identical 
conditions. The inset depicts the accumulation of the PpSB2-LOV 
protein in the cells under blue-light (BL) and correspondingly in the 
dark (D). PpSB2-LOV detection was carried out immunologically as 
described in the experimental section. B) P. putida KT2440 was 
grown in minimal media lacking an external iron source (MSB). 
Three identical cultures were grown under continuous blue-light 
illumination whereas three cultures were kept in the dark. In both 
Figures, the values represent the mean of the OD600 measurement 
from corresponding identical cultures. Error bars derive from the 
associated standard deviation. 
 

Growth-phase dependent PpSB2-LOV accumulation in 
P. putida KT2440 

The wildtype strain, P. putida KT2440 was grown in 
shaking liquid cultures at 30°C in i) iron-rich full-media 
(EM) (Figure 3A) and in ii) a minimal-medium 
supplemented with succinate as sole carbon source 
(MSB) that lacked externally added iron (Figure 3B).  
Therefore, growth in the minimal-media should induce 
severe iron-starvation in the strain. Several identical-
cultures were continuously illuminated with blue-light, 
whereas the same number of cultures was kept in the 
dark (covered with aluminum-foil). During growth in 
iron-rich media, samples were taken at the time-points 6 
hours, 24.5 hours and 30 hours after inoculation. Cells 
were lysed and the crude cell free extracts were 
separated using SDS-PAGE and subsequently blotted to 
a PVDF membrane. 



 

The PpSB2-LOV protein in cell-free extracts of P. 
putida KT2440 could be detected immunologically 
using a specific polyclonal anti-serum raised against 
purified PpSB2-LOV. The accumulation of PpSB2-LOV 
during the growth of the strain in blue-light and in the 
dark is shown in Figure 4A as an inset.  
The western-blot suggests a growth phase dependent 
accumulation of PpSB2-LOV, when grown in full-
media, thus, suggesting a cell-density dependent 
expression of PpSB2-LOV in P. putida KT2440. It 
should be noted here, that the antiserum used to detect 
PpSB2-LOV shows a cross-reactivity against PpSB1-
LOV due to the high degree of sequence conservation 
between the two proteins. Although cross-reactivity 
towards PpSB1-LOV is weak, the signal detected by the 
western analysis has to be considered as the sum of the 
two LOV proteins in the cell. This effect might 
especially be relevant in a scenario in which a large 
PpSB1-LOV amount might overcompensate for a small 
amount of PpSB2-LOV.  As this can not be ruled out 
without specifically probing the PpSB1-LOV 
accumulation by terms of a separate western analysis 
using a PpSB1-LOV antiserum, the result has to be 
considered with care. 
Light dependency of the pyoverdine production in 
P.putida KT2440 

To monitor the levels of the fluorescent iron-
siderophore pyoverdine that is only produced in 
response to iron-limiting conditions, P. putida KT2440 
was grown in shaking liquid cultures (MSB media) for 
72 hours (late stationary phase).  
Several identical cultures were continuously illuminated 
with blue-light, red-light and green-light of equal 
intensity. Likewise, several identical cultures were kept 
in the dark as described before. After 72 hours of 
growth, equally treated cell-free culture supernantants 
from light and dark grown cultures were used to assay 
the pyoverdine levels, respectively. 
The amount of pyoverdine in the supernatants was 
estimated fluorimetrically and the values were 
normalized against the optical-density of the 
corresponding culture. Figure 4A shows the comparison 
of estimated pyoverdine amounts that are produced in 
cultures grown under blue-light, red-light, green-light 
and in the dark. The data shows an approximate 2-fold 
increase in the production of the iron-siderophore 
pyoverdine in cultures of P. putida KT2440 that are 
grown under continuous blue-light illumination 
compared to cultures that were kept in the dark. 
Furthermore, no increase in pyoverdine production 
could be detected in cultures grown under continuous 
red- and green-light illumination. The inset in Figure 4A 
shows the immunological detection of PpSB2-LOV. 
Western blot analysis suggests a constitutive expression 
of PpSB2-LOV under all studied light conditions. 
Taken together, the exclusive increase of the iron-
siderophore pyoverdine levels in blue-light grown 
cultures supernatants of P. putida KT2440, strongly 
suggests the action of a blue-light photoreceptor in this 
process. However, the involvement of the two LOV-
family photoreceptors has yet to be proven by molecular 
methods.  
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Figure 4: Summary of the observed blue-light effects in P.putida 
KT2440. A) Blue-light dependency of the pyoverdine production in 
P.putida KT2440. Average normalized pyoverdine fluorescence 
emission intensities of P. putida KT2440 culture supernatants grown 
under iron starvation in different light conditions. The red light (RL, 
wide diagonally hatched bar), green light (GL, narrow diagonally 
hatched bar) and blue light (BL, white bar) intensities were 
normalized against the optical density of the corresponding cultures. 
The pyoverdine fluorescence emission intensity of dark grown cell 
supernatants (D, gray bar) was arbitrarily normalized to 100% (1.0). 
The values represent the mean of four independent identical 
experiments with seven identical cultures grown under blue-light 
(BL) and correspondingly seven cultures that were kept in the dark 
(D). For GL and RL experiments two independent sets of experiments 
with seven identical cultures each, were conducted. Error bars 
represent the standard deviation of the multiple experiments. The 
accretion to Figure 3A, depicts the PpSB2-LOV protein accumulation 
probed by western analysis as described in the experimental section. 
B) Blue-light dependency of the P .putida KT2440 biofilm formation. 
The assay was conducted as described in the experimental section. Values 
represent the mean of three independent identical experiments performed 
under blue-light illumination (white bar) and in the dark (grey bar). The 
error bars represent the associated standard deviation of the identical 
experiments. 
 
Dependency of the biofilm formation in P. putida 
KT2440 on blue-light 

An initial characterization of the blue-light dependency 
of the biofilm formation of P. putida KT2440 was 
conducted in a static biofilm assay as described in the 
methods section. Biofilms were grown under iron-
limiting conditions with and without continuous blue-
light illumination. Figure 4C shows  
the comparison of the biofilm-biomass (expressed in 
terms of absorbance at 650 nm, of the cell-staining 
crystal-violet dye, that was used for quantification). 
Although the associated experimental error of the used 
method is quite large, three independent experiments 
confirmed the same overall behaviour, namely a slight 
induction of biofilm formation by blue-light.  It has to 
be noted that this characterization is preliminary since 



 

more sophisticated methods have to be employed to 
prove the blue-light effect, like confocal microscopy of 
static and flow-cell grown biofilms.   
 
A possible physiological scenario for the blue-light 
dependency of the iron-starvation response in P. putida 
KT2440 

The question central to the discussion of blue-light 
effects in non-photosynthetic bacteria is, whether or not 
blue-light is able to effect (either beneficially or 
detrimentally) a bacterial system. Interestingly, the 
answer might come from the best biochemically and 
genetically characterized microbe Escherichia coli. 
Already in 1991, Miyamoto and co-workers 
demonstrated a visible light phenotype for E. coli K1259. 
When a gene designated visA was inactivated, the 
resulting mutants were sensitive towards visible light or 
in other words illumination resulted in an efficient 
killing of visA mutant bacteria. The authors identified 
the corresponding gene as a ferrochelatase (probably 
identical to the previously designated hemH gene in E. 
coli K12). Ferrochelatase (protoheme ferrolyase, EC 
4.99.1.1), that is ubiquitous from bacteria to man, is 
catalyzing the final step of the heme biosynthesis, 
namely the incorporation of ferrous iron into 
protoporphyrin IX (PPIX) ring system60. This process 
represents one bottleneck in the heme biosynthesis 
pathway since unavailability of iron will impair heme 
synthesis at this reaction step of the pathway and thus 
result ultimately in PPIX accumulation. Consequently, 
hemH was later proposed to be subject to regulation by 
iron availability61. Furthermore Baysse, et al. (2003) 
suggested that PPIX accumulation in a strain of P. 
fluorescens can cause an E.coli K12-like visA-
phenotype62. The phototoxicity of PPIX is probably 
related to the light-dependent formation of reactive 
oxygen species (ROS) from the porphyrin ring system 
of PPIX. Mechanistically this is driven by the excitation 
of accumulated PPIX by blue-light, that eventually 
results in the formation of free radicals and thus ROS3-5 
induced oxidative stress/damage to the cell. Therefore, 
it seems reasonable for the cell to adapt to iron-
limitation and additionally to the presence of blue-light 
as environmental stimulus. Several of the observed 
blue-light dependencies in the P. putida KT2440 iron-
starvation response that were discussed above might 
participate to counteract the detrimental effects of ROS 
and thus of blue-light. The iron-siderophore pyoverdine 
is responsible for efficient scavenging of even trace 
amounts of ferrous iron from the environment, therefore 
feeding into one bottleneck of the heme biosynthesis 
pathway, namely the incorporation of iron into the 
protoporphyrin IX ring. Thus, iron-limitation alone is 
activating the pyoverdine production, whereas blue-light 
might additionally (up)-regulate the process. 
Furthermore, the blue-light dependent increase in 
biofilm formation might be another method utilized by 
cells to overcome the direct exposure of the 
microorganism to the harmful blue-light irradiation.  
Elaborating on this hypothesis, cells buried within the 
biofilm will be less susceptible to the radiation effects 
and thus biofilm formation might increase survivability 
of the strain under blue-light irradiation.       

Conclusions 
With this study we demonstrated the presence of two 
LOV-photosensor modules in P. putida KT2440. Those 
two signaling modules, although very similar in 
sequence (66% identical aa) and probably structure, 
show dramatically different dark recovery kinetics and a 
variability in the chromophore specifity when expressed 
in the heterologous host as revealed by HPLC analysis 
of the chromophore content. A bioinformatic analysis 
suggested the involvement of the two LOV-proteins in 
responses to iron-limitation, and moreover implied a 
HTH-transcritional regulator as LOV associated, but not 
fused effector in the signaling cascade. Furthermore, 
based on initial photo-physiological experiments using 
the P. putida KT2440 wildtype strain, we could 
demonstrate the dependency of several iron-limitation 
regulated responses, such as pyoverdine siderophore 
production and biofilm formation on blue-light. This 
strongly implies the involvement of a blue-light 
photoreceptor in this process, especially since in case of 
the pyoverdine production effect no response could be 
detected for red- and green-light.  
We elaborate a possible route in which blue-light might 
influence or harm P. putida KT2440. As comparative 
genome mining demonstrates the conservation of the 
LOV-photoreceptor modules found in P. putida KT2440 
also in other fluorescent and non-fluorescent 
Pseudomonads, similar blue-light responses might be of 
importance among the group of saprotrophic 
Pseudomonads in general. 
This study provides first hints on a possible biological 
role of blue-light in Pseudomonads and suggests the 
conservation of the LOV paradigm in this taxonomical 
lineage. Nevertheless, molecular studies, inactivating 
independently both LOV genes in P. putida KT2440, 
should follow, and are currently in progress in our 
laboratory, to unequivocally prove the involvement of 
the LOV photoreceptor(s) in the mention responses. 
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Fluorescence reporter proteins like the green 
fluorescent protein (GFP) are applied as non-
invasive molecular tools for labeling living 
specimen. The usage of these fluorescence 
reporters is generally restricted to aerobic 
systems, as the formation of their 
chromophores strictly depends on oxygen1,2. 
Here we describe the creation of novel 
anaerobically fluorescing proteins derived from 
two bacterial FMN-binding photoreceptors, 
namely Bacillus subtilis YtvA3 and 
Pseudomonas putida SB24 which belong to the 
family of LOV (light oxygen voltage) proteins5. 
We have used the facultative anaerobic 
bacterium Rhodobacter capsulatus to 
demonstrate that these FMN-based fluorescent 
proteins (FbFP) can be applied as in vivo 
fluorescence reporters: While the yellow 
fluorescent protein (YFP) was detectable only in 
aerobically grown R. capsulatus cells, 
fluorescence of the novel FbFPs could clearly be 
detected under both aerobic and anaerobic 
conditions. Thus, FbFPs open up a broad 
spectrum of in vivo applications allowing to 
obtain novel insights into anaerobic life.  
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Today, genetically encoded fluorescent probes like GFP 
from the jellyfish Aequorea victoria have become 
invaluable tools for in vivo real-time imaging of cells 
and tissues. The development of various sophisticated 
GFP variants as well as the isolation of other GFP 
related proteins from marine organisms6 has made the 
GFP family of fluorescent proteins to one of the 
cornerstones for in vivo labeling applications. GFP-like 
proteins can be used to analyze the expression, 
localization, movement, and interaction of proteins2,7-10, 
thereby facilitating the analysis of complex cellular 
processes as well as biotechnological and biomedical 
applications11,12. Although these fluorescent proteins 
obviously possess many advantages for in vivo as well 
as in vitro fluorescence labeling, they also share at least 
one major drawback: all members of the GFP family 
strictly depend on molecular oxygen as a cofactor for 
the synthesis of their respective chromophores1,2. This 
limitation has prompted us to construct a set of novel 
FMN-based fluorescent proteins (FbFP) which allow in 
vivo labeling and detection in the presence and absence 
of oxygen. For that purpose the bacterial blue-light 
photoreceptor YtvA from B. subtilis3 and SB2 from P. 
putida4 were used to engineer reporter proteins 
fluorescing in the absence of oxygen. YtvA is a 261 
amino acid protein consisting of two functional 
domains, the photoactive N-terminal LOV-domain 
(amino acid residue 25-126) and the C-terminal STAS 
domain (sulfate transporter / anti-sigmafactor 
antagonist, amino acid residue 147-258) carrying a 
nucleoside triphosphate (NTP) binding motif13. In B. 
subtilis, YtvA is involved in a complex signaling 
pathway that controls the general environmental stress 
response and acts as a positive regulator of the 
alternative transcription factor �B in response to blue 
light14-16. In contrast to YtvA, the putative 
photoreceptor SB2 from P. putida consists of 151 
amino acids and forms a single LOV domain whereas a 
fused effector domain is missing4. Presently, the 
physiological function of the P. putida photoreceptor is 
unknown.  
 
Conformational analysis revealed that the SB2 wild 
type protein as well as a truncated YtvA derivative 
YLOV (solely consisting of the LOV domain) forms 
stable homodimers, whereas full-length YtvA occurs as 
a monomer in solution4,17. The LOV domain which 
belongs to the structurally conserved PAS 
(PerArntSim) superfamily5 was first characterized in 
plant blue-light receptors (phototropins, Phot) and 
binds flavin mononucleotide (FMN) chromophores 
noncovalently (Supplementary Fig. 1f).  
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When irradiated with blue light (450 nm) plant 
phototropins as well as YtvA and SB2 basically 
undergo the same photocycle involving the reversible 
formation of an FMN-cysteine C(4a)-thiol adduct and 
exhibit a weak intrinsic autofluorescence which occurs 
during the photocycle with a maximal emission 
wavelength of 495 nm18,19,3,4.  
Previous studies have demonstrated that the mutational 
replacement of the conserved FMN-binding cysteine 
residue with a non-polar alanine in the LOV2 domain 
of Phot1 from Arabidopsis and Avena sativa (oat) 
resulted in an increase of fluorescence emission18,20. 
The observed increase was due to a reduction of 
fluorescence quenching of the FMN chromophore as 
well as inhibition of the LOV2 photocycle.  
In order to enhance the natural but weak 
autofluorescence of the bacterial photoreceptors we 
first substituted by site directed mutagenesis the 
conserved photoactive Cys62 of YtvA and Cys53 of 
SB2 by an alanine henceforth designated as B. subtilis 
(Bs) and P. putida (Pp) FbFP. The nucleotide and 
amino acid sequences of BsFbFP and PpFbFP are 
shown in Supplementary Fig. 1e. The resulting LOV 
derivatives were expressed in E. coli and R. capsulatus, 
respectively, using the newly constructed broad host 
range expression plasmid pRcExp1II which contains an 
inducible T7-promoter (Drepper et al., manuscript in 
preparation). Comparative in vivo fluorescence 
measurements were first carried out in E. coli liquid 
batch cultures (Fig. 1). Upon exposure to blue light 
(365 nm) E. coli cells expressing the engineered YtvA 
protein BsFbFP exhibited a significant increase of in 
vivo fluorescence as compared to cells expressing the 
respective wild type protein YtvA (Fig. 1a). 
Quantification of BsFbFP mediated in vivo 
fluorescence intensity revealed a 10-fold increase (Fig. 
1b) whereas the expression level and the stability of the 
YtvA variant were not affected (Fig. 1c, lanes 2 and 3). 
In addition, the in vivo fluorescence intensity of the 
mutated P. putida LOV protein PpFbFP expressed in E. 
coli was similar to the intensity observed with BsFbFP 
(Fig. 1a,b).  
In an attempt to further enhance the BsFbFP mediated 
fluorescence in E. coli, the DNA sequence of a truncated 
gene solely encoding the photoactive LOV domain (i.e. the 
first 137 N-terminal amino acid residue of BsFbFP) was 
adjusted to the E. coli codon bias (sequences are shown in 
Supplementary Fig. 1e online). Remarkably, the expression 
of the resulting protein named EcFbFP dramatically improved 
the fluorescence of E. coli cells (Fig. 1a) and the  
fluorescence intensity in batch cultures was increased about 
2.5-fold in comparison to variant BsFbFP and about 25-fold 
when compared to YtvA wt, respectively (Fig. 1b). 
Surprisingly, the change of the codon bias did not result in an 
increased amount of EcFbFP (Fig. 1c, lane 4).  
To analyze the fluorescence properties of the novel 
reporter proteins in more detail, PpFbFP and EcFbFP 
were heterologously expressed in E. coli BL21 (DE3) 
as C-terminal His-tag fusion proteins. After 
purification, the protein-to-chromophore ratio was 
determined by UV/VIS (272/447 nm) spectroscopy for 
EcFbFP. As described for YtvA wild-type protein21, the 
UV/VIS absorbance ratio of EcFbFP was 4.2 
corresponding to a 1:1 ratio of protein to chromophore, 

although the expression level of EcFbFP was very high 
with a yield of purified protein of 35.5 mg per liter of 
E. coli culture. Thus, the supply of endogenous FMN is 
not limiting the use of FbFPs as in vivo fluorescence 
reporter proteins. The light absorption and fluorescence 
excitation spectra of the recombinant LOV proteins 
correlated well with the spectra of the corresponding 
wild type proteins (Fig. 1d, 3,4). Both proteins showed 
maximal light absorption at a wavelength of 449 nm 
and a maximal emission at 495 nm upon excitation with 
blue-light (450 nm). For reasons discussed previously 
by Losi and coworkers3, the molar extinction 
coefficient of free FMN which is 12,500 ± 500 M-1 cm-1 
at 450 nm was used instead of that of the purified LOV-
proteins. Determination of FbFP fluorescence quantum 
yields has been carried out by using FMN (QF = 0.26) 
as a reference standard revealing a quantum yield of 
0.17 for PpFbFP and 0.39 for EcFbFP, respectively. 
Therefore, the relative fluorescence brightness of the 
FbFPs is in the same range as determined for the blue 
and cyan fluorescent variants of GFP (BFP: extinction 
coefficient = 31,000 and QF = 0.25; CFP: extinction 
coefficient = 26,000 and QF = 0.40)22. Finally, an initial 
analysis of PpFbFP and EcFbFP photobleaching 
properties showed that both fluorescent proteins exhibit 
a high photostability, with the photobleaching obeying 
a double exponential decay with τ�=909 s (relative 
Amplitude (A) A1 = 49%), τ2=1835 s (A2 = 51%) for 
PpFbFP and τ�=67 s (A1 = 98%), τ2=15135 s (A2 = 2%) 
for EcFbFP. Accordingly, these exponential time 
constants can be converted to the respective quantum 
yields Q1=5.09E-8 and Q2=2.52E-8 for τ�and τ2 of 
PpFbFP and Q1=6.91E-7 and Q2=3.06E-9 for τ� and τ2 
of EcFbFP. Virtually all LOV proteins of prokaryotic 
and eukaryotic origin contain FMN as their 
chromophore5. Since the synthesis of FMN is 
independent of oxygen, we further tested if the novel 
LOV-based fluorescent proteins can be used as 
genetically encoded fluorescent probes under strictly 
anaerobic conditions. Anaerobically fluorescing 
proteins would be highly useful reporters in numerous 
free-living and biofilm-forming microbes that grow 
under oxygen limited or strictly anaerobic conditions in 
natural and artificial environments, e.g. in anaerobic 
digesters, biodegradation niches or industrial reactors 
as well as in hypoxic regions and tissues of higher 
organisms such as a variety of human solid tumors23. 
 
Our laboratory is concerned with sustainable 
biotechnological applications which are based on the 
facultative anaerobic, phototrophic bacterium R. 
capsulatus24,25. Therefore, we used this organism as an 
appropriate test system to analyze in vivo fluorescence 
mediated by the engineered LOV proteins in relation to 
oxygen availability. Thus, LOV expression plasmids 
pRcExp1II-EcFbFP and pRcExp1II-PpFbFP were 
transferred into the expression strain R. capsulatus 
B10S-T7 (Drepper et al., manuscript in preparation). 
For comparison, the gene encoding the GFP derivative 
YFP was cloned into the same broad host range 
expression vector resulting in plasmid pRcExp1II-YFP  
which was parallel transferred to R. capsulatus B10S-
T7.
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Figure 1 Novel fluorescence reporter proteins created from LOV-proteins. The experiments were conducted using E. coli BL21 
(DE3) cells carrying a T7 polymerase-based broad host range expression plasmid (pRcExp1II) encoding the indicated YtvA and 
SB2 variants. (a) In vivo fluorescence of different engineered LOV proteins in E. coli. Cells expressing the indicated LOV protein 
variants were grown until stationary phase in LB media containing 1.0 mM IPTG. In vivo fluorescence was visualized by illuminating 
drops of the respective cell suspensions under blue light (365 nm). (b) Quantification of FbFP mediated autofluorescence. E. coli 
expression strains were grown in LB medium and expression of FbFPs was specifically induced by adding 0.4 mM IPTG. 
Fluorescence intensity of cell extracts was recorded at 495 nm upon excitation with blue light (450 nm). Values are means of 
triplicate measurements with background fluorescence from E. coli BL21 (pRcExp1II) subtracted and normalized against cell 
density. A.U.: Arbitrary Units. (c) FbFP accumulation in E. coli. Accumulation of fluorescent proteins was analyzed by using the 
same cell extracts as in (b). For the immuno detection of LOV derivatives polyclonal antisera raised against wild type YtvA and SB2 
were used. (d) Fluorescence emission spectra (in blue) of purified PpFbFP and EcFbFP recorded at an excitation wavelength of 
450 nm. Fluorescence excitation spectra (shown in red) of the same samples were recorded at an emission wavelength of 495 nm. 
All measurements were conducted in 10mM Na-phosphate buffer pH 8.0, 10mM NaCl at 20°C with protein samples diluted to 
approximately 400μg/ml. A.U.: Arbitrary Units. Comparison of YFP and PpFbFP mediated in vivo fluorescence in the absence and 
presence of oxygen. R. capsulatus B10S-T7 cells carrying expression plasmid pRcExp1II encoding either YFP (e) or the C53A 
variant of SB2 (e) were grown under aerobic (+O2) as well as anaerobic (-O2) conditions and in vivo fluorescence was analyzed 
microscopically using a Zeiss LSM 510 confocal laser scanning microscope. Cells were excited with laser light at defined 
wavelengths of 488 nm (YFP) and 458 nm (PpFbFP). Fluorescence emission was detected in the ranges of 505-550 nm (YFP) and 
475-525 nm (PpFbFP), respectively. Control experiments with R. capsulatus cells without a fluorescence reporter gene were 
accomplished in the same way. Accumulation of YFP and PpFbFP in R. capsulatus was analyzed by immuno detection using 
specific antisera raised against YFP and SB2, respectively. (f) For whole-cell liquid culture fluorescence measurements the same 
cell cultures as in (e) were used. Fluorescence emission of living cells was recorded at 529nm (YFP) and 495 nm (PpFbFP). 
Excitation wavelengths were 488 nm for YFP and 450 nm for PpFbFP. Fluorescence intensities represent averages of three 
independent measurements with background fluorescence from R. capsulatus B10S-T7 (pRcExp1II) subtracted and normalized 
against cell density. Fluorescence intensities of YFP and PpFbFP which could be achieved in the presence of oxygen were used as 
a reference (100%) for the respective anaerobic fluorescence. 

 
The negative control consisted of R. capsulatus B10S-
T7 carrying the expression vector without insert. The 
R. capsulatus expression strains were grown in RCV 
minimal medium under aerobic as well as anaerobic 
conditions. After induction of the reporter gene 
expression the effect of oxygen on fluorescence and 
accumulation of YFP and FbFPs was analyzed by 
using confocal laser scanning microscopy and by 
immuno detection (Fig. 1e). YFP mediated 
fluorescence could only be monitored in living R. 
capsulatus cells in the presence of oxygen as the 
synthesis of the chromophore is fully dependent on 
the availability of molecular oxygen1. Nevertheless, 
equal amounts of YFP protein were synthesized under 
aerobic (+O2) and anaerobic (-O2) growth conditions 
(Fig 1e). In contrast, PpFbFP mediated fluorescence 
emission signals were clearly detectable in R. 
capsulatus cells grown under both anaerobic and 
aerobic conditions (Fig. 1e).

The levels of EcFbFP mediated fluorescence and 
protein accumulation were very low in R. capsulatus 
indicating an inefficient gene expression and/or a 
rapid degradation of the recombinant protein in the 
phototrophic bacterium (data not shown). The O2-
independent fluorescence of variant PpFbFP was 
finally confirmed in the respective R. capsulatus 
expression cultures by demonstrating the 
accumulation of dinitrogenase reductase (NifH) which 
is known to be synthesized in R. capsulatus only 
under strictly anaerobic growth conditions26,27. Figure 
1e clearly shows that the NifH protein was 
synthesized exclusively under anaerobic conditions 
thereby corroborating the absence of O2 under the 
anaerobic assay conditions.The YFP and PpFbFP 
mediated fluorescence was quantified in the presence 
and absence of O2 in living cells of the R. capsulatus 
expression strains by measuring fluorescence in 
whole-cell liquid cultures (Fig. 1f). Aerobic and 



anaerobic R. capsulatus cultures were obtained by 
growing the respective YFP and PpFbFP expression 
strains until late logarithmic phase. To avoid any 
aerobic recovery of YFP fluorescence during cell 
harvesting28 fluorescence quantification was carried 
out within one minute. Under these experimental 
conditions, YFP dependent fluorescence was 
completely abolished in the absence of oxygen (Fig. 
1f, -O2) whereas bright in vivo fluorescence was 
observed in the presence of oxygen (Fig. 2c, +O2). In 
contrast, the absence of oxygen did not lead to a 
significant decrease of in vivo fluorescence intensity 
in R. capsulatus cells expressing the LOV variant 
PpFbFP (Fig. 1f).In this communication, we describe 
the construction of novel FMN-based fluorescing 
proteins (FbFPs) which originate from bacterial blue-
light photoreceptors. In contrast to coelenterate 
fluorescent proteins and LuxY which is the only 
known natural occurring FMN-binding fluorescent 
protein from the bioluminescent marine bacterium 
Vibrio fischeri29,30, the engineered FbFPs do not lose 
fluorescence activity under oxygen deprivation. Thus, 
these FbFPs can solve longstanding problems of 
protein-probed fluorescent imaging in anaerobic 
systems by providing experimental tools to expand 
the existing in vivo fluorescence imaging techniques. 
Furthermore, the study of complex anaerobic 
processes by using FbFPs as fluorescence reporter 
proteins holds a tremendous potential for a variety of 
different biotechnological and biomedical 
applications including: (i) high throughput screening 
of anaerobic bacteria by using fluorescence-activated 
flow cytometry and cell sorting (FACS), (ii) whole-
cell biosensor based toxicity detection and microbial 
anaerobic detoxification, and (iii) biomedical 
diagnostics and development of novel cancer 
therapies by using strictly anaerobic bacteria as anti 
tumor agents31. 
 
 
ACKNOWLEDGMENTS 
 
The authors would like to thank Jürgen Hubbuch and 
Thomas Rosenbaum, Institute of Biotechnology 2, 
Forschungszentrum Jülich, Germany for their assistance 
with confocal laser scanning microscopy. This work was 
partly supported by grants from the Deutsche 
Forschungsgemeinschaft (DFG) within the Forschergruppe 
FOR526 „Sensory blue light photoreceptors“ 
 
 
 
 
1. Tsien, R.Y. The Green fluorescent protein. Annu. Rev. 

Biochem. 67, 509-544 (1998). 
2. Zimmer, M. Green flourescent protein (GFP): 

application, structure, and related photophysical 
behavior. Chem. Rev. 102, 759-781 (2002). 

3. Losi, A., Polverini, E., Quest, B. & Gärtner, W. First 
evidence for phototropin-related blue-light receptors in 
prokaryotes. Biophys. J. 82, 2627-2634 (2002). 

4. Krauss, U., Losi, A., Gärtner, W., Jaeger, K.E. & Eggert, 
T. Initial characterization of a blue-light sensing, 
phototropin-related protein from Pseudomonas putida: a 

paradigm for an extended LOV construct. Phys. Chem. 
Chem. Phys. 21, 2804-2811 (2005). 

5. Losi, A. The bacterial counterparts of pant phototropins. 
Photochem. Photobiol. Sci. 3, 566-574 (2004). 

6. Matz, M.V., Lukyanov, K.A. & Lukyanov, S.A. Family of 
the green fluorescent protein: journey to the end of the 
rainbow. Bioessays 24, 953-959 (2002). 

7. Chudakov, D.M., Lukyanov, S. & Lukyanov, K.A. 
Fluorescent proteins as a toolkit for in vivo imaging. 
Trends Biotechnol. 23, 605-613 (2005). 

8. Giepmans, B.N.G., Adams, S.R., Ellisman, M.H. & 
Tsien, R.Y. The fluorescent toolbox for assessing 
protein localisation and function. Science 312, 217-224 
(2006). 

9. O’Rourke, N.A., Meyer, T. & Chandy, G. Protein 
localization studies in the age of ‘omics’. Curr. Opin. 
Chem. Biol. 9, 82-87 (2005). 

10. Valdivia, R.H., Cormack, B.P. & Falkow, S. The uses of 
green fluorescent protein in prokaryotes. Methods 
Biochem. Anal. 47, 163-178 (2006). 

11. March, J.C., Rao, G. & Bentley, W.E. Biotechnological 
applications of green fluorescent protein. Appl. 
Microbiol. Biotechnol. 62, 303-315 (2003). 

12. Hassan, M. & Klaunberg, B.A. Biomedical applications 
of fluorescence imaging in vivo. Comp. Med. 54, 635-
644 (2004). 

13. Aravind, L. & Koonin, E.V. The STAS domain a link 
between anion transporters and antisigma-factor 
antagonists. Curr. Biol. 10, R53-R55 (2000). 

14. Akbar, S. et al. New family of regulators in the 
environmental signalling pathway which activates the 
general stress transcription factor �B of Bacillus subtilis. 
J. Bacteriol. 183, 1329-1338 (2001). 

15. Gaidenko, T.A., Kim, T.J., Weigel, A.L., Brody, M.S. & 
Price, C.W. The blue-light receptor YtvA acts in the 
environmental stress signaling pathway of Bacillus 
subtilis. J Bacteriol. 188, 6387-6395 (2006). 

16. Avila-Perez, M., Hellingwerf, K.J. & Kort, R. Blue light 
activates the �B-dependent stress response of Bacillus 
subtilis via YtvA. J. Bacteriol. 188, 6411-6414 (2006). 

17. Buttani, V. et al. Conformational analysis of the blue-
light sensing protein YtvA reveals a competitive 
interface for LOV-LOV dimerization and interdomain 
interactions. Photochem. Photobiol. Sci. 6, 41-49 
(2007).  

18. Schwartz, T.E. et al. The photocycle of a flavin-binding 
domain of the blue light photoreceptor phototropin. J. 
Biol. Chem. 276, 36493-36500 (2001). 

19. Kasahara, M. et al. Photochemical properties of the 
flavin mononucleotide-binding domains of the 
phototropins from Arabidopsis, rice, and 
Chlamydomonas reinhardtii. Plant Physiol. 129, 762-773 
(2002). 

20. Christie, J.M., Swartz, T.E., Bogomolni, A. & Winslow, 
R.B. Phototropin LOV domains exhibit distinct roles in 
regulating photoreceptor function. Plant J. 32, 205-219 
(2002). 

21. Losi, A., Ghiraldelli, E., Jansen, S. & Gärtner, W. 
Mutational effects on protein structural changes and 
interdomain interactions in the blue-light sensing LOV 
protein YtvA. Photochem. Photobiol. 81, 1145-1152 
(2005). 

22. Patterson, G., Day, R.N. & Piston, D. Fluorescent 
protein spectra. J. Cell Sci. 114, 837-838 (2001).  



23. Brown, J.M. Exploiting the hypoxic cancer cell: 
mechanisms and therapeutic strategies. Mol. Med. 
Today 6, 157-162 (2000).  

24. Drepper, T., Arvani, S., Rosenau, F., Wilhelm, S. & 
Jaeger, K.-E. High-level transcription of large gene 
regions: a novel T7 RNA-polymerase-based system for 
expression of functional hydrogenases in the 
phototrophic bacterium Rhodobacter capsulatus. 
Biochem. Soc. Trans. 33, 56-58 (2005). 

25. Drepper, T. et al. Novel biocatalysts for white 
biotechnology. Biotechnol. J. 1, 777-786 (2006). 

26. Drepper, T. et al. Regulation of synthesis and activity of 
molybdenum nitrogenase and the alternative 
nitrogenase in Rhodobacter capsulatus. In: Regulatory 
Networks in Prokaryotes. Horizon Scientific Press, 
Norfolk, U.K. 73-77 (2003). 

27. Masepohl, B., Drepper, T. & Klipp, W. Nitrogen fixation 
in the phototrophic purple bacterium Rhodobacter 
capsulatus. In: Genetics and regulation of nitrogen 
fixation in free-living bacteria. Kluwer Academic 
Publischer, Dordrecht, Boston, London, 141-173 (2004). 

28. Zhang, C., Xing, X.-H. & Lou, K. Rapid detection of a 
gfp-marked Enterobacter aerogenes under anaerobic 
conditions by aerobic fluorescence recovery. FEMS 
Microbiol. Lett. 249, 211-218 (2005). 

29. Baldwin, T.O., Treat, M.L. & Daubner, S.C. Cloning and 
expression of the luxY gene from Vibrio fischeri strain Y-
1 in Escherichia coli and complete amino acid sequence 
of the yellow fluorescent protein. Biochemistry 29, 5509-
5515 (1990). 

30. Karatani, H., Yoshizawa, S. & Hirayama, S. Oxygen 
triggering reversible modulation of Vibrio fischeri strain 
Y1 bioluminescence in vivo. Photochem. Photobiol. 79, 
120-125 (2004). 

31. Bettegowda, C. et al. The genome and transcriptomes 
of the anti-tumor agent Clostridium novyi-NT. Nat. 
Biotechnol. Published online: 19 November 2006; 
doi:10.1038/nbt1256 

32. Kovach, M.E., Phillips, R.W., Elzer, P.H., Roop, R.M. 
2nd & Peterson, K.M. pBBR1MCS: a broad-host-range 
cloning vector. Biotechniques 16, 800-802 (1994). 

33. Arnold, W. & Pühler, A. A family of high-copy-number 
plasmid vectors with single end-label sites for rapid 
nucleotide sequencing. Gene 70, 171-179 (1988). 

34. Klipp, W., Masepohl, B. & Pühler, A. Identification and 
mapping of nitrogen fixation genes of Rhodobacter 
capsulatus: duplication of a nifA-nifB region. J. 
Bacteriol. 170, 693-699 (1988).  

35. Masepohl, B., Klipp, W. & Pühler, A. Genetic 
characterization and sequence analysis of the 
duplicated nifA/nifB gene region of Rhodobacter 
capsulatus. Mol. Gen. Genet. 212, 27-37 (1988).  





A

Input

(1)  Nucleotide sequence of the gene (or region) of interest including flanking vector-
sequence

(2)  Unique sequence identifier

(3)  Target mutagenesis codon

(4) Start and stop position of the gene (or region) within this sequence

(5) Region to mutate

(6) Oligo switch position

Generate subsequent mutant sequences for the defined region

i = start - stop

Output

Primer information in browser window, to downloadable sequence and Microsoft© Excel file

i < oligo switch position i > oligo switch position

Generate forward primer Generate reverse primer

(1) Test for G/C clamp
Iterate primer length

(2) Calculate primer T

Iterate primer length

i < oligo switch position i > oligo switch position

Generate forward primer Generate reverse primer

(1) Test for G/C clamp
Iterate primer length

(2) Calculate primer T

Iterate primer length

Mutagenesis Primer Prediction

Restriction Analysis

Output

Number of recognition sites for the chosen restriction enzymes within the primer

Input 

Restriction enzymes intended to be used for cloning purposes

m

B



BSLA (Bacillus subtilis Lipase A)

1
Oligo-switch

BSLA-92 … 181-fwBSLA-1 … 91-rev

deg.31forward5′- aatctggacggcggaNNSaaagttgcaaacg -3′BLSA-94-fw

deg.33forward5′- aaaaatctggacggcNNSaataaagttgcaaac -3′BLSA-93-fw

deg.31forward5′- ataaaaaatctggacNNSggaaataaagttg -3′BLSA-92-fw

deg.34reverse5′- aactttatttccgccSNNcagattttttatgtag -3′BLSA-91-rev

deg.36reverse5′- tttatttccgccgtcSNNattttttatgtagtaaag -3′BLSA-90-rev

deg.33reverse5′- atttccgccgtccagSNNttttatgtagtaaag -3′BLSA-89-rev

Tm
(°C)

Length
(bp)

Oligonucleotide 
orientation

SequenceOligonucleotide 
name

deg.31forward5′- aatctggacggcggaNNSaaagttgcaaacg -3′BLSA-94-fw

deg.33forward5′- aaaaatctggacggcNNSaataaagttgcaaac -3′BLSA-93-fw

deg.31forward5′- ataaaaaatctggacNNSggaaataaagttg -3′BLSA-92-fw

deg.34reverse5′- aactttatttccgccSNNcagattttttatgtag -3′BLSA-91-rev

deg.36reverse5′- tttatttccgccgtcSNNattttttatgtagtaaag -3′BLSA-90-rev

deg.33reverse5′- atttccgccgtccagSNNttttatgtagtaaag -3′BLSA-89-rev
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SequenceOligonucleotide 
name

Region to mutate

181 aa

Mutagenesis region
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Target nucleotide sequence (including flanking vector sequences)

56

...cgctcctagctagct GCT gaa cac…aca ctt tac tac ata aaa aat ctg gac ggc gga aat aaa gtt gca aac gtc…aat TAA ctgatatgatc …
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5. General Discussion 

5.1 LOV is all around – the ancient history of a omnipresent photoreceptor 
protein  
 

As discussed in Chapter 1.6 and Chapter 2.1 several recent ground-breaking studies 

unequivocally demonstrated a blue-light dependent functionality of different bacterial 

LOV domain-containing signaling systems and hence proved that blue-light is indeed 

an important environmental stimulus also in non-photosynthetic prokaryotes.  

Years after the discovery of the LOV photosensor modules in plant phototropins, 

experimental evidence becomes available stating that bacterial systems similar to 

plant phototropins, namely LOV histidine kinases, can regulate blue-light dependent 

responses via a phot-like autophosphorylation system. This raises pressing 

questions regarding the evolutionary history of the LOV photosensor module in the 

pro- and eukaryotic domains of life. Therefore, a phylogenetic study that included 129 

gene/protein sequences with significant similarity to the plant LOV domains of the 

phototropin system was conducted. The results of this study aiming to understand 

the evolutionary history of the LOV domain signaling module in the kingdoms 

domains of life, namely the Archaea, the Bacteria and the Eukaryotes, are presented 

in Chapter 2.1. 

 

LOV is all around 

The LOV signaling module is found widely distributed in all three kingdoms of life and 

is apparently only absent in the animals. A comprehensive BLAST analysis as well 

as independent genome mining in various fungal genome projects revealed that the 

LOV signaling module can be found in approximately 12% of bacterial and 7% of 

archaeal completely sequenced genomes. In the resulting phylogenetic analysis 

furthermore representatives of the three major eukaryotic LOV signaling systems 
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(phototropin, ZTL/ADO/FKF1 and fungal white-collar-1) were included in this analysis 

to gain insight into the evolutionary relationship between the prokaryotic and the 

eukaryotic LOV-systems. 

 
The bacterial origin of the eukaryotic LOV signaling systems 
Previous sequence and BLAST analyses had already indicated that the LOV 

signaling module should represent an evolutionary ancient light sensor that 

apparently retained its photochemical mechanism from archaeal taxa, to bacterial 

and eukaryotic genera throughout evolution. Although, biochemical/photochemical 

evidence is still missing that the archaeal LOV-like proteins possess the same 

characteristics as shown for several bacterial and eukaryotic LOV domains and full-

length photosensor proteins. Nevertheless, the high degree of sequence 

conservation, especially of mechanistically crucial amino acids also in the archaeal 

LOV proteins, suggests the conservation of the LOV signaling paradigm between the 

three kingdoms of life. However, no phylogenetic study was available that 

investigated the evolutionary relationship among the pro- and eukaryotic world of 

LOV sensor systems. The analyses presented in Chapter 2.1 suggest that all known 

eukaryotic LOV photosensor families, namely, phototropins, ZTL/ADO/FKF1-LOVs 

and the fungal WC-1 photoreceptors have probably directly originated from 

cyanobacterial (in case of the ZTL-subfamily) or respectively �-proteobacterial 

lineages (in case of phototropin and WC-1) by endosymbiosis. Therefore, the 

respective endosymbiotic uptake event that led globally to the appearance of the 

organelles (mitochondria and chloroplast) in the eukaryotes apparently also marks 

the time of the appearance of the LOV sensor module in the eukaryotic kingdom. 

Moreover, the analysis implies that the plant circadian photoreceptors of the 

ZTL/ADO/FKF1-LOV family, and respectively the plant phototropins as well as the 

fungal WC-1 sequences, originated from two distinct endosymbiotic events that must 

have been separated by a few hundred million years in time.  

It is interesting to note that the fungal (WC-1) and plant circadian blue-light 

photoreceptors (ZTL and FKF1) that both harbor a LOV domain as the light sensitive 

sensor switch apparently diverged from different bacterial LOV sensors and 

underwent convergent evolution toward the same function in plants and fungi.  

Contrarily, the plant phototropins and the fungal WC-1 photoreceptors, that probably 

originated from the same endosymbiotic event (of an ancient �-proteobacterium) 
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underwent divergent evolution toward distinct functions, namely light dependent 

regulation of i) the circadian rhythmicity and ii) phototropic responses. 

Notwithstanding, all LOV photoreceptors so far photochemically characterized (in the 

three kingdoms of life), apparently retained the primary photochemical events that 

enable photon-capture and thus (blue)-light perception.  
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Figure 7: Evolution of LOV. The figure illustrates the evolutionary hypothesis that might have led to 
the wide distribution of LOV among the three kingdoms of life. The hypothesis is discussed in more 
detail in Chapter 2.1. In brief, an ancient duplication event after the separation of the Archaea and 
Bacteria may have resulted in the observed split in the phylogenetic tree, explaining the double 
appearance of proteobacterial LOV sequences. Subsequently a gene-loss (extinction) event has to be 
invoked to account for the loss of two LOV modules among the Cyanobacteria and the Firmicutes. 
Regarding the appearance of LOV among the eukaryotes, the affinity of eukaryotic LOV sequences to 
certain bacterial lineages supports the notion that all the known eukaryotic LOV photoreceptors 
probably originate from endosymbiosis of once free living microbes that already harbored LOV 
photoreceptors. Based on the observed affinities it seems likely that the appearance of phototropins 
and correspondingly of WC-1 in fungals coincided with the endosymbiotic uptake of an ancient 
proteobacterium that later became mitochondrion of the eukaryotic lineages. Respectively, the affinity 
of the ZTL/ADO/FKF1-LOV family to the cyanobacterial clade, suggest that the uptake of an ancient 
cyanobacterium that later became the eukarytic chloroplast also led to the appearance of the third 
photoreceptor family in plants.  
 

Moreover, based on the presented phylogeny, LOV histidine kinase systems that are 

found today in a number of marine phototrophic �-proteobacteria and in a few 

halophilic Archaea, are suggested as among the evolutionary oldest and hence 

primordial LOV photoreceptors. To conclude, phototrophy (defined as a metabolic 
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mode in which organisms convert light energy into chemical energy for growth [101]) 

in ancient marine habitats might have played a primary role in the evolutionary 

processes that led to the appearance of the blue-light sensitive LOV-photoreceptors 

systems, which we find today so dispersed in the three kingdoms of life. A more 

detailed description of the evolutionary events that led to the widespread appearance 

of LOV among the pro- and eukaryotes is given in Chapter 2.1 and is moreover 

illustrated in Figure 7. 

 
Functional implications derived from evolution  
The phylogenetic study on pro- and eukaryotic LOV photoreceptors, which is 

presented in Chapter 2.1 as part of this thesis, provides insight into the evolutionary 

history of the LOV signaling paradigm and thus of LOV-dependent blue-light 

perception. But what insights can the knowledge about the (ancient) past of a given 

protein class provide with respect to its present function? 

  

One example - Evolutionary constraint on the LOV dark recovery reaction? 

Considering the ancestry of the bacterial LOV systems to the higher eukaryotic LOV 

photoreceptors that is discussed in Chapter 2.1, it seems reasonable to assume that 

the dark recovery in the early days of the LOV domain evolution was a solely 

thermally driven, and hence slow process. So the majority of the bacterial LOV 

photoreceptor systems should be slow (or slower compared to the plant phototropin 

LOV domains) in their dark recovery process. In this respect the data available for 

several LOV domain modules from different bacterial species seem to support this 

notion. Nearly all till today characterized bacterial LOV proteins are slower reverting 

[82, 83, 102] than their plant phot-LOV counterparts. The only exception so far is the 

PpSB2-LOV protein of P. putida, which shows a dark recovery time constant similar 

to the plant phot-LOV domains (see Chapters 3.1 and 5.2.1). The observation that 

different LOV photoreceptor classes obviously retain different dark recovery kinetics 

might point toward a functional importance of those different time constants for the 

respective LOV photoreceptor class and thus implying evolutionary constraints that 

appear to have governed the evolution of the dark recovery process of LOV. This 

hypothesis will be discussed in the next paragraph with the example of the 

ZTL/ADO/FKF1 LOV family. 
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Starting with a thermally driven dark recovery process in the early days of LOV 

evolution (e.g. in the bacterial world), selective (Darwinian) pressure might have 

caused an adaptation of the core LOV domain to assist the thermal recovery and 

hence accelerate the recovery process, e.g. in phot-LOV domains. Whereas, in other 

LOV signaling modules (e.g. the LOV domain of the circadian LOV photoreceptor 

family constituted by the ZTL/ADO/FKF1 proteins), apparently no such speciation 

toward a faster dark recovery process occurred. Hence, suggesting that the 

temporary fixation of the protein’s light-conformation (spectrally and functionally 

represented by the signaling state) might have been in certain cases beneficial for 

the evolution of the functional response in vivo. Notably, recent experiments have 

demonstrated that for the LOV domain-containing F-box proteins ZTL and FKF1 in 

Arabidopsis, rhythmic oscillation of the protein abundance is probably regulated by 

direct protein-protein interaction with GIGANTEA(GI), a large plant-specific protein 

[103, 104]. The authors concluded that GI stabilizes ZTL and respectively FKF1 in 

vivo in a blue-light dependent manner via their LOV domains. Furthermore, mutations 

that result in the loss of the LOV domain’s photosensitivity eliminate the blue-light-

enhanced binding to GI [103, 104]. Therefore, the interaction of ZTL and 

correspondingly FKF1 with GI seems to occur preferentially when the LOV domain 

and hence the ZTL or FKF1 protein is in its light-(signaling state) conformation.  Due 

to their slow recovery reaction, the LOV proteins (ZTL or FKF1) will be predominately 

in their signaling state conformation, when a (blue)-light stimulus is present (e.g. 

during the day). This in turn enables the interaction with GI. Whereas, in the dark a 

slow recovery to the LOV ground state occurs in the proteins, weakening the 

ZTL/FKF1-GI interaction and therefore leading to reduced photoreceptor levels. The 

abundance of GI is furthermore clock-controlled, so that consequently GI protein 

cycling confers an additional light-independent post-translational rhythm on the ZTL 

and FKF1 proteins, respectively. This example suggests a functional basis for an 

evolutionary constraint on the very slow recovery reactions that are observed for the 

ZTL/ADO/FKF1 LOV family and therefore exemplifies how selective (Darwinan) 

pressure might have controlled the evolution of the LOV domain’s dark recovery 

process.  
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5.2 From signal-transduction to physiology 
 

This chapter summarizes the results obtained in this study, regarding the signal-

transduction process and the biological role of bacterial LOV domain-containing 

signaling systems. Additionally, unpublished data is included to strengthen the 

arguments presented in the published work.  Due to the conserved nature of the LOV 

domain in bacterial and plant systems, the results obtained in this study, as well as 

other recent studies on bacterial LOV systems, may have implications for the 

understanding of the photoactivation and signal-transduction processes of LOV 

domain-containing signaling-systems in general. The following chapter deals with 

several bacterial LOV domain-containing full-length proteins or with truncated 

versions of the same. As a general overview, all LOV constructs relevant in this 

study, are depicted in Figure 8. 
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Figure 8: Relevant full-length LOV proteins and truncated LOV protein constructs investigated in 
this study. The B. subtilis YtvA  protein (residues 1-261) (O34627) comprises both the N-terminal cap 
(N-cap), the canonical LOV domain, a probably helical linker (J�) and the STAS domain. YtvA was 
expressed as N-terminal 6xHis fusion protein using pET28a in Escherichia coli.  Truncated versions of 
the YtvA protein: N-LOV (1-126) containing only the N-cap and the canonical LOV domain, the 
isolated LOV domain (residues 25-126) and a construct comprising both N-cap, LOV domain and 
helical linker (N-LOV-Linker) (residues 1-147) were expressed in a similar manner to facilitate easy 
purification. Full length P. putida KT2440 LOV proteins, namely PpSB2-LOV (Q88JB0) and PpSB1-
LOV (Q88E39) comprise both an N-cap, a canonical LOV domain and a probably helical C-terminal 
extension (J�). The two P. putida LOV proteins were expressed and purified similarly to YtvA and its 
truncated variants.         
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5.2.1 The LOV photoreceptors of Pseudomonas putida KT2440- as a paradigm 
for an extended LOV construct 
 
As discussed in Chapter 3.1, one possible mechanism that is thought to govern the 

signal relay from the blue-light sensitive LOV domains to the kinase moiety in the 

plant phot system is the unfolding of a conserved helical segment located C-

terminally of the LOV2 core in plant phot [76]. Sequence analysis confirmed the 

presence of this helical segment (termed J�-helix) in various plant phots, e.g. Oryza 

sativa phot1, Zea mays phot1, Arabidopsis thaliana phot1, Pisum sativum phot1, 

Arabidopsis thaliana phot2, Vicia faba phot1, Adiantum capillus-veneris phy3, and 

Avena sativa phot1 [77]. 

Between the plant phot-LOVs and the bacterial LOV domain-containing proteins this 

helical segment is not well conserved in sequence (Figure 9).  
                                                                    
AS_PHOT1 : EHVR-------DAAEREGVMLIKKTAENIDEAAKELPDANLRPEDLWANH :  43 
AC_PHOT1 : EYLEPLTKRLSQQIASEGAKIIRETAANVNEALRELPDANLKVEDLWRIH :  50 
AT_PHOT1 : KHVEPVRNVIEETAVKEGEDLVKKTAVNIDEAVRELPDANMTPEDLWANH :  50 
PS_PHOT1 : QHVEPLHNCIAEDTAKEGELLVKETAENVGEAVKELPDANQKPDDLWMNH :  50 
VF_PHOT1 : QHVEPLHNCIAEESAKEGELLVKETAENVGEAVKELPDANQKPDDLWKNH :  50 
OS_PHOT1 : EHVQ-------DDAAEEGVVLVKKTADNIDEAAKELPDANLRPEDLWANH :  43 
ZM_PHOT1 : ERVR-------EAAAKDGAILVKKTADNIDEAAKELPDANLRPEDLWANH :  43 
SB1      : RQVEL------ERELAELRARPKPDERA---------------------- :  22 
SB2      : AQVFA------EERVRELEAEVAELRRQQGQAKH---------------- :  28 
YtvA     : KQKE--YEKLLEDSLTEITALSTPIVPIRNGISALPLVGNLTEERFNSIV :  48 

                         
J� 

 
Figure 9: Multiple sequence alignment of the J�-helix sequence regions of several phot1-LOV2 
domains with the corresponding C-terminal extension of the twin PpSB1-LOV (SB1) and PpSB2-LOV 
(SB2) proteins. For comparison the J�-linker of B.subtilis YtvA was added to the alignment. Sequence 
abbreviations of the eukaryotic taxa from which the phot1-LOV2-J� sequence was used in the 
alignment are as follows: AS: Avena sativa, AC: Adiatum capillus-veneris, AT: Arabidopsis thaliana, 
PS: Pisum sativum, VF: Vicia faba, ZM: Zea mays). 
 

Nevertheless, the presence of a helical linker in B. subtilis YtvA (for details see 

Chapter 3.2) located C-terminally to the LOV core, thus connecting the LOV and 

STAS domains has been proposed [105] based on UV-circular dichroism (CD) -

spectroscopy and secondary structure predictions (see Chapter 3.2). Notably, its 

presence could very recently been proven by the determination of the crystal 

structure of an extended YtvA-LOV construct, which included the prospective linker 

polypeptide (residues 127-147) [106].  
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In Chapters 3.1 and 3.3 the cloning and characterization of two novel LOV domain-

containing proteins from the rhizosphere colonizing organism P. putida KT2440 is 

described.  

The proteins PpSB1-LOV (Q88E39) and PpSB2-LOV (Q88JB0) contain a canonical 

LOV core as well as short C- and N- terminal extensions (Figure 10). The two 

probably paralogous proteins are highly similar in sequence as they share about 66% 

identical positions. Interestingly, both lack a fused output domain, but bioinformatic 

analysis of inter-organismal operon organizations demonstrate a clustering of a helix-

turn-helix transcriptional regulators as the putative LOV co-localized (in close 

proximity, but not fused) effector domains.  
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Figure 10: Illustration of the extended LOV paradigm. A) Full-length domain architectures of plant 
phototropins (a) and of the twin LOV proteins of P. putida KT2440 (b,c). Whereas, plant phots contain 
two LOV domains (LOV1 and LOV) fused to a Serine/Threonine Kinase (S/T Kin), the two P. putida 
proteins consist only of a core LOV domain with short N- and C-terminal helical extensions. B) 
Structural model of the extended LOV-construct of Asphot1 LOV2 as derived from NMR spectroscopy. 
C) Homology models of the P. putida LOV proteins (PpSB1-LOV and PpSB2-LOV) with the C-terminal 
helical extension (J�-helix) computationally docked to the core LOV domain (see Chapter 3.1 for 
details). In both Asphot1 LOV2(B) and in the twin LOV proteins of P.putida (C), the J�-helix 
pachs/docks well against the central �-sheet surface of the core LOV domain. Figure 10B was 
adapted from [76] and is reprinted with permission of the American Association for the Advancement 
of Science (AAAS). 
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Secondary structure predictions as well as UV-CD experiments indicate that in both 

proteins the LOV core extensions (N- and C-terminal) might be helical (for details see 

later this chapter). Taking this information into account it was possible to generate a 

structural model for PpSB2-LOV and respectively for PpSB1-LOV (data not 

published) that comprises the C-terminal helical extension to the LOV core. The C-

terminal helical segment could be computationally docked well underneath the 

central �-sheet surface of the PpSB2-and PpSB1 LOV domain (Figure 10).  

This renders the two proteins of P. putida PpSB1-LOV and PpSB2-LOV naturally 

occurring paradigms for an extended LOV construct, very similar in structure to the 

recombinant construct of Asphot1-LOV2, studied by Harper and colleagues by NMR 

spectroscopy [76] (see Figure 10). 
 

PpSB1-LOV and PpSB2-LOV exhibit a conserved phot-like photochemistry  

The two duplicated proteins of P. putida exhibit a phot-like photochemistry as 

demonstrated in Chapter 3.3 for PpSB1-LOV and in Chapter 3.1 for PpSB2-LOV, 

respectively. Interestingly, the highly conserved canonical sequence motif of LOV 

domains, GXNCRFLQG, is found to be changed to YQDCRFLQG in both of the P. 

putida proteins and is moreover conserved among all saprotrophic Pseudomonads 

that contain similar proteins. Notably, this exchange does not inhibit or alter the FMN 

binding affinity as well as the phot-photochemistry in the case of the two proteins 

studied as part of this thesis. In contrast to the other bacterial LOV domain-containing 

proteins characterized so far, the dark state recovery of PpSB2-LOV was comparably 

fast (	REC= 114 s at 20°C) and hence more similar to plant phot LOV domains (e.g. C. 

reinhardtii LOV1, 	REC=334 s at 20°C). On the other hand its paralogous twin protein 

PpSB1-LOV shows the slowest recovery rate ever observed among bacterial LOV 

domains (	REC= 29.5 h at 20°C). The recovery kinetics for PpSB1-LOV therefore 

more closely resembles values observed for the plant FKF1-LOV domain [67]. 

Interestingly this equips P. putida and some other Pseudomonads with one LOV 

system (PpSB1-LOV) that will in the light be predominantly “switched on” (due to the 

accumulation of the signaling state because of its very slow recovery). Additionally 

the organism possesses a LOV photosensor system (PpSB2-LOV) whose recovery 

is so fast that it will return nearly instantaneously to the ground state and hence will 

more easily be “switched off”.  The functional relevance of this remarkable 

dichotomy, if not an evolutionary artifact, will be a very interesting  point of future 

studies. Solely for comparison B. subtilis YtvA (	REC= 2600 s at 20°C) and its isolated 
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LOV domain YtvA-LOV (	REC=3900s at 20°C) [102] show intermediate values in 

between those of PpSB1-LOV and PpSB2-LOV. The structural basis of the observed 

variability of those dark recovery time constants, especially among the bacterial LOV 

domain-containing proteins is not yet well understood. 

  

However, as discussed in Chapter 3.3, several mechanisms were proposed that may 

influence the dark recovery rate in LOV domains. One study pointed towards a 

general base catalyzed recovery reaction, probably driven from two surface exposed 

histidine residues in the Avena sativa LOV2 domain [107], thus confirming an earlier 

hypothesis of Swartz et al. (2001) [64] that suggested a base catalysis controlling the 

dark recovery in LOV domains. It is thus concluded that base catalysis in at least 

Asphot1-LOV2 can take place from those two histidine residues although they are 

located in about 12 Å distance from the FMN isoalloxazine ring, via a hydrogen 

bonding network of the base, chromophore, and intraprotein water molecules [64]. In 

case of the slow reverting PpSB1-LOV and correspondingly the fast reverting 

PpSB2-LOV, the presence of four histidines in PpSB2-LOV (with one of those 

histidines, His64, probably in close proximity to the flavin isoalloxazine ring) and 

correspondingly the complete absence of histidine residues in PpSB1-LOV might 

indeed suggest the involvement of similar base catalyzed mechanisms as the one 

postulated for Asphot1-LOV2.  

However, as other slow reverting bacterial LOV domains and LOV domain-containing 

proteins (e.g. B. subtilis YtvA) as well as the very slow reverting plant LOV domains 

of the ZTL/ADO/FKF1 family, possess histidine residues throughout the LOV core it 

seems rather unlikely that the recovery process is solely governed by a histidine- 

driven base catalyzed mechanism. It should be noted that the light-sensitive LOV 

domains of the ZTL/ADO/FKF1 photoreceptor family, possess an 11 aa insertion 

between the �E and �F-helices which is absent in other LOV domains (comparable 

to VIVID-LOV in the alignment in Figure 4, Chapter 1.3 of the introduction) [17]. The 

additional segment, probably adopting a random coiled conformation, might 

contribute to the slower recovery kinetics that are observed in this LOV-

photoreceptor family. The additional segment might thus provide more 

conformational flexibility in the LOV domains signaling state and, therefore, alleviate 

strain in the protein associated with the FMN-protein linkage. This in turn might slow 

down the recovery reaction.  
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A second proposal recently suggested an additional mechanism based on the 

following: in a random mutagenesis study conducted by Christie et al. (2007) on the 

LOV2 domain of Asphot1, an isoleucine residue located within van der Waals 

distance from the highly conserved photoactive cysteine was identified to be involved 

in the dark recovery reaction. It was suggest by the authors that this isoleucine 

probably makes contact with its methyl-group to the sulfhydryl group of the cysteine 

[108] thus creating strain in the protein to stabilize the signaling state intermediate. 

Mutation of this isoleucine to valine or leucine resulted in a dark recovery that was 

faster by one order of magnitude, or about three fold (for the isoleucine to leucine 

mutation), compared to the wildtype protein.  

In the case of PpSB1-LOV and PpSB2-LOV, the position of the isoleucine residue 

identified in Asphot1-LOV2 as hot-spot that strongly influences the dark recovery 

reaction, is occupied by a leucine, which might account for the relatively fast recovery 

reaction observed for PpSB2-LOV. Contradictory to this reasoning, in both P. putida 

proteins that behave so dramatically different with respect to their recovery kinetics, 

the identified hot-spot protein region is highly conserved in sequence, thus a priori 

suggesting that the different recovery kinetics can not depend largely on this position 

in the protein. 

In conclusion, both mechanisms elaborated in the above paragraph might contribute 

to some extend to the dark recovery reactions also in bacterial LOV proteins. 

However, as both hypothesis fail to unequivocally explain the different recovery 

kinetics of PpSB1-LOV and PpSB2-LOV, other additional mechanisms have to be 

considered that influence the recovery kinetics in the bacterial LOV domain family.  

The dramatic differences in the dark recovery kinetics observed for PpSB1-LOV and 

PpSB2-LOV, together with the high degree of sequence conservation should render 

this system an ideal starting point to investigate the mechanisms underlying the 

currently not well understood dark recovery reaction of LOV domains by means of 

directed and/or random mutagenesis.  

 

Tryptophan fluorescence suggest conformational changes in the C-terminal 

region of PpSB2-LOV 

Tryptophan (Trp) fluorescence spectroscopy on W97, the sole Trp residue in PpSB2-

LOV, revealed a transient increase of the Trp-fluorescence in the protein’s signaling 

state that was, although low in magnitude, completely reversible in the dark with a 
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time constant (	RECW= 102 s) quite in accordance to the observed dark recovery time 

of the protein. This suggests conformational changes in the microenvironment of the 

this Trp residue, larger than in the B. subtilis YtvA protein where changes in Trp 

fluorescence associated with the signaling state formation are minor. [109]. 

The conserved Trp of PpSB2-LOV (W97) is probably located in a similar environment 

as in the NMR derived structure of the extended LOV2 construct of Asphot1, namely 

in the vicinity of the loop that connects the LOV core to the helical extension, hence 

the observed changes in the Trp fluorescence upon signaling state formation as well 

as the presence of a similar C-terminal helical segment in both PpSB1-LOV and 

PpSB2-LOV might point towards a common signal-transduction mechanism between 

the plant phot system and the two twin proteins of P. putida. 

  

UV-CD spectroscopy to study the solution structure of PpSB2-LOV 

(unpublished)  

In order to test this hypothesis and evaluate the low-resolution 3-dimensional model 

for the two proteins, UV-CD spectroscopy was employed. In principal this method 

should allow to follow light driven conformational changes in PpSB1-LOV and 

PpSB2-LOV that might accompany the signaling state formation, e.g. an unfolding of 

the C-terminal extension. However, one has to keep in mind that transient changes 

that occur below a timescale of seconds as well as 3-dimensional rearrangements of 

protein secondary structure elements (e.g. movement of helices without unfolding) 

that are not accompanied by a global change in the secondary structure content are 

not resolvable with this approach. Figure 11 shows the recorded UV-CD spectra of 

PpSB1-LOV and PpSB2-LOV, respectively.  
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Figure 11: CD spectra in the UV region recorded for the dark (dashed) and light (signaling) state 
(dots) of PpSB1-LOV (left) and PpSB2-LOV (right). Experiments were performed in co-operation with 
Aba Losi and Valentina Buttani at the University of Parma, Italy. Experimental conditions were the 
same as described in Chapter 3.2. 
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Spectra were recorded before (dark state) and after illumination with blue-light 

(signaling state). Table 1 summarizes the data derived from a CCA-analysis of the 

PpSB1-LOV and PpSB2-LOV CD-spectra. 

 

TABLE 1: Results of the CCA analysis on CD spectra 

Sec. structure % SB2-LOV 
#(168 aa) 

% SB1-LOV 
§(162 aa) 

 dark light dark Light 

I. �-helix 33.4 � 4.9 

(56 � 8) 

33.4 � 2.5 

(56 � 4) 

36.8 

(60) 

40.5 

(66) 

II. RC 19.1 � 4.7 

(32 � 8) 

18.5 � 5.5 

(31 � 9) 

16.7 

(27) 

20.0 

(32) 

III. �-

turns/others 

20.5 � 4.0 

(34 � 7) 

20.8 � 4.7 

(35 � 8) 

23.4 

(38) 

25.0 

(41) 

IV. �twisted/�Par. 9.8 � 5 

(16 � 8) 

9.7 � 4.3 

(16 � 7) 

10 

(16) 

10.8 

(17) 

V. � Antipar. 17.2  � 1 

(28 � 2) 

 17.6 � 1 

(29 � 2) 

10.1 

(16) 

3.7 

(6) 

§ � �
2

1
)(	




�
n

i
i fy �

26 � 12 15 � 8 8.5 7.3 

†: The statistical error is the standard deviation and derives from two sets of  
measurements on two different preparations for PpSB2-LOV and N-LOV-Linker. 
§: Average squared error, where yi = experimental curve, f(�) = fitting curve; 

 

In acc of YtvA (see 

05], Chapter 3.2 and the discussion in Chapter 5.2.2) and furthermore under the 

ent in PpSB2-LOV as implied by changes in the Trp-

‡: The preparations of PpSB2-LOV and PpSB1-LOV contained considerable  
amounts of apo-protein. The CCA-algorithm and its application to analyze the  

 CD-data in Figure 10 is described in [105]. 

ordance with the CD data presented for the isolated LOV domain  

[1

assumption of a canonical LOV fold present in PpSB1-LOV and PpSB2-LOV, the two 

additional elements, located N- and C-terminally to the core LOV domain, should 

both be helical in conformation.  

UV-CD spectra indicate no global conformational changes in the two proteins upon 

illumination, hence a rearrangem

fluorescence is apparently not caused by an unfolding or dissociation of the C-

terminal extension as it was suggested for Asphot1-LOV2 [76]. It should be noted 
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that the CD-data presented here are still associated with a relatively large 

experimental error (about 15% for PpSB2-LOV), probably attributed to the presence 

of apo-protein in the preparations of PpSB1-LOV and PpSB2-LOV. Therefore, an 

optimization of the PpSB1- and PpSB2-LOV expression that increases the 

chromophore content in the LOV protein should reduce the experimental error and 

hence provide more reliable data. Nevertheless, UV-CD-spectroscopy implies that 

the N- and C-terminal extensions in the two P. putida proteins are helical in structure, 

thus at least suggesting similar structural elements located outside the canonical 

core LOV domain in both the bacterial and eukaryotic phot-LOV systems.  

 

In conclusion, although PpSB1-LOV and PpSB2-LOV probably resemble structurally 

e extended construct of Asphot1-LOV2 that was studied by Harper and co-workers th

using NMR spectroscopy [76], similar signal-transduction processes for the bacterial 

and eukaryotic LOV systems, namely an unfolding of the C-terminal extension (J�-

helix) outside the core LOV domain could not be detected with the presented 

approach. Therefore, currently all available data (see also the following chapter for a 

discussion) points toward different light activated signal-transduction systems in the 

plant and bacterial LOV photoreceptors, although structural elements (like N-cap and 

J�-helix) seem to be conserved between the two kingdoms of life.   
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5.2.2 LOV – LOV dimerization and interdomain interactions in the Bacillus 

subtilis YtvA protein 
 
Proteins of the structurally conserved PAS fold, to which the LOV domain family of 

signaling modules belongs, are often involved in general sensory functions, 

transcriptional activation and regulation, both mediated by ligand binding, direct 

protein-protein interactions and homo/hetero-dimerization [88]. Currently the 

information regarding the oligomerization state of LOV domains and / or of LOV 

domain-containing proteins is confusing, especially with respect to the physiological 

significance of those processes for the signal-relay to downstream partners.  In 

Chapter 3.2 a possible LOV-LOV dimer complex formed by the isolated LOV domain 

of the B. subtilis YtvA protein is described. Based on size-exclusion chromatography 

studies, CD spectroscopy and molecular docking simulations a common surface for 

LOV-LOV and intra-protein interaction was proposed for full-length YtvA.  

As outlined in Chapter 3.2, the oligomerization state of different LOV domains is still 

controversially under debate. Furthermore, it is not unequivocally resolved for the 

LOV constructs that clearly dimerize in solution such as Asphot1 LOV1, the LOV1 

domain of Atphot1 and Atphot2 as well as the LOV domain of FKF1 of Arabidopsis, 

how the corresponding LOV monomers orient towards each other to form the dimer 

complex. This raised the question, whether there is a general dimerization / 

interaction surface in some LOV domains that is absent in others e.g. in Asphot1 

LOV2, that appeared to be monomeric. 

 

A common surface in the LOV domain might govern the LOV-LOV and LOV-

STAS interactions in YtvA 

In Chapter 3.2 it was shown that the isolated LOV domain (LOV, residues 25-126) of 

YtvA forms a stable dimer in solution, whereas full-length YtvA is largely monomeric. 

This strongly suggests a common interface for LOV-LOV dimerization and for the 

LOV-STAS interaction, respectively. Furthermore, the dimerization of the LOV 

domain is not prevented by the presence of the N-terminal cap (N-LOV, residues 1-

126) and the J�-linker (Losi, personal communication). 
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A BYtvA-LOV crystal YtvA-LOV docking

phy3-LOV2 crystalC

AA BBYtvA-LOV crystal YtvA-LOV docking

phy3-LOV2 crystalCC

 
Figure 12: Illustration of the possible dimer complexes observed for the LOV domain of 
different LOV-photoreceptor proteins. A) Head to head dimer complex observed in the crystal 
structure of YtvA-LOV [106] (pdb-entry: 2PR5). The N-terminal J�-helix protrudes from the core LOV 
domain and does not pack against its �-sheet surface. B) In comparison the ZDOCK derived 
computationally docked complex of YtvA-LOV (lacking the J�-helix), as described in Chapter 3.2 [105], 
is depicted. C) Dimer complex observed in the crystal-structure of phy3-LOV2 showing a different 
orientation of the LOV core monomers as in the YtvA-LOV dimer (A and B). Interaction hot-spots 
predicted using the computational alanine scanning tool (Robetta software suite [110]) are highlighted 
in red in the corresponding structures and models. The figure nicely illustrates that the same 
interaction surface, namely the central �-sheet surface, is probably involved in the dimerization 
process.  
 
Applying UV-CD spectroscopy to study the secondary structure composition of the 

three constructs (LOV, N-LOV and full-length YtvA), it could be demonstrated that 

both the N-terminal cap as well as probably the linker region (aa 127-147) are mostly 

helical. Furthermore, it was possible to computationally generate YtvA-LOV dimer 

complexes by employing a molecular docking approach. In the most favored docking 

complex the LOV monomers form a head-to-head dimer facing each other with the 

central �-sheet surface (Figure 12). The proposed complex might be stabilized by 

hydrophobic and electrostatic interactions, whereas a cluster of hydrophobic amino 

acids at the LOV-LOV interface would nicely account for the stability of the dimer in 

solution. It should be mentioned here, solely for comparison, that the twin LOV 

proteins of P. putida both form stable dimers in solution (see Chapter 3.1 for PpSB2-

 _____________________________________________________________________ 102 



GENERAL DISCUSSION 
_____________________________________________________________________________________________________ 

LOV gel-filtration experiments; corresponding experiments were also conducted for 

PpSB1-LOV, revealing a dimeric organization of the protein in vitro (unpublished 

observation)). 

Notably, also in the only recently solved crystal structure of YtvA-LOV, that 

comprised the canonical LOV domain as well as the proposed helical linker (residues 

20-147), two LOV monomers form a head-to-head dimer complex [106] similar to the 

one observed in the docking approach described in Chapter 3.2. In the crystal, the 

two LOV monomers face each other with their central �-sheet surfaces, whereas the 

clearly alpha-helical linker (now termed J�-helix), protrudes from the LOV core 

making intermolecular contacts with the corresponding alpha helices of symmetry 

related molecules (Figure 12). However, in solution, this might not be the case, 

unpublished CD data by Losi and co-workers  indicates that in a construct that 

comprises additionally to the core LOV domain of YtvA also the short N-terminal cap 

as well as the J�-helix (N-LOV-linker, see Chapter 5.2), the J�-helix is disordered, 

whereas the proteins retains its dimeric organization (Losi, personal communication).  

Both observations regarding the J�-helix in YtvA, whether the protruding J� in the 

crystal [106] or the disordered J� in solution (Losi, personal communication), seem 

contrary to the situation in the extended LOV2 construct of Asphot1 that was 

previously studied by solution NMR-spectroscopy. In this construct, the J�-helix 

neatly packed against the core LOV domain in the dark [76]. 

Sophisticated methods such as time resolved thermal grating (TG) and transient 

thermal lensing (TrL) techniques have recently been applied to determine the change 

in the molecular diffusion coefficient (D) and hence assess the oligomerization state 

as well as conformational changes upon photoexcitation of several LOV domain 

constructs in a time resolved manner [111, 112]. Such experiments with the isolated 

Atphot1 LOV2 domain (lacking the J�-helix) indicated that the protein is monomeric 

in the dark for concentrations < 100 
M. However, a transient decrease of D can be 

monitored following the signaling state formation, which was interpreted by the 

authors in terms of dimerization of Atphot1-LOV2 [112]. On the other hand, when 

protein concentrations were kept above 100 
M, the protein was dimeric in the dark 

state and underwent a light-induced dissociation with a time constant of 300 
s. 

Similar experiments using an extended Atphot1-LOV2-linker construct that included 

the C-terminal J�-helix, suggested that the very same LOV2 domain, in the presence 

of the linker (J�-helix) is monomeric in the dark state. Furthermore, the authors 
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demonstrated a light induced decrease in D for the LOV2-linker construct with a time 

constant of 1 ms, being interpreted as unfolding of the J�-helix. Transient thermal 

lensing (TrL) experiments furthermore suggested that this unfolding is preceded by a 

dissociation of the linker from the LOV core with a time constant of 300μs [113].     

This implies that the presence of the linker and probably its hydrophobic interactions 

with the core LOV2 domain inhibit the previously observed LOV-LOV dimerization 

that was probably mediated by the same hydrophobic surface on the LOV domain 

side. Similar time constants for the dissociation of the Atphot1 LOV2-dimer (~300μs) 

and the linker dissociation from the Atphot1 LOV2-linker construct (~300μs) 

moreover suggested that the conformational changes upon signaling state formation 

cause a change in the hydrophobic interactions between either two LOV2 monomers, 

or between the LOV2-core and the J�-helix, respectively.  

 

The available experimental data regarding the oligomerization of LOV domains (both 

from bacterial and eukaryotic LOVs) seems confusing and even in some cases 

contradictory at the first glance. Nevertheless, the results described in Chapter 3.2 

regarding the oligomerization state of full-length YtvA and its truncated LOV domain 

constructs, the observed dimer complex in the recently solved crystal structure of 

YtvA-LOV as well as the latter described TG and TrL experiments on Atphot1 LOV2 

and its extended construct, strongly highlight the importance of LOV oligomerization 

and moreover of the C-terminal linker region (J�-helix) in the LOV signal-transduction 

process in vitro. However, the biological significance of the transient conformational 

changes in phot-LOV domains has yet to be demonstrated. 

 

Implications for the signal-transduction mechanisms of YtvA and the LOV 

domain signal-relay  
In conclusion, these very different experiments, although they still lack an in vivo link 

to physiological responses, emphasize all one important aspect: the central �-

scaffold might be the common interaction surface involved in the LOV domain 

mediated signal-transduction process. Whereas the blue-light signal that is initially 

received by the FMN-chromophore in the LOV domain, is subsequently relayed via 

global conformational changes probably involving the central �-sheet surface of the 

LOV core, to the coupled effector domain(s). In addition, the C-terminal linker (or J�-

helix) probably strongly influences this signal-relay as it might act as a competitor for 
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LOV-LOV homo/hetero-dimerization in full length LOV proteins (e.g. plant phots or 

YtvA) or might act as a competitor for LOV-effector (e.g. LOV-kinase or LOV-STAS) 

interactions by blocking the common interaction surface. Under these assumptions 

the dissociation / unfolding of the J�-helix and hence the loss of its amphipathic 

character might expose the central �-sheet, rendering it accessible for an interaction 

with e.g the kinase moiety in full-length phot or the STAS domain in full-length YtvA. 

However, one has to keep in mind that in the crystal structure of YtvA the J�-helix 

does not pack against the central �-sheet. Furthermore, no unequivocal unfolding or 

dissociation of the J�-helix in YtvA could so far be observed (see Chapter 3.2) and 

hence the model described her for Asphot1 LOV2 might not be altogether relevant for 

YtvA.    

This phot-LOV2 activation model, described in the previous paragraph, was as well 

challenged by the recent observation that the Atphot2 LOV2 J�-helix is not needed 

for the interaction between LOV2 and the kinase domain and furthermore is 

dispensable for the light activated phosphorylation reaction of a heterologous 

substrate [114]. More importantly, it is apparently not needed for the “repression” of 

the reaction in the dark. Under the aforementioned assumptions one would have to 

expect that the absence of the linker, resulting in the constitutive exposure of the �-

sheet surface, should trigger constitutive kinase activation even in the absence of 

light. However, as this is apparently not the case (at least in the in vitro assay system 

used by Matsuoka and co-workers [114]), two possible interpretations remain. Firstly, 

light-dependent autophosphorylation of phototropin might proceed via a different 

molecular route than the substrate phosphorylation by phototropin that was used to 

assay kinase activity in their study [114]. Secondly, light-driven conformational 

changes on the LOV2 core domain itself, additionally to the unfolding and decoupling 

of the J�-helix from LOV2, might be necessary to mediate autophosphorylation of the 

kinase and/or substrate phosphorylation by phototropin, respectively. 

However, as already stressed, concerning YtvA one has to keep in mind that no 

unfolding of the J�-helix could by observed for full-length YtvA or its truncated 

constructs by using UV-CD spectroscopy as described in Chapter 3.2. In contrast 

and contradictory to the results described in Chapter 3.2, Möglich et al. (2007) [106] 

observed an about 10% decrease in helical content in YtvA-LOV upon illumination, 

when the protein was studied by UV-CD spectroscopy in solution. However, as a 
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similar effect was not observed in the light-state crystal-structure of YtvA-LOV, these 

results have to be interpreted with great care. 

 

In conclusion, based on the currently available data, different photoactivated signal-

transduction mechanisms have to be considered for the plant phot system and the B. 

subtilis YtvA protein. Nevertheless, the signal-transduction process might involve a 

similar interaction surface on the LOV domain, namely the central �-scaffold as well 

as a helical linker (J�-helix) located outside of the canonical LOV core in both the 

bacterial and the eukaryotic phot systems. Moreover, contrary to the phot-LOV 

system, all experimental evidence currently available for B. subtilis YtvA, points 

toward a direct interaction between the LOV and STAS domain of the full-length 

protein (Losi, personal communication). Nevertheless, the J�-linker may still be 

necessary for the signal-transduction process in YtvA, but might play altogether a 

different role as in phot-LOV2. 

With the advent of functional assays to probe light driven physiological responses, for 

example in B. subtilis and involving its LOV blue-light receptor YtvA, mutational 

studies in the future should provide a promising experimental approach to probe 

interaction surfaces and thus elucidate the signal-transduction mechanism of the 

YtvA protein of B. subtilis. 
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5.2.3 Biological role of bacterial LOV domain-containing proteins 
 
In Chapter 3.3, two LOV signaling modules, found in the saprotrophic �-

proteobacterium P. putida KT2440, are described. The paralogous twin proteins lack 

both a fused effector domain but possess short N-terminal and C-terminal extensions 

that are probably helical as already described in Chapter 5.2.1. Based on 

bioinformatic analyses it was suggested that helix-turn-helix (HTH) transcriptional 

regulators might be the possible output domains of the LOV initiated signaling 

cascade. This hypothesis is based on the conservation of operon-like structures in 

the genomes of the analyzed Pseudomonds. In those gene clusters the 

corresponding LOV protein is always co-localized with two HTH-transcriptional 

regulators. Furthermore, the occurrence of LOV-HTH fusion proteins among several 

bacterial species suggests at least the possibility of a signal-relay between the two 

partners in a two component-signal-transduction system.  

More extensive analysis of the genomic context (neighboring genes) of the two LOV 

proteins in P. putida KT2440 showed a clustering of genes annotated to be involved 

in the iron-limitation / biofilm development and/or stationary phase cell lysis response 

in the organism. For example several ferric-iron and iron-siderophore receptors 

cluster together with PpSB1-LOV, implying a regulatory role in the response towards 

severe iron-limitation. Moreover, a dicistronic operon consisting of two genes LrgA/B 

is highly conserved throughout all Pseudomonas specific LOV gene regions. In 

Staphylococcus aureus the LrgA/B system, together with its homologs cidA/B, is 

involved in the regulation of mediated cell death and lysis [115]. Moreover, recent 

studies suggested their involvement in the development and adherence of biofilms of 

the organism [116]. This latter process is intimately linked In Pseudomonads with 

iron-acquisition and consequently with the production of siderophores (e.g. 

pyoverdine) [117]. Pyoverdines (PVDs) are a structurally conserved group of 

siderophores (iron-scavengers) that are produced by various fluorescent 

Pseudomonas species, such as the pathogen P. aeruginosa [118], the saprotrophic 

(root colonizing) P. putida [119], and the plant pathogen P. syringea pv. syringae 

[120]. In the majority of fluorescent Pseudomonas strains, PVDs represent the 

primary iron-acquisition system, although some species can produce additional 

siderophores such as pyochelin and quinolobactin [121]. The structure of 

pyoverdines can vary extremely among species and even between strains of the 
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same species [117]. As one example, the chemical structure of the pyoverdine from 

P. aeruginosa ATCC 27853[122] is depicted in Appendix B. The interest in PVDs has 

considerably increased in recent years, as it became apparent that these compounds 

play several important roles in Pseudomonas biology [117]. PVD mediated effects 

range from control of infection and virulence to cell-to-cell signaling in P. aeruginosa 

[123], plant-growth promotion and phytopathogen biocontrol by PVD producing P. 

putida and P. fluorescens species [124, 125], to a possible role in mediating 

phytopathogenesis of plant pathogens such as P. syringae [126].  

 

Taken together, both inter-organismal gene-cluster comparison as well as genome 

proximity analyses imply a regulatory role in the iron-starvation response for the two 

putative LOV photosensors, therefore, suggesting more generally the importance of 

blue-light as a stimulus under severe iron-limitation in P. putida KT2440. 

In order to test this hypothesis, several experiments were performed to study the 

influence of light in iron-limitation related processes. Most notably, the iron-

siderophore pyoverdine was secreted to the culture supernatant in about 2-fold 

higher levels when P. putida was grown under continuous blue-light illumination 

compared to values determined for the same strain grown in the dark. Such an 

increase in the pyoverdine secretion was not observed in supernatants of red- and 

green-light grown cultures. This strongly suggests the involvement of a blue-light 

photoreceptor in this process. An initial characterization, using the crystal-violet 

staining assay described by O’Toole and Kolter [127], to elucidate the influence of 

blue-light on the biofilm formation, indicated a slight increase in the biofilm biomass 

when the strain was grown under blue-light compared to darkness grown cells. 

However, it should be noted that the experimental error associated with this assay 

system is quite large and more sophisticated methods, such as confocal scanning 

microscopy of statically or flow-chamber grown biofilms should be used in the future 

to evaluate the influence of blue-light on the formation and development of biofilm in 

P. putida in greater detail.   

 

The central question arising from the sheer abundance of blue-light photoreceptor 

modules among non-photosynthetic prokaryotes is the following: Why should blue-

light be an important environmental stimulus for non-photosynthetic bacteria (no 

matter if beneficial or harmful)? Based on the observations discussed in Chapter 3.3 
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a hypothesis can be brought forward that might explain the biological necessity for P. 

putida and probably other Pseudomonads, to sense blue-light under severe iron-

limitation. In general, this scenario would probably be applicable for most prokaryotes 

as will be elaborated in more detail in the following paragraph.  

 

A possible scenario for the blue-light dependency of the iron starvation 

response in P. putida and other prokaryotes 
Heme (an iron containing porphyrin-derivative, Figure 13) is the prosthetic group in 

many proteins that are involved in a myriad of cellular processes such as respiration, 

O2 transport, electron-transport, oxidative stress responses, O2-sensing, oxygenation 

reactions and detoxification reactions (see [128] and references therein). 

Furthermore, heme is ubiquitous in probably all prokaryotes [128]. Its biosynthesis 

pathway is concluded with the incorporation of ferrous-iron into the porphyrin-ring 

system of the heme precursor protophorphyrin IX (PPIX). This step is catalyzed by 

an enzyme named ferrochelatase (hemH, protoheme ferrolyase, E.C. 4.99.1.1) 

(Figure 13), which is ubiquitous from bacteria to man [128].   
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Figure 13: Final catalytic step of the heme-biosynthesis pathway. Heme is produced by the action 
of a ferrochelatase, which incorporates ferrous-iron (Fe2+) into the porphyrin ring system of 
protoporphyrin IX (PPIX). 
 

This catalytic step might thus represent a bottleneck in the whole biosynthesis 

pathway, as the lack of iron should ultimately result in the accumulation of PPIX in 

the cell [129]. It was shown for E. coli [130] that inactivation of hemH results in a 

rapid killing of the mutant strain under visible light, probably due to the cellular 

accumulation of PPIX. In analogy, a similar mechanism was recently proposed for P. 
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fluorescens by Baysse et al. [131]. Consequently, concluding that PPIX must be the 

causative agent of the observed phototoxicity effect. This effect is probably related to 

the light dependent formation of reactive oxygen species (ROS) from the porphyrin 

ring system of PPIX. Porphyrins in general can be excited by blue-light with a high 

yield to the corresponding triplet state, which subsequently reacts forming free 

radicals. Eventually, those radical species give rise to ROS, in a process involving 

energy transfer with molecular oxygen. ROS are known to cause oxidative damage 

to many cellular tissues and organs [42].  

A similar principle is utilized in medicine for photodynamic therapy (PDT), which is 

applied in the clinical treatment of skin cancers and various skin diseases [132]. In 

this treatment, usually 5-aminolevulinic acid (ALA), the product of the rate-limiting 

step in the porphyrin biosynthesis, is administered. This results in an increase of 

cellular concentrations of PPIX, which is more pronounced in cancerous cells than in 

healthy tissue [133]. PPIX in turn acts as photosensitizer inducing the formation of 

singlet oxygen (ROS) and thus consequently leading to cell death [42] under 

illumination.  

In summary, in our bacterial setting, lack of iron and thus accumulation of PPIX with 

a simultaneous exposure to blue-light should cause at a minimum an oxidative stress 

to the bacterial cells and might in the extreme result in conditional cell death. 

Therefore, it seems feasible for both pro- and eukaryotic species to develop systems 

to cope with the harmful effects of (blue)-light induced oxidative damage. A summary 

of the possible bacterial response mechanisms is depicted in Figure 14. 

The easiest answer would of course be to escape from those harmful light conditions, 

which is performed in nature via microbial phototaxis [134]. However, light avoidance 

responses might not always be applicable as in the case of non-motile 

microorganisms or might not be possible, e.g. in certain environments. Therefore 

other mechanisms had obviously to be developed in response. For example, some 

non-photosynthetic bacteria such as Myxococcus xanthus, Pantoea agglomerans 

(formerly Erwinia herbicola) and Streptomyces coelicolor, as well as many 

photosynthetic prokaryotes, such as Rhodobacter capsulatus, Synechococcus and 

Anabaena strains produce carotenoids (see [135] and references therein) as 

protective pigment against light induced oxidative-damage [135]. Similarly, some 

photosynthetic species produce carotenoids as light-harvesting and triple-quenching, 

protective pigments to prevent chlorophylls and bacteriochlorophylls to be exposed to 
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harmful photodestructive reactions in the presence of oxygen [136]. In those 

prokaryotic organisms as well as in certain eukaryotes (e.g. in the fungus Neurospora 

crassa [94]), the carotenoid synthesis is directly regulated by blue-light. Besides 

carotenoids, other pigments like for example melanins [137] might be utilized in this 

light protective response.  

 

PHOTOTAXIS

PIGMENTATION GENERAL STRESS RESPONSE

�

PHOTOTAXIS

PIGMENTATION GENERAL STRESS RESPONSE

�

flagella 
pili 

cytoplasm 
DNA 

 
Figure 14: Illustration of possible bacterial blue-light response mechanisms. Blue-light might 
induce the formation of reactive oxygen species (ROS) in bacterial cells, that contain endogenous 
photosensitizers such as porphyrins, flavins etc. Therefore, a bacterial cell, when exposed to blue-light 
irradiation, might response with i) phototactic avoidance (by pili or flagellar motility), ii) production of 
protecting pigments, such as carotenoids and melanins or iii) with the induction of the 
general/oxidative stress response regulon (by an alternative sigma factor), to cope with the harmful 
effects of ROS induced oxidative damage. 
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If all those protective measures fail the organisms will ultimately encounter oxidative 

stress, which in turn is known to activate distinct genetic programs  or the expression 

of certain genes (e.g. the general or oxidative stress response), to counteract the 

damaging effects by conversion and/or quenching of singlet oxygen and radical 

species [138-140].  
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Figure 15: Hypothesis regarding the biological significance of blue-light under iron-limiting 
condition. A) If iron is sufficiently available to the bacterial cell iron-uptake to the cytoplasm will occur 
via the action of several receptors and transporters. Consequently, the heme biosynthesis pathway 
will be balanced and the production of reactive oxygen species (ROS) from endogenous 
photosensitizers (e.g. heme precursors, porphyrins) will be limited. B) Due to the lack of iron the heme 
biosynthesis pathway will be imbalanced at the final-step, namely the incorporation of ferrous-iron into 
the porphyrin-ring system of protoporphyrin IX (PPIX) by the action of a ferrochelatase. This will result 
in the accumulation of PPIX that can act as photosensitizer and eventually results in the formation 
ROS. C) In P. putida KT2440, an increased production of the iron-siderophore pyoverdine (pvd) is 
observed under blue-light illumination. Pvd very effectively scavenges even trace amounts of ferric-
iron from the environment. Therefore, this cellular response might counteract the harmful effects of 
ROS formation be feeding iron into the bottleneck of the heme biosynthesis, namely the incorporation 
of iron into PPIX. Consequently, the heme biosynthesis pathway will be balanced toward the product 
(heme) and no or only limited accumulation of PPIX and thus ROS will occur. 
 
According to the discussed hypothesis, the observed responses of P. putida KT2440 

toward blue-light might all be part of cellular counteractive measures to avoid and to 

cope with oxidative damage in the cell due to PPIX or other endogenous 
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photosensitizer mediated ROS formation. An additional route, not illustrated in Figure 

14, which might be involved in the control of photosensitizer-mediated ROS formation 

in P. putida, is depicted in Figure 15. This hypothesis is based on the observations 

described for the blue-light dependency of certain iron-limitation related cellular 

processes. Firstly, the observed increase in the pyoverdine production under blue-

light might facilitate effective scavenging of even trace amounts of iron to feed into 

the bootleneck of heme biosynthesis, namely the incorporation of iron into the PPIX 

porphyrin ring system. And secondly, the increase in biofilm formation under blue-

light illumination might be another way for the cells to overcome the direct exposure 

to blue-light. Accordingly, cells that are buried within the biofilm will obviously be less 

exposed to blue-light and moreover oxygen, and thus an increase in biofilm formation 

might increase the survivability of the strain under blue-light induced oxidative stress.  

 _____________________________________________________________________ 113



GENERAL DISCUSSION 
_____________________________________________________________________________________________________ 

5.3 Application of bacterial LOV proteins 
 
5.3.1 Reporter proteins for in vivo fluorescence without oxygen 
Fluorescent reporter proteins such as the green fluorescent protein (GFP) originally 

identified from the jellyfish Aequorea victoria, its various variants that were developed 

in recent years, as well as newly identified GFP-related proteins from other marine 

species are valuable molecular tools in the non-invasive imaging of living specimens 

and cellular processes. Especially the availability of sophisticated color-variants for 

several fluorescent proteins that are emitting light from the blue to the red[141], the 

development of photo-switchable (on/off [142], red/green [143]) fluorescent markers, 

as well as variants of those proteins that show high fluorescent quantum yields and 

extended photostabilities [144-146], render them indispensable tools for the study of 

various molecular processes. For example- apart from simple labeling-purposes such 

as e.g. fluorescent-tagging of cells, tissues and microbial species - they can by 

employed for the study of gene expression, protein-localization, movement and 

interaction of proteins [141]. However, all members of the GFP family of fluorescent 

proteins possess one major drawback- they strictly depend on molecular oxygen as a 

co-factor for the synthesis of their light-emitting chromophores [147] and hence their 

use is restricted to biological systems that contain at least a certain amount of 

oxygen. This renders many interesting biological systems, such as microbial biofilms, 

strictly anaerobic microbes as well as oxygen deprived zones in cellular tissues 

difficult to analysze using GFP-related fluorescent reporter proteins.  In Chapter 4.1 

the development of fluorescent reporter proteins, that are based on bacterial LOV 

photoreceptor modules, is described. Based on their oxygen independent flavin 

photochemistry, those LOV-based fluorescent proteins should enable the study of 

molecular processes and living species under strict anaerobic conditions, and hence 

tackle the major drawback of GFP-related fluorescent reporters. 

 

Application and optimization of bacterial LOV-based photosensor modules as 

fluorescent reporter systems for anaerobic systems 

The LOV-based fluorescent reporter proteins described in Chapter 4.1 utilize the 

intrinsic autofluorescence of the flavin-chromophore that is bound within the 

photosensory LOV domain. Consequently, those proteins were termed FMN-based 

fluorescent proteins (FbFPs). In the wildtype LOV proteins, FMN that is in the dark 

noncovalently anchored in the LOV core, exclusively determines the LOV proteins 
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absorption characteristics. LOV protein bound FMN shows typical absorption maxima 

in the visible region at around 447nm and 475nm, attributed to the vibrational bands 

of the flavin S0�S1 transition [3, 148]. The absorption band in the UVA range (S0�S2 

transition), is the most sensitive to the polarity of the microenvironment [149]  and 

therefore differs slightly between different LOV proteins (e.g. in YtvA: 375nm [3], or in 

PpSB2-LOV: 360nm [65]). Therefore, the FMN molecule as light-absorbing 

chromophore can be excited by blue-light on a picosecond timescale to give rise to 

its triplet-state (LOV660) via Intersystem Crossing (ISC) from the corresponding 

singlet-state [62]. In phototropin LOVs about 50% of the excited singlet-state FMN 

molecules return spontaneously to the ground state [64] via radiative (fluorescence) 

and non-radiative (vibrational relaxation) processes. The radiative fraction of this 

decay process gives the LOV proteins their characteristic yellow-green fluorescence 

emission.   

In the wildtype LOV domains of plant phototropin, the remaining 50% of the singlet-

state FMN molecules enter the triplet-state via ISC and decay to give rise to the 

signaling state (LOV390) of the protein, which is characterized by the formation of a 

covalent bond between the FMN isoalloxazine ring C4a-atom and a conserved 

cysteine residue in the protein [64]. In the signaling state the FMN fluorescence is 

completely quenched and the sharp vibrationally resolved absorption band in the 

blue region is lost (see [69]). The signaling-state (LOV390) reverts in the dark via 

thermal processes slowly to the ground state. The slowest and therefore rate limiting 

step in the whole photocycle of the native LOV proteins is thus the dark recovery 

reaction. Thus, the relatively weak autofluorescence of the wildtype LOV proteins 

must be solely attributed to the radiative decay pathway of the FMN singlet-state 

directly to the ground-state, without concluding the photocycle via the LOV390 

intermediate. Furthermore, with the non-fluorescent LOV390 intermediate as the 

longest living species in the LOV photocycle which only slowly reverts to the ground 

state, continuous excitation of the LOV protein will ultimately result in accumulation of 

the LOV390 intermediate and thus strongly inhibits the fluorescence of the wildtype 

LOV proteins. In order to generate a continuously autofluorescing marker protein, 

mutant derivatives of several bacterial LOV proteins were constructed in which the 

photoactive cysteine residue was mutationally replaced with a non-polar alanine. The 

general mutational strategy is depicted in Figure 16. 
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Figure 16: Mutational strategy for the generation of FMN-based fluorescent proteins on the 
basis of bacterial LOV photosensor module. Principle of the fluorescence emission from wildtype and 
mutated LOV proteins. The mutational replacement of the photoactive cysteine residue (e.g. Cys53 in 
PpSB2-LOV) results in an increased fluorescence quantum yield for the mutant LOV proteins due to 
reduced quenching of the chromophore (FMN) and concomitant inhibition of the LOV-photocycle. The 
fast switching between ground (LOV447) and FMN triplet state (LOV660) in the mutant proteins 
(=FbFPs) results in a continuous bright yellow-green fluorescence emission of the mutated LOV 
proteins as shown earlier. 
 
Previous studies have demonstrated that this mutation in the LOV2 domain of 

phototropin phot1 from Avena sativa increases fluorescence emission, that results 

from both reduced fluorescence quenching of the FMN chromophore and inhibition of 

the LOV2 photocycle [64]. Both effects were thus utilized in order to generate 

continuously fluorescing FMN-based reporter proteins (FbFPs). Figure 17 

exemplarily shows the fluorescence signal obtained from Escherichia coli cells, 

expressing one of the fluorescent reporter proteins described in Chapter 4.1. 
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Figure 17: Fluorescing E.coli colonies. E.coli colonies expressing the FMN-based fluorescent 
protein (PpFbFP) grown on the solid-surface of an agar-plate. The figure shows two photographs of E. 
coli colonies expressing the novel fluorescence reporter protein PpFbFP from P. putida. On the left, 
bacterial colonies are depicted which were illuminated with full spectrum light. On the right hand side, 
the same colonies show PpFbFP-mediated green fluorescence (colonies were exited with blue light 
(488nm) and in vivo fluorescence was detected at a wavelength of 515nm). 
 

LOV-based fluorescent reporter proteins can be used in anoxygenic systems 

without loss of the fluorescence signal 

The facultative anaerobic phototroph bacterium Rhodobacter capsulatus B10S [150]  

was used as a “proof-of-principle” system to elucidate the applicability of the novel 

FMN-based fluorescence reporters. In particular, the fluorescent reporter protein, 

based on the PpSB2-LOV mutant PpSB2-LOVC53A (for simplicity named PpFbFP, 

whereas FbFP stands for FMN-based fluorescent protein) was further characterized 

regarding its suitability as a fluorescent reporter.  

Whole cell (in vivo) fluorescence measurements were conducted under anaerobic 

condition, using a fluorimeter and additionally by employing confocal laser scanning 

microscopy in order to visualize the fluorescence of single bacterial cells. In both 

experimental settings a fluorescence signal under anaerobic conditions was only 

detectable from the FMN-based reporter system (PpFbFP), whereas for yellow 

fluorescent protein (YFP) containing cells no fluorescence could be monitored.  

