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1.11 Bacterial life 

1.1.11.1.1 Introduction 

Lif ee on earth dates back to roughly 3.5 billion 

yearss ago, as shown by the discovery of 

microfossilss in Western Australia (Schopf and 

Packer,, 1987). These microfossils are 

attributedd to photosynthetic cyanobacteria or 

methanogenicc archaebacteria (Brasier et al, 

2002).. Molecular oxygen, one of the by-

productss of photosynthesis by early 

cyanobacteriaa and their descendants (including 

algaee and higher plants), transformed the 

atmospheree of the earth and facilitated the 

developmentt of more complex organisms that 

usee aerobic catabolism (Xiong and Bauer, 

2002).. In 1938, Chatton divided living 

organismss in prokaryotes and eukaryotes. This 

divisionn was based mainly on differences in 

celll  size and structure. Eukaryotic cells are 

typicallyy larger (starting at -20 um in 

diameter,, but much larger cells are possible) 

andd contain membrane-enclosed structures 

calledd organelles, such as the nucleus, 

mitochondriaa and chloroplasts. Prokaryotic 

cellss are smaller (typically ~2 u.m in diameter) 

andd have a simpler cellular organization, 

generallyy without the membrane bound 

organelless (an exception being the recently 

discoveredd bacterium Candidatus brocadia, 

thatt does have cellular compartments that can 

bee considered organelles (Jetten et al., 2003)). 

Furthermore,, the arrangement of DNA differs 

considerablyy between the two. Whereas in 

prokaryotess the DNA is present in one large 

moleculee called the nucleoid, eukaryotes 

typicallyy contain several chromosomes, and 

twoo copies of each gene (diploidity). The 

presencee of the first eukaryotic cells has been 

datedd to 1.7 billion years ago. Whereas 

divisionn in two types of cells holds when 

studyingg cellular structures, it will not 

necessarilyy show evolutionary relationships. 

Too actually measure evolutionary change one 

needss evolutionary chronometers. Using 

ribosomall  RNA as a phylogenetic marker 

threee distinct domains have been defined: 

Bacteria,, Archaea and Eukarya (Woese et al., 

1990).. The bacteria can be divided into at least 

fifteenn distinct groups (phila) (see Figure 1). 

Figuree 1: Universal phylogenetic tree. 
Thee tree is based on 16S or 18S ribosomal RNA 
sequences.. Picture taken from (Barns et al, 1996). 
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Generall  Introduction 

1.1.21.1.2 Purple phototrophic bacteria 

Thee yellow proteins discussed in this thesis are 

alll  from bacteria that belong to the philum of 

proteobacteria,, and especially the subgroup of 

purplee phototrophic bacteria. Key genera 

thereinn are Ectothiorhodospira, Rhodobacter, 

RhodospirillumRhodospirillum and Chromatium. As wil l be 

discussedd below and more extensively in 

Chapterr 6, each of these genera contains at 

leastt one member of the xanthopsin 

photoreceptorr protein family. The purple 

phototrophicc bacteria carry out anoxygenic 

photosynthesiss and contain 

bacteriochlorophylll  and carotenoid pigments. 

EctothiorhodospiraEