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1 1 Genera ll  introductio n 

Thee rol e of ligh t 

Lightt plays a crucial role for life on earth. Most 
importantly,, it serves as the primary energy 
sourcee for (almost) all biological processes. Solar 
energyy can be converted into chemical energy 
byy plants and several (archea)bacteria via 
photosynthesis.. The chemical energy generated 
inn this process is stored in ATP and 
carbohydrates,, which serve as primary energy 
sourcess for maintenance and growth of 
phototrophicc organisms. The produced biomass 
subsequentlyy supplies heterotrophic organisms 
withh energy. 
Twoo different modes of photosynthetic energy 
conversionn can be distinguished: chlorophyll-
basedd photosynthesis and (bacterio-)rhodopsin-
basedd ion-pumping. Chlorophyll-based photo-
synthesiss is carried out by all plants and a 
numberr of bacteria, either in the presence or 
absencee of oxygen. Oxygenic photosynthesis 
usess water for the production of oxygen and 
electrons;; the electrons are utilized for the 
reductionn of, mostly, carbon dioxide. In contrast, 
inn anoxygenic photosynthesis sulphur or organic 
compoundss are used as primary electron donor, 
andd oxygen is not produced. The second mode 
off converting solar into chemical energy is 
characterisedd by the generation of an ion-
gradientgradient by means of retinal containing proteins. 
Thiss mode of photosynthesis is performed by a 
smalll group of archeabacteria (using bacterio- or 
halorhodopsin,, for a review see e.g. [1]) and, as 
itt was recently discovered, also by a variety of 
marinee eubacteria [2, 3]. There, the retinal 
containingg proton pump is called proteo-
rhodopsinn [2], 

Besidess this useful energy-supplying function, 
lightt can also be harmful, when it initiates 
damagingg chemical processes. The absorption 
off light can for instance lead to the formation of 
freee radicals which can damage various 
componentss of the cell. Moreover, the 
absorptionn of UV-light can cause defects in the 
DNAA of any organism. Obviously, cells need 
mechanismss for protection against, and repair 
of,, light-induced damage. The synthesis of 

protectivee light absorbing compounds, e.g. 
carotenes,, or enzymes eliminating damaged 
nucleotidess from the DNA, e.g. photolyases, is 
widespreadd among all kingdoms of life. 
Inn order to maintain an optimal balance between 
maximall energy generation and minimal 
damage,, (photosynthetic) organisms have to 
reactt to changes in the light climate by initiating 
physiological,, behavioural or developmental 
responses.. Consequently, obtaining information 
aboutt the surrounding light climate (i.e. intensity 
andd spectral composition) is crucial. Generally, 
environmentall conditions {e.g. light, but also 
temperature,, pH, the presence of nutrients, etc.) 
aree sensed through receptor proteins present in 
alll organisms. First, the incoming sensory stimuli 
aree translated into intracellular signals. 
Subsequently,, incoming signals are integrated in 
orderr to identify the optimal environment, and to 
alloww an adequate physiological and/or 
behaviourall response. Therefore, an efficient 
signall transduction machinery is necessary, with 
componentss sensing the environmental 
changes,, and components passing on the 
translatedd and integrated signals to cellular 
effectorr proteins, to generate a specific 
response. . 

Moleculess gaining information about the (light) 
climatee are so-called (photo)receptor proteins. 
Sincee proteins themselves absorb light only in 
wavelengthh regions below 300 nm, 
photoreceptorss are provided with a variety of 
prostheticc groups (chromophores), allowing the 
absorptionn of light over a wide spectral range 
[4].. Light absorption initiates the generation of 
ann intracellular signal through conformational 
changess in these receptor proteins. Such signals 
cann then be passed on to the signal transduction 
machineryy of the cell. 
AA number of various photoreceptors, absorbing 
inn different regions of the visible light spectrum, 
cann regulate a wide range of responses. One of 
thosee is the blue-light photoreceptor Photoactive 
Yelloww Protein (PYP-for a review see e.g. [5, 6]). 
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Thee Photoactiv e Yello w Protei n 

Inn 1985 a new type of protein was found in the 
extremophilicc photosynthetic purple-sulphur 
bacteriumm Ectothiorhodospira halophila [7]. This 
proteinn had a strong yellow colour (X.max = 446 
nm)) and was photoactive, i.e. it passed through 
aa photocycle. This led to the name photoactive 
yelloww protein (PYP). PYP from £ halophila (E-
PYP)) is a small, water-soluble protein consisting 
off 125 amino acids. The chromophore of this 
proteinn has been identified as 4-hydroxy-
cinnamicc acid (Fig. 1), also known as p-
coumaricc acid, and is linked to Cys69 of the 
proteinn via a thiol-ester-bond [8, 9]. 
Inn E. halophila, PYP is expressed at extremely 
loww levels [10] making biophysical and 
biochemicall characterisation very difficult. 
Fortunately,, the protein can be heterologously 
expressedd in Escherichia coll. Histidine-tagged 
E-PYPP can be overproduced up to 2500-fold in 
££ coli, which subsequently allows straight-for-
wardd purification of the protein by affinity-chro-
matography.. To obtain a yellow coloured holo-
protein,, apo-PYP can be reconstituted by the 
additionn of an activated derivative of 4-hydroxy-
cinnamicc acid [11, 12]. The availability of this 
convenientt expression system has greatly ad-
vancedd biophysical experiments leading to a de-
tailedd understanding of the properties of E-PYP. 

OO H H H 
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Cyss 69 chromophore 

Fig .. 1: The chromophor e of th e Photoactiv e yello w 
protein .. Structure of 4-hydroxy-cinnamk; acid linked to PYP via 
Cys-69. . 

Comprehensivee information on the 3D-structure 
off E-PYP has become available via X-ray 
crystallographyy and multi-nuclear NMR 
spectroscopyy [13, 14], Whereas initially its 
structuree was resolved to 1.4 A resolution, 
recentlyy this resolution was improved to 0.85 A 
[15].. PYP displays a typical a /p fold, with an 
open,, twisted, 6-stranded, antiparallel p-sheet, 
flankedd on one side by 3 a-helices and a long, 
well-definedd loop that forms a 7i-helix and 
containss Cys69 (Fig. 2). This part forms the 
majorr hydrophobic core of the protein. At the N-
terminus,, two additional a-helical segments 
(Asp-100 to Leu-15 and Asp-19 to Leu-23) are 
foldedd at the back of the central p-sheet and 
coverr a second, minor, hydrophobic core. In the 
solution-- (i.e. NMR-) structure the second of the 
twoo N-terminal helices is disordered. The light 

Fig .. 2: Th e 3D-structur e of E-PYP. Two views of the backbone structure of E-PYP are shown, displaying the major hydrophobic core 
containingg the chromophore binding pocket (left panel), and the major core together with a second hydrophobic core shielded from the 
environmentt by the two N-termlnal a-helices (right panel). 
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Fig .. 3: The chromophor e bindin g pocke t of E-PYP. 
Detailedd view of the chromophore-binding pocket of PYP. Shown is 
thee chromophore, 4-hydroxy-cinnamic acid, embedded in a 
hydrophobicc network containing the amino acids: Tyr42, Glu46, 
Thr50,, Arg52, Cys69, and Tyr98 (for details see text). The dotted 
liness represent hvdrooen bonds. 

absorbingg 4-hydroxy-cinnamyl chromophore is 
presentt in the anionic (i.e. phenolate) form in the 
groundd state of the protein [16]. It is buried 
withinn the major hydrophobic core of the protein, 
wheree its negative charge is stabilised via a 
hydrogen-bondingg network [13, 17]. In Fig. 3 
thee chromophore-binding pocket of E-PYP is 
presentedd in its groundstate configuration, as 
measuredd with X-ray crystallography [13]. The 
phenolatee moiety of the chromophore is involved 
inn a hydrogen-bonding network, in which Glu46 
andd Tyr42 directly interact with the negatively 
chargedd oxygen atom of the chromophore and 
Thr500 is hydrogen-bonded to Tyr42 and Arg52. 
Onn the opposite side of the chromophore the 
acyl-groupp oxygen hydrogen bonds to the 
backbonee nitrogen of Cys69. Amino acid Tyr98 
playss an important role during the photocycle, 
wheree it forms transiently a hydrogen bond with 
thee chromophore. 

Onee of the most remarkable features of PYP is 
itss ability to undergo a photocycle. In this 
photocyclee the absorption of a photon leads to 
isomerizationn of the chromophore, which drives 
changess in the protein conformation, leading to 
thee formation of a proposed signalling state. The 
initiall step of the photocycle, of which a scheme 
iss depicted in Fig. 4, is the trans to cis 
isomerizationn of the chromophore after the 
absorptionn of a photon [18]. As a consequence 
thee absorption maximum of the protein changes 
andd several red-shifted intermediates, with 
absorptionn maxima around 510 nm, are formed 

onn a femto-to-nanosecond timescale [19, 20]. 
Anotherr red-shifted intermediate with an 
absorptionn maximum at 465 nm (pR465, also 
namedd I, or PYPL) is formed within a few 
nanoseconds.. pR465 then decays into a blue-
shiftedd intermediate with an absorption 
maximumm at -355 nm (pB355, also named l2 or 
PYPJ.. During this biphasic transition with time 
constantss of 200 us and 1.2 ms [21, 22] the 
phenolicc oxygen of the chromophore is 
protonated.. The proton is transferred from 
Glu46,, which consequently becomes 
deprotonatedd [23]. The generation of a new 
buriedd charge at Glu46 in a highly hydrophobic 
pocket,, destabilises the protein environment, 
leadingg to partial unfolding of the protein [24, 
25].. These large conformational changes are not 
observedd when studying the photocyle in PYP 
crystals;; there, changes in the 3D-structure of 
thee protein are restricted to the chromophore 
itselff and few changes in the position of some 
aminoo acids in the chromophore binding pocket 
[17,, 26]. Some side chains, however, in 
particularr R52, do significantly alter their 
orientationn during pB formation, leading to a 
structuree with the chromophore exposed to the 
surroundingg solvent. Finally, the pB^ 
intermediate,, the proposed signalling state of 

Fig .. 4: Photocycl e schem e of E-PYP at roo m 
temperature .. Schematic view of the photocycle of E-PYP at 
ambientt temperature. The spectra of the depicted intermediates are 
presentedd In the centre of the Fig.; pG: solid line, pRsl0: dashed line, 
l0':: dashed-dotted line, pR,(5: dotted line, pBs!: dashed-dot-dotted 
line.. For further explanation and references see text. 
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PYP,, recovers into the groundstate pG446 in a bi-
exponentiall process with time constants of 200 
mss and ~1 s [22], During this recovery, the 
proteinn refolds to its original groundstate 
conformation,, the chromophore undergoes a cis 
too tans re-isomerization and the phenolic 
oxygenn becomes deprotonated again. 

PYPP as a PAS domai n 

Thee detailed characterisation of PYP became 
evenn more valuable since the discovery that this 
blue-lightt photoreceptor is a member of the so-
calledd PAS domain superfamily [27]. Even more 
spectacularr was the discovery that the 3D-
structuree of PYP provides the prototype of the 
completee PAS fold [28]. As only few members of 
thee PAS family have been studied in such detail, 
knowledgee on PYP can substantially improve the 
understandingg of PAS domains. 
Duringg the last few years, the PAS domain was 
foundd to be a very common component in signal 
transductionn pathways (for a review see e.g. 
[29-31]).. Originally, the term PAS was used to 
describee two direct sequence repeats (PAS-A 
andd PAS-B) identified in three proteins, namely 
thee Drosophila Periodic clock protein (P_ER), the 
vertebratee Aryl hydrocarbon receptor nuclear 
translocatorr (&RNT) and the Drosophila Single-
mindedd protein (SIM). However, more PAS-
containingg proteins have been found in a wide 
rangee of organisms from all kingdoms of life. 
Thee function of proteins possessing a PAS 
domainn is very diverse, but most, if not all, 
appearr to be involved in signal transduction 
processess [31]. PAS domains have been 
identifiedd in proteins including histidine and 
serine/threoninee kinases, chemo- and 
photoreceptorss for taxis and tropism, redox-
sensors,, circadian clock proteins, voltage-
activatedd ion channels, and others. 
Numerouss proteins involved in light signalling 
aree shown to contain a PAS domain. Beside 
PYP,, other examples are: phytochromes, 
involvedd in many light regulated responses in 
plantss [32, 33]; PpsR, implicated in the 
regulationn of photosynthesis in purple bacteria 
[34];; WC-1 and WC-2, proteins of the circadian 
clockk of Neurospora crassa [35-37]; AD01 and 

ZEITLUPE,, involved in the circadian clock of 
ArabidopsisArabidopsis thaliana [38, 39]; and Nph1, the 
photoreceptorr for phototropism in plants [40]. 
Evenn though members of the PAS domain 
superfamilyy function in a variety of biological 
processes,, most if not all are involved in signal 
transductionn processes. More specifically, their 
primaryy function seems to lie in mediating 
protein-proteinn interaction, via both homo- and 
hetero-dimerization,, and/or in providing a 
scaffoldd for co-factor binding [31], So far a 
numberr of different co-factors associated with 
PASS domains have been identified. A flavin 
servess as prosthetic group for example in NPH1 
[40,, 41], in NifL, a redox-sensitive sensor in the 
regulationn of nitrogenase expression [42], in Aer, 
thee sensor protein for aerotaxis in £ coli [43, 
44],, and WC-1, a blue-light sensor, involved in 
thee circadian clock of Neurospora crassa [37, 
45],, Other co-factors present in PAS domains 
aree heme, as found in the PAS domain of FixL, 
whichh is involved in the oxygen dependent 
regulationn of nitrogen fixation [46, 47] and in 
Dos,, a direct oxygen sensor in E. coli [48]. 
Moreover,, [2Fe-2S] clusters are possibly present 
inn NuoE (swissprot: P33601), and PAS domains 
aree able to bind ATP as found for KinA from 
BacillusBacillus subtilis [49]. Again a different co-factor, 
4-hydroxy-cinnamicc acid, was isolated from E-
PYPP (see section 2 of this Chapter). 
Althoughh sequence homology between the 
numerouss members of the PAS domain 
superfamilyy is extremely low, the overall three-
dimensionall structure appears to be very well 
conserved.. Besides the spatial structure of PYP 
[13],, the crystal structure of three additional PAS 
domainss has been resolved: the heme-binding 
PASS domain of the bacterial oxygen sensor FixL 
[50],, the PAS domain of the vertebrate 
potassiumm channel HERG [51], and the flavin-
bindingg PAS domain of the plant photoreceptor 
phototropinn [41]. All three structures are very 
similarr to that of PYP (Fig. 5) and the 
characteristicc elements of a PAS-fold can be 
clearlyy identified in all cases: a central PAS core 
iss linked to the p-scaffold via the helical 
connectorr (see [28] for a detailed explanation). 
Additionally,, another element, an N-terminal 
cap,, which covers the PAS core, has been 
identifiedd for E-PYP. In the other crystallized PAS 
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Fig .. 5: The crysta l structur e of fou r PAS domains . The 3D-structures of the PAS domain of four different proteins are shown: (A) E-
PYP,, harbouring the co-factor 4-hydroxy-cinnamlc acid, and representing the PAS-fold prototype, (B) the PAS domain of the oxygen sensor FM_ 
fromm £ Coll, containing heme as prosthetic group, (C) the flavin-binding L0V2 domain of phototropin from the fern Adiantum, and (D) the PAS 
domainn of the human potassium channel HERG. For references see text. 

domains,, however, this element is either not 
present,, or the secondary structure could not be 
determinedd in this part of the protein due to 
disorderedd atom arrangements in the crystal. 
Besidess the crystal structure of E-PYP, also a 
largee amount of detailed knowledge on the 
biochemicall and biophysical properties of this 
proteinn has been acquired during the last 15 
yearss (see above). This accumulated knowledge 
makess PYP a very exciting model system to 
studyy in more general terms the signal 
transductionn mechanism of PAS domains. It also 
givess us the opportunity to answer the following 
question:: What do proteins, with a very different 
evolutionaryy origin, involved in unrelated 
biologicall processes, carrying a range of 
differentt co-factors, and sharing nearly no 
sequencee homology, have in common? The 
spectacularr finding that all PAS domains so far 
characterised,, have the same secondary 
structure,, is surely part of the answer to this 
question. . 

Too deepen our understanding of the behaviour of 
proteinss at the molecular level, computer 
simulationn techniques are widely used. One of 
these,, molecular dynamics simulations, can be 
usedd to understand the properties of molecules 
inn terms of interactions at the atomic level. 
Insightt in atomic motions, and more importantly 

theirr correlated character in proteins, is crucial 
forr understanding their molecular function. For 
E-PYP,, concerted backbone motions were 
analysedd using the essential dynamics technique 
[52],, The obtained eigenvectors together with 
theirr eigenvalues represent the direction and the 
extentt of correlated displacement of a group of 
atoms.. For E-PYP three main eigenvectors were 
distinguished,, which are believed to form the 
basiss of the formation of the signalling state pB 
[52]. . 
Thesee results obtained from computer 
simulationss correlate with results acquired in 
NMRR experiments, where fast internal motions 
resultt in poorly defined, i.e. highly flexible, 
regionss [14], In the molecular dynamics 
simulations,, several very flexible regions were 
identifiedd in the protein. One of them is the 
highlyy mobile loop localised around amino acid 
50.. This loop was found to be the carrier of one 
off the few spatial changes occurring during the 
photocyclee in crystals of E-PYP [17], but more 
interestingly,, it is part of the most conserved 
regionn of PAS domains, the PAS core. 
AA computer analysis was performed in order to 
identifyy hinge bending regions. Such regions 
containn hinge points, which allow concerted 
backbonee motions within a protein. Glycines are 
supposedd to function as such hinge points, and 
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severall conserved glycines were identified in the 
hingee bending regions op E-PYP, i.e. G7, G29, 
G47,, G51. G77 and G86 [52]. G29, G47 and 
G511 are part of the PAS core of E-PYP, and G51 
iss one of the very few amino acids conserved 
withinn the entire PAS domain superfamily [28, 
31].. Comparison of the concerted backbone 
motionsmotions of PAS proteins may reveal possible 
sharedd mechanisms concerning their function in 
signall transduction processes. Analyses 
performedd so far do indeed point towards 
conservedd backbone motions in different PAS 
domainss (Vreede, unpublished results). These 
resultss bring us nearer to understand the 
structure-functionn relation of PAS domains. 

Thee Xanthopsi n protei n famil y 

E-PYPP from the halophilic purple bacterium £ 
halophilahalophila was the first identified bacterial 
photoreceptorr protein harbouring 4-hydroxy-
cinnamicc acid as a chromophore (see section 3 
off this Chapter). Other, remarkably similar, 
photoactivee yellow proteins were found in 
RhodospirillumRhodospirillum salexigens and Chromatium 
salexigens,salexigens, which are also halophilic purple 
bacteriaa [53, 54], Moreover, genes encoding a 
PYPP were identified in several additional purple 
bacteria,, which led to the proposition of a 
proteinn family. This family, named Xanthopsins, 
consistss of proteins with high sequence 
similarityy to PYP and a highly conserved 
chromophoree binding pocket [12]. In 1999, yet 
anotherr member of the Xanthopsins was 
discoveredd in Rhodospirillum centenum. In this 
organism,, the gene ppr (from PYP-phytochrome 
related)) encodes a fusion protein, composed of 
ann N-terminal domain that shows striking 
similarityy with PYP, linked to a central 
phytochrome-likee domain and a C-terminal 
histidinee kinase domain [55]. 
Altogether,, the primary sequences of 6 
memberss of the Xanthopsin family are known up 
too now, all identified from phototrophic purple 
bacteria,, belonging either to the a - or y-
subgroupp of the proteobacteria. The comparison 
off all these sequences (an alignment is 
presentedd in Fig. 6) shows the conservation of 
thee amino acids involved in binding and tuning 

off the chromophore (i.e. Tyr42, Glu46, Arg52, 
Cys69,, Tyr 98 - see section 2 of this Chapter). 
However,, other key residues for the functioning 
off E-PYP, i.e. T50 [56, 57] and M100 [58, 59], 
aree not conserved throughout all members of the 
Xanthopsins.. These residues, also located in the 
chromophoree binding pocket, are not present in 
thee two Rhodobacter proteins and T50 is 
exclusivelyy present in the Xanthopsins from E. 
halophila,halophila, C. salexigens and Rs. salexigens. 
Moreover,, comparison of the amino acid 
sequencee of the different Xanthopsins reveals 
thee existence of possible subgroups in this 
proteinn family (see also Chapter 6 of this thesis). 
Thee proteins from £ halophila, Rs. salexigens 
andd C. salexigens cluster together, sharing a 
veryy high sequence similarity (between 69% and 
77%% sequence identity), as well as, mutually, 
thee Xanthopsins from the two purple non-
sulphurr bacteria, Rb. sphaeroides and Rb. 
capsulatuscapsulatus (78% identity). The PYP-domain of 
thee hybrid protein Ppr from Rs. centenum takes 
aa somewhat intermediate position with no strong 
sequencee similarity with either of the two other 
groups.. The sequence identity between the three 
subgroupss is rather low (32-49%). 
Thee biophysical properties of four members of 
thee Xanthopsins have been studied so far; they 
correlatee with the group assignment indicated 
above.. The properties of E-PYP and PYP from 
Rs.Rs. salexigens, which cluster together in one 
subgroup,, are very similar (see section 2 of this 
Chapterr and [60]). The absorption spectra of 
bothh proteins are virtually identical, with the 
maximumm for PYP from fits, salexigens only 
slightlyy blue-shifted ( ^ = 445 nm). Also the 
kineticss of photobleaching and recovery are very 
similar,, with time constants for Rs. salexigens 
PYPP of x ^ = 80 us and x , ^ = 200 ms [60], 
Inn contrast, absorption characteristics and 
photocyclee kinetics of members from the two 
otherr subgroups of the Xanthopsins are very 
different.. Ppr from Rs. centenum, consisting of 
8844 amino acids, was heterologously expressed 
inn £ co//and subsequently reconstituted with 4-
hydroxy-cinnamicc acid. The reconstituted protein 
turnedd out to have an absorbance maximum at 
4344 nm and displays a photocycle upon 
illuminationn with a blue or white flash [55]. The 
bleachh at 434 nm is accompanied by the initial 
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Fig .. 6: Sequenc e alignmen t of all know n PYPs. Alignment of the PYP amino acid sequences from: Rsph - Rhodobacter sphaeroldes 
(EMBLL AJ002398), Reap - Rhodobacter capsulatus (EMBL AF064095), Ehal - Ectottiiorhodospira halophila (EMBL X98887), Csal - Chromatium 
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Sequencee alignment was performed using CLUSTAL W. Conserved residues are indicated by inverted letters (conserved in all 6 sequences) or In 
greyy (homologous amino acids or residues conserved in at least 4 sequences). The symbol" indicates residues conserved In PAS domains [28], 
andd # refers to kev residues for chromophore binding in PYP (for details see text). 

formationn of a red-shifted intermediate with a 
difference-absorbancee maximum at about 470 
nm,, followed by the formation of a blue-shifted 
intermediatee with a difference-absorbance 
maximumm at about 330 nm. The subsequent 
recoveryy to the ground state is biphasic with a 
fastt and an extremely slow component (x's of 
0.211 ms and 46 s, respectively). A member of 
thee third Xanthopsin subgroup, PYP from Rb. 
sphaeroldessphaeroldes (R-PYP), was also studied after 
heterologouss expression and in vitro 
reconstitutionn with 4-hydroxy-cinnamic acid. 
Alsoo in this case the biophysical properties are 
considerablyy different from those described for 
thee other proteins (see Chapters 2 and 3 of this 
thesis),, further supporting the clustering within 
thee Xanthopsin protein family. 

Despitee the numerous attempts to elucidate the 
functionn of PYP (see e.g. [61] and Chapters 5 
andd 6 of this thesis), so far only for the hybrid 
proteinn Ppr a physiological role has been 
geneticallyy proven: Ppr is involved in the light-
dependentt regulation of the expression of the 
enzymee chalcone synthase in Rs. centenum 
[55].. This enzyme is well-known from the 
secondaryy metabolism of plants, where it plays a 
rolee in the biosynthesis of flavonoids. Another 

functionn has been proposed for E-PYP from £ 
halophila,halophila, based on the observation that the 
absorptionn spectrum of the protein matches the 
actionn spectrum for a negative phototaxis 
responsee [62]. Like many other anoxygenic 
phototrophicc bacteria, £ halophila also shows a 
positivee phototactic response to (infra)red light. 
However,, additionally, this organism is repelled 
byy light of shorter wavelengths and/or higher 
intensity.. The wavelength-dependence of this 
light-inducedd repellent response of £ halophila 
matchess the absorption spectrum of PYP [62]. 
Thee genetic proof for this proposition has not 
beenn provided, mainly because genetic 
techniquess for extremophilic bacteria, such as £ 
halophila,halophila, are not well developed. In contrast, 
Rb.Rb. sphaeroides, also containing a pyp gene is 
geneticallyy very well accessible. 

RhodobacterRhodobacter sphaeroides 

RhodobacterRhodobacter is the best studied photosynthetic 
purplee bacterium. Research on its photo-
syntheticc apparatus as well as e.g. its tactic 
behaviourr has led to the accumulation of 
detailedd knowledge on those processes, but also 
too the development of many genetic and 
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biochemicall techniques. Therefore, we initiated 
aa line of research in Rb. sphaeroides to 
investigatee the biological role of PYP. 
Rb.Rb. sphaeroides (formerly known as 
RhodopseudomonasRhodopseudomonas sphaeroides) is a free-
living,, Gram-negative bacterium. It belongs to 
thee non-sulphur purple bacteria, indexed in the 
a-subgroupp of the proteobacteria. Members of 
thiss group are widely distributed in nature and 
aree found not only in freshwater and marine 
environments,, but also in most soils and paddy 
fieldss [63]. They preferably live in aquatic 
habitatss with significant amounts of soluble 
organicc matter and low oxygen tension [63]. 
RhodobacterRhodobacter is a facultatively phototrophic 
organism,, i.e. it can grow aerobically in the dark 
orr anaerobically in the light by means of 
bacteriochlorophyll-basedd photosynthesis. Under 
aerobicaerobic conditions, Rb. sphaeroides derives 
energyy from respiration. When oxygen tension 
decreasess below a certain threshold level, the 
physiologyy of the cells changes dramatically; the 

expressionn of photosynthesis genes, i.e. genes 
encodingg structural and assembly components 
forr both light harvesting antenna complexes, as 
welll as for reaction center complexes, increases 
significantly.. Moreover, the transcription of 
geness encoding enzymes for bacteriochlorophyll 
andd carotenoid biosynthesis is activated. An 
intracytoplasmicc membrane system develops, in 
whichh pigments and proteins are assembled to 
formm active photosynthetic units, whose function 
iss to capture photons and to convert light energy 
intoo a proton motive force. The transition from 
aerobicc to anaerobic photosynthetic growth is 
stronglyy regulated by a number of different 
transcriptionn factors (see e.g. [64, 65]). Proteins 
involvedd in this regulation are the two-
componentt system RegB/RegA, the proteins 
AppA,, FnrL, HvrA and Trx (see Fig. 7), where 
AppAA represents a flavin binding protein which 
integratess both redox and light signals [66]. 
Interestingly,, there is another protein involved in 
thee regulation of photosynthesis, which belongs 

Signal:: light Signal:: oxygen, redox 

T?? I? !? ! ? 
ReaB B 

? ? 
tt r v 

"  A p p A Fnr L Tr x 

puf-operonn \( i ) /® 

puhA-gene puhA-gene crf-geness £>c/>genes 

Fig.. 7: The regulation of bacterial photosynthesis. Schematic overview of proteins involved in the regulation of the transcription of 
photosynthesiss genes In Rhodobacter. Proteins which activate transcription are shown in light grey, the transcriptional repressor PspR is shown in 
black.. Proteins which have been shown to affect transcription of photosynthesis genes in R. capsulatus are represented by rectangles, proteins 
whichh have only been Investigated In R. sphaeroides by ovals. A number of proteins has been Implicated in sensing of the oxygen signal, while the 
lightt sensor transmitting the signal to HvrA is not known, Thioredoxin (trx) has been shown to affect pul transcription, but the mechanism of signal 
transmissionn has not been elucidated. Not all proteins Investigated in regard to regulation of photosynthesis genes have been included for reasons 
off clarity, hem. genes for amlnolevulinate synthesis; bch: genes for bacteriochlorophyll synthesis, crt. genes for carotenoid synthesis; puc-operon: 
encodess structural and regulatory proteins for the formatton of the LHII antenna complex; puf-operon: encodes structural proteins of the LHI 
antennaa complex, the reaction center proteins and proteins Involved in the assembly of these complexes; puhA gene: encodes the non-plgment-
bindingg subunlt of the reaction center. (Fig. adapted from [64].) 
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Fig .. 8: Identificatio n of 4-hydroxy-cinnami c aci d fro m 
Rb.Rb. sphaeroides wit h capillar y electrophoresis . 
Electropherogramss of ethyl acetate extracts from Rb. sphaeroides 
RK11 cells. The eluate was analysed at 284 nm. Trace A shows 4-
hydroxyy cinnamic acid at 7,3 min and an unidentified compound at 
8.33 min. Trace B shows the result of co-injectlon analysis of the 
extractt with 4-hydroxy cinnamic acid, showing enhancement of the 
peakk at 7.3 min. Fig. from [78] with permission. 

-- like PYP - to the PAS domain superfamily. This 
protein,, PpsR, is an aerobic repressor of genes 
involvedd in the development of photosynthetic 
complexess [67]. Moreover, under anaerobic 
conditionss it is involved in the light-intensity 
dependentt regulation of the abundance of the 
antennaa complexes [68]. PpsR is comprised of 
ann amino terminus of unknown function, a PAS 
domain,, a central region primarily involved in 
proteinn oligomerisation, and a carboxy terminus 
responsiblee for DNA binding [34]. 
Forr a metabolically versatile organism such as 
Rhodobacter,Rhodobacter, the perception of environmental 
signalss and their intracellular integration is 
cruciall for the proper decision between the 
majorr energy generating catabolic routes. The 
availabilityy of oxygen, carbon sources, and light, 
aree important factors in determining the optimal 

modee of energy generation, i.e. anaerobic or 
aerobicc respiration, photosynthesis or 
fermentation.. Besides a very complex regulatory 
machineryy to firmly control metabolic pathways, 
ass e.g. photosynthesis (see above), the cells also 
possesss a taxis system, which enables the 
biasedd migration to optimal environmental 
conditionss (for reviews see e.g. [69, 70]). Rb. 
sphaeroidessphaeroides is able to swim by means of the 
clockwisee rotation of a single sub-polar flagellum 
[71].. Flagellar rotation stops periodically, 
allowingg the reorientation of swimming cells as a 
resultt of Brownian motion during the stop 
periods.. The periods of flagellar rotation are 
prolongedd when the cell swims into the direction 
off favourable conditions, i.e. higher 
concentrationss of weak organic acids (the main 
chemo-attractantss for Rb. sphaeroides), higher 
oxygenn pressure or photosynthetically active 
light.. On the other hand, the stop frequency is 
increasedd when the cells enter a region with less 
favourablee conditions, enhancing the chance of 
aa successful reorientation. The rotation of the 
flagellaa is controlled by a complex system of 
taxiss proteins, including sensor proteins, two-
componentt histidine kinases and response 
regulators.. The key protein in this system is the 
autokinasee CheA, which receives a signal from a 
sensingg complex, consisting of methyl-accepting 
proteinss and CheW. The kinase CheA can 
transferr its phosphoryl-group to two response 
regulators:: CheB, which is involved in the 
adaptationn response, and CheY, which can bind 
too the flagella. Upon binding of the 
phosphorylatedd response regulator CheY the 
flagellarr motor stops rotating, allowing 
reorientationn of the cell. So far, several 
homologuess of components of the taxis 
machinery,, organized in three major operons 
andd other, unlinked, loci, have been published 
forr Rb. sphaeroides [72-76]. (Even more 
homologuess can be found in the Rb. 
sphaeroidessphaeroides database: http://www.mmg.med. 
uth.tmc.edu/sphaeroides/.)) This complex system 
iss responsible for taxis towards favourable 
conditionss but also for avoiding less optimal or 
evenn dangerous situations. One of these 
repellentt responses studied recently, is induced 
byy high intensity blue light [77]. Upon 
illuminationn the stop frequency of the cells 

http://www.mmg.med
http://uth.tmc.edu/sphaeroides/
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increasess dramatically (characteristic for a 
negativee taxis response). The involvement of PYP 
inn this response has been studied ([61] and see 
Chapterr 5 of this thesis). 

PYPP fro m Rb. sphaeroides 

Thee gene encoding photoactive yellow protein 
fromm Rb. sphaeroides (from here on defined as 
r-pyp)r-pyp) has been isolated and sequenced [78]. A 
6.55 kb DNA fragment containing the pyp gene 
andd its flanking regions was analysed and a total 
off 8 putative coding regions were identified. The 
r-pypr-pyp gene encodes a protein of 124 amino 
acids,, with the functional PYP residues 
conservedd (see Fig. 6 and section 2 of this 
Chapter).. Moreover, amino acids conserved 
withinn the PAS-domain superfamily, as e.g. 
Asp34,, Gly37, Asn43, and Gly59, are present in 
R-PYPP (the numbering of the amino acids 
correspondss to the one of E-PYP, see alignment 
Fig.. 6). About 1 kb downstream of r-pyp a gene 
encodingg a p-coumaryl-CoA-ligase homologue 
(PCL)) was identified. A pc/gene is also present 
inn E. halophila, but in that case directly 
downstreamm of the pyp gene [12]. It was 
proposedd that the pel gene product is involved in 
thee conversion of the chromophore to its CoA 
derivative,, before the latter is linked to apo-PYP. 
Rb.Rb. sphaeroides PCL shares the highest 
homologyy with PCL from £ halophila and 
containss the highly conserved motif present in 
AMP-bindingg proteins. This stretch of amino 
acidss is present in a large number of enzymes, 
formingg an acyl-adenylate from a fatly acid and 
ATP,, followed by the transfer of the acyl group to 
thee sulfhydryl group of CoA and subsequent 
releasee of AMP [79]. This could very well be the 
mechanismm of 4-hydroxy-cinnamic acid 
activationn in Rb. sphaeroides. The conservation 
off this downstream gene in Rb. sphaeroides 
makess a functional involvement of its product 
withh PYP assembly very likely. 
Inn Rb. capsulatus, an orf with sequence 
homologyy to phenylalanine ammonia lyase (PAL), 
wass found upstream of r-pyp (Rb. capsulatus 
genomee project: www.integratedgenomics.com). 
PALL is a biosynthetic enzyme, catalysing the 
eliminationn of ammonia from phenylalanine to 

yieldd cinnamic acid. Recently, PAL from Rb. 
capsulatuscapsulatus was expressed in E. coli and the 
purifiedd protein was analysed with respect to its 
catalyticc activity [80]. Surprisingly, the affinity of 
thiss enzyme for tyrosine was much higher than 
forr phenylalanine, characterising this enzyme as 
aa tyrosine ammonia lyase (TAL), and suggesting 
thee involvement of this enzyme in the synthesis 
off the PYP chromophore 4-hydroxy-cinnamic 
acidd from tyrosine. The 4-hydroxy-cinnamic acid 
chromophoree has been identified in 
phototrophicallyy grown Rb. sphaeroides cells by 
capillaryy zone electrophoresis (see Fig. 8). 
AA structural model of R-PYP was constructed 
usingg the homology modelling program WHATIF, 
basedd on the available crystal structure of E-
PYP.. Rotamers of conserved residues were left 
unchanged,, and all other residues were initially 
mutatedd to alanines. Rotamers were then 
modelledd using the WHATIF backbone-
dependentt rotamer libraries. The chromophore 
4-hydroxy-cinnamicc acid was included in the 
calculations.. There are two clusters of changed 
aminoo acids that are buried in the protein, at 
positionss 4 , 1 1 , 14 and 82, 83, 88,118. In both 
cases,, cavities created by "mutations" to smaller 
residuess are compensated by "mutations" to 
largerr residues at complementary positions in 
thee cluster. This mutational correspondence 
emphasisess the quality of the model. Due to 
severall changes of acidic residues to neutral and 
basicc residues, a positively charged patch has 
emergedd in the region 71-81. So far, this group 
off solvent-accessible positive amino acids has 
onlyy been found in Rb. sphaeroides PYP, 
contributingg to a striking up-shift in the 
calculatedd isoelectric point in comparison to E-
PYP:: 10 vs. 4.5. The basic structure of the 
chromophoree pocket has been conserved. Only 
twoo residues close to the chromophore have 
beenn changed in comparison with the E. 
halophilahalophila sequence, leading to minor changes in 
thee chromophore binding pocket. At position 50, 
theree is an Ala in the Rb. sphaeroides sequence, 
whilee there is a Thr in the E halophila PYP 
sequence,, which hydrogen-bonds to Tyr98. The 
changee to an Ala, can lead to two effects: i) this 
hydrogenn bond is lost, and Tyr98 may become 
moree mobile and ii) a small cavity next to the 
chromophoree is created, allowing it to be more 

http://www.integratedgenomics.com
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flexiblee (see also Chapter 3). Similarly, there is a 
Thrr to Ala change at position 70. A side chain-
backbonee hydrogen bond is thereby lost and 
againn a small cavity is created, possibly leading 
too similar effects. 
Inn general the 3D-structure of PYP is conserved, 
andd an extensive description on the analysis of 
thee bio- and photochemical properties of R-PYP 
iss presented in Chapters 2 and 3 of this thesis. 

Outlin ee of thi s thesi s 

Thee subject of this thesis is the characterisation 
off the biological role of the blue-light 
photoreceptorr PYP. Studies were carried out on 
thee biochemical/biophysical and molecular/ 
genetic/behaviourall level. Moreover, the 
structure-functionn relationship concentrating on 
thee dynamics of the protein was analysed. 
Researchh was focussed on Rb. sphaeroides, 
whichh is the best studied photosynthetic purple 
bacterium,, and experimentally very well 
accessible. . 
Followingg the identification of a pyp gene in Rb. 
sphaeroides,sphaeroides, the biophysical and biochemical 
propertiess of R-PYP were characterised 
(Chapterss 2 and 3). An overexpression system 
wass constructed to produce R-PYP in E. coll 
Thee purified protein was examined with respect 
too its groundstate properties (Chapter 2). Time-
resolvedd spectroscopy experiments, to characte
risee the photocycle of the protein, are described 
inn Chapters 2 and 3. R-PYP exhibits two ground-
statee absorption maxima, representing two diffe
rentt species of the protein. The nature of both 
formss was studied with a variety of different 
techniques,, as e.g. time-resolved absorption 
spectroscopy,, FT-IR spectroscopy, fluorescence 
measurementss and binding studies with the 
fluorescentt polarity probe Nile Red. The results 
off these studies and a derived model are 
presentedd in Chapter 3. 

Too gain insight into the structure-function 
relationshipp of PYP, the dynamic behaviour of 
thee protein was studied (Chapter 4). The role of 
conservedd glycine residues within the 
Xanthopsinn protein family was analysed using 
thee most stable and best studied variant: PYP 
fromm E. halophila. Molecular dynamics 

simulationss have shown that conserved glycines 
aree of fundamental importance in the concerted 
motionss of E-PYP. Three of them, G47, G51 and 
G59,, are part of the most conserved region of 
thee PAS domain superfamily, of which PYP is the 
3D-structurall prototype. Results obtained in the 
simulationss are now verified in an experimental 
approach,, which is described in Chapter 4. Site-
directedd mutants of E-PYP (G47S, G51S and the 
doublee mutant G47S+G51S) were constructed 
andd analysed for their photophysical properties. 
Thee crystal structure for these mutants was 
elucidatedd in order to verify the correct fold of 
thee proteins. 

Thee possible function of PYP in the living cell 
wass examined in Rb. sphaeroides (Chapter 5). 
Earlierr experiments, using a pyp knock-out 
mutantt of Rb. sphaeroides, showed that R-PYP 
iss not involved in a high intensity blue-light taxis 
response.. The possible role of R-PYP in a low 
intensityy blue-light response was studied in this 
thesis.. Moreover, experiments are described in 
whichh the nature of a blue-light induced 
methanoll release response and the chemotaxis 
machineryy components that might be involved in 
it,, are investigated. 
Anotherr strategy to gain insight into the function 
off PYP was chosen in the experiments described 
inn Chapter 6. There the aim was the 
identificationn of (additional) components of the 
PYPP signal transduction pathway. The yeast two-
hybridd system was applied to screen expression 
librariess of Rb. sphaeroides and E. halophila for 
ann interaction partner of PYP. The knowledge on 
PYPP as a PAS domain was used for the 
constructionn of site-directed mutants of PYP to 
mimicc the correct fold of the protein in the 
absencee of the chromophore. 
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