Furthermore, fluorescence quantum yields as well as molar extinction coefficients 

were determined for the different LOV-based fluorescent reporter proteins (FbFPs). 

Those analyses revealed a relative fluorescence brightness (defined as the 

fluorescence quantum yield multiplied by the molar extinction coefficient of the 

protein at the excitation wavelength) for the FbFPs that is within the same range as 

determined for the blue (BFP) and cyan (CFP) fluorescent variants of GFP, thus 

corroborating their suitability for non-invasive in vivo imaging under anaerobic 
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conditions. Since its first discovery in 1962 by Shimomura et al. [151] as a 

companion protein to aequorin, the famous chemiluminescent protein from the 

jellyfish Aequorea victoria, GFP has leaped from obscurity to become one of the 

most widely studied and exploited proteins in biochemistry and cell biology [147]. Its 

wide application in today’s life-science sector has greatly benefited from the 

generation of various GFP mutants as elaborated above. Therefore, the initial 

characterization and “proof-of-principle” application of FbFPs as it is described in 

Chapter 4.1, should be followed by experiments to further optimize the proteins with 

regard to characteristics such as fluorescence brightness, photostability, and 

oligomerization state. 

 

In conclusion, those novel FMN-based reporter systems (FbFPs) should hold a 

tremendous potential for both biotechnological and biomedical applications as well as 

for basic science as they will facilitate non-invasive imaging of living specimens and 

processes that occur under anaerobic conditions. For example the study of microbial 

biofilms, of strictly anaerobic microbes as well as the study of hypoxic regions within 

tissues and organs, should greatly benefit from the fluorescent reporter proteins 

described in Chapter 4.1. 
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5.3.2 Future Perspectives: Mutagenesis to probe bacterial LOV protein in vivo 
functionality and to optimize their applicability as fluorescent markers 
 

Future research in the field of bacterial LOV photoreceptors might focus on several 

questions that remained elusive, despite the growing interest in this photoreceptor 

family during the last years. 

 

i) How is the signal, that is initially received in the LOV domain, conveyed to 

fused or associated output domains e.g. in the blue-light photoreceptor YtvA of 

B. subtilis? 

 

ii) How does the dark recovery reaction proceed mechanistically, and which 

amino acid residue(s) or protein regions determine the recovery rate constants 

that can differ significantly even between twin proteins that show a relatively 

high degree of sequence conservation, such as the PpSB1-LOV / PpSB2-LOV 

system of P. putida?  

 

iii) Have the dark recovery and signal-transduction mechanisms been conserved 

throughout evolution between the plant phot-LOV systems and their bacterial 

ancestors? 

 

Future Perspectives: Mutagenesis to probe the signal-relay and ligand binding 

in bacterial LOV photoreceptors 

As discussed in the previous chapters, the answer to some of those pressing 

questions might be experimentally addressed using site-directed or random 

mutagenesis. Site-directed mutagenesis has been the workhorse for protein 

structure/function analysis over the past several decades [152]. The technique 

enables selective alteration of amino acid side-chains [152-154] e.g. with the purpose 

of assessing the energetics and structural determinants of protein-protein interactions 

[155] or protein-ligand interactions [156]. In particular, alanine scanning mutagenesis 

has been proven powerful for this purpose [157-159]. In an alanine-scanning 

mutagenesis approach, each and every single amino acid of the protein is 

consecutively substituted against an alanine residue that possesses only a methyl- 

group as side-chain. Therefore, the mutational replacement removes the side-chain 
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specific functionality from the replaced residue. In turn, the single mutations should 

allow conclusions regarding the functional role of specific amino acid residues in the 

protein (e.g. residues involved in ligand-binding). For example, in case of a cysteine 

to alanine mutation, the replacement will result in the exchange of the reactive thiol 

side-chain (in the cysteine) with the inert methyl group (in the alanine) and thus 

should abolish the cysteine-thiol specific functionality of the replaced residue.  

 

Mutagenesis to probe the structure-function relationship in YtvA 

As discussed in Chapter 1.6.1 YtvA functions in the environmental pathway of the �B 

controlled general response in B. subtilis. The STAS domain of YtvA is implied as the 

partner-switching protein domain that probably interacts via direct protein-protein 

interaction with the stressosome in a blue-light dependent manner eventually leading 

to �B activation [91]. 

But is this the sole role of YtvA in B. subtilis? Recent studies by Losi and co-workers 

suggested an additional functional role for YtvA and moreover for YtvAs STAS-

domain [160]. It could be demonstrated experimentally that YtvA can bind a 

fluorescent derivative of guanosine triphosphate (GTPTR) which can be replaced by 

both ATP and GTP in vitro [160]. Hence, providing an experimental proof for an NTP 

binding function of YtvA, which previously has been postulated solely based on the 

identification of two classical GTP-binding motifs DxxG and NKxD [161, 162] in the 

STAS domain, although the mode and position of the observed NTP binding in YtvA-

STAS remains unclear. Notably, a GTP-binding function has also been demonstrated 

for the STAS protein SpoIIAA, that is involved in the regulation of the sporulation 

process in B. subtilis [163]. The authors consequently argued, that YtvA, in addition 

to its functional role in the general stress response pathway of B. subtilis, might be 

involved in the sporulation process, as both responses are related to a drastic drop of 

ATP [164] and GTP [165], respectively. In fact this dual role, if experimentally proved, 

might be attributed to similiar partner switching mechanisms between the STAS-

domain of YtvA and the stressosome (to facilitate �B activation) and respectively 

between the STAS-domain and the intricate partner-switching network constituted by 

SpoIIAA, SpoIIAB and SpoIIE regulating �F activity [166] (to control compartment 

specific transcription during sporulation [166]). Henceforth, the alternative sigma-

factors �B and �F might be controlled in part by proteins that are paralogous between 

the two pathways, thus providing a functional basis for a crosstalk between stress 
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response and sporulation. It is interesting to note that crosstalk between the two 

alternative pathways has in fact been observed under certain conditions[167].  

 

In order to probe the involved signal-transduction mechanisms, structure-function 

dependency studies might be employed, e.g. sequence-scanning (e.g. alanine 

scanning) mutagenesis can be used to identify residues in both the LOV and STAS 

domain that are critical for the biological response or output (i.e. NTP-binding, �B 

activation etc.).  

 

The first step in such a challenging mutagenesis project, that for example in case of 

YtvA (consisting of 261 aa) would involve the generation of 260 (excluding the start-

codon) site-directed variants, is the design of a large number of mutagenic 

oligonucleotides to facilitate the mutagenesis of the ytvA gene by employing the 

Polymerase Chain Reaction (PCR). This design procedure can be cumbersome, 

laborious, and prone to error if performed by manually, but is easily amenable to 

automation without the necessity of expensive robotic equipment. In order to speed-

up this process a computer tool was developed that enables the automatic design of 

oligonuclotides for such an sequence scanning/or saturation mutagenesis project. In 

Chapter 4.2 the corresponding computer tool (insilico.mutagensis) is described. The 

tool is written entirely in Perl and implements a MySQL database for easy data-

storage and processing. Moreover, a user-friendly HTML-interface, accessible via the 

world wide web (www.insilico.uni-duesseldorf.de) facilitates system-independent 

usability. Moreover, every directed evolution project involving sequence saturation or 

the directed scanning of protein regions, e.g. to probe receptor affinity, ligand binding 

or catalytic functions, should benefit in principal from an automatic oligonucleotide 

design procedure as it will speed up the whole process from PCR-driven 

mutagenesis to the identification of protein variants exhibiting the desired catalytic 

function or in vitro biological effect (e.g. receptor / ligand binding). 

 

Alanine scanning of the GTP-binding motif of YtvA  

A large scale, alanine-scanning mutagenesis project was initiated to completely scan 

the YtvA protein sequence, by consecutively replacing each and every single amino 

acid in the protein with a non-polar alanine residue, thereby removing the side-chain 

specific functionality from the replaced residue as explained above. 
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As a first test system, experiments using four selected alanine scanning mutants of 

the D191SLG194-GTP binding motif in YtvA, were conducted to probe the binding-

mode of the fluorescent GTP-analogue (GTP-TR) in an experimental setting as 

described by Buttani et al. [160]. For this purpose, mutagenic oligonucleotides were 

computationally generated using the above described insilico.mutagensis tool, which 

was developed and is presented as part of this thesis (see Chapter 4.2). 

GTP-binding experiments were performed in cooperation with the group of Dr. Losi 

(University of Parma, Italy) and Prof. Gaertner (MPI Bioinorganic Chemistry, 

Muelheim a.d.Ruhr, Germany).  

In those, yet unpublished studies, the D191SLG194-motif of YtvA was mutationally 

scanned, meaning that the four amino acid positions in the sequence-motif were 

consecutively substituted against a non-polar alanine residue. The corresponding 

purified mutant proteins were analyzed for their ability to bind GTP-TR, similarly to 

the experiments described in [160]. Notably, the mutation S193A apparently impairs 

GTP-TR binding to YtvA, without affecting protein-folding and photocycle integrity. 

This provides experimental evidence that the GTP-binding motif (DSLG), which was 

previously identified using bioinformatics [3] is involved in the GTP-binding to YtvA. 

As part of this large scale mutagenesis project, at present 130 mutants could be 

generated. Those variants cover the complete STAS domain of YtvA. In order to 

completely scan the YtvA protein, the missing approximately 130 mutations that 

cover the LOV domain and the helical linker portion of YtvA have still to be 

generated. All those mutant proteins, if completely generated and screened, should 

enable us to narrow down the position of GTP-binding in the STAS domain of YtvA 

and furthermore, would enable us to elucidate the role of YtvAs LOV domain in the 

process.  

Furthermore, with the advent of functional assays to probe the blue-light dependent 

physiological role of YtvA that were published during the last year [90, 91], it should 

become possible to conduct structure-function studies in vivo, e.g. by using site-

directed mutagenesis to elucidate the role of YtvAs STAS domain, as well as to 

probe the signal-relay between LOV and STAS, in the biological response. 
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Random mutagenesis to probe the mechanistics of the LOV dark recovery 

reaction 

Random mutagenesis of, e.g. PpSB1-LOV and subsequent screening of the variants 

on a fast dark recovery reaction, should provide further insight into the mechanistics 

of the dark recovery process by identifying hot-spot residues that control the 

(catalytic) back reaction. In a similar directed evolution approach Christie and co-

workers, recently identified hot-spot residues involved in the dark recovery of the 

Asphot1-LOV2 domain [108]. This is discussed in more detail in Chapter 3.3 and 

Chapter 5.2.3. In brief, the protein region that was identified in the plant LOV domain 

as hot-spot controlling the dark recovery reaction is conserved (identical) between 

the twin bacterial LOV proteins (PpSB1-LOV and PpSB2-LOV). With regard to the 

observation that those twin LOV proteins nevertheless show dramatically different 

recovery kinetics, it seems unlikely that the same mechanisms as discussed by 

Christie et al. [108] are involved in the latter mentioned bacterial LOV systems. 

Notwithstanding the fact that similar experiments were already conducted for a plant 

LOV domain, random mutagenesis might all the same provide a fast and easy 

approach to study the underlying principles of the dark recovery reaction in bacterial 

LOV systems. Those experiments might thus enable us in the future to shed some 

light on the conservation of the mechanisms that govern the LOV domain dark 

recovery in plant and bacterial photoreceptor systems alike. 

 
Future Perspectives: The use of mutagenesis to optimize LOV-based 

fluorescent reporters  
Furthermore, with respect to the biotechnological application of bacterial LOV 

proteins as fluorescent reporter proteins in anaerobic systems as described in 

Chapters 4.1 and 5.3.1, site-directed mutagenesis (e.g. sequence 

scanning/saturation) as well as random mutagenesis might be employed to further 

optimize certain protein properties (e.g. oligomerization) and fluorescence 

characteristics (fluorescence brightness and photostability) of the respective 

fluorescent reporter, in a similar fashion as it has been done for GFP and its various 

mutants. Those experiments might, in the future, greatly benefit from an automated 

design procedure for the necessary mutagenic PCR-oligonuclueotides, as described 

in Chapter 4.2.  
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For example experiments are conceivable that would mutationally scan the dimer- 

interface of the isolated LOV domain of BsFbFP or PpFbFP, which both form stable 

homo-dimers in solution (as discussed in Chapter 4.1), with the goal to disrupt the 

respective fluorescent reporter- protein oligomers. 

It is generally accepted knowledge that fluorescence reporters with monomeric 

tertiary structure are preferable over dimeric or even tetrameric organizations. 

For example native DsRed (a red-fluorescent reporter), was shown to be tetrameric 

in its matured fluorescent state [168]. This assembly, however, causes everything to 

which DsRed is fused to aggregate, which is disastrous for many experimental 

settings [169]. The problem could however be overcome by using a directed 

evolution approach which allowed the generation of a monomeric form of DsRed, by 

interrupting oligomer contacts [170]. Comparable optimization strategies would be 

feasible for BsFbFP or PpFbFp, with the aim to generate photostable, highly-

fluorescent, reporter proteins that are monomeric in their tertiary structure. 

Consequently, those should in principal be more easily applicable as fluorescent 

translational-fusion reporters. 
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7. Appendix 

 
Appendix A: Chemical structures of flavins. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1: Chemical structures different flavins: riboflavin (RF), flavin mononucleotide (FMN) and 
Flavin adenine dinucleotide (FAD).  
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Appendix B: Exemplary chemical structure of a pyoverdine-siderophore.  
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Figure B1: Illustration of the chemical structure of a typical pyoverdine(pvd). Exemplary the 
pyoverdine of Pseudomonas aeruginosa ATCC 27853 is depicted. The ferrous-iron is chelated with 
high affinity by catecholate, hydroxamate and sometimes �-hydroxy acid groups in the pyoverdine-
siderophore. Highlighted are the structural building blocks that constitute the ferrous iron chelation 
sphere (in yellow) of pyoverdines. Those three buildings blocks are: i) a conserved dihydroxyquinoline 
chromphore whose conjugated �-ring system renders the pyoverdines intrinsically fluorescent (in 
green). ii) an acyl side chain (either dicarboxylic acid or amide) that is coupled to the amino group of 
the quinoline-chromophore (in red), and iii) a variable peptide chain linked by an amide group bound to 
the C1 (or rarely C3) carboxyl group of the chromophore (in blue). 
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Appendix C: Supplemetary Table 1:: Detailed LOV sequence information 
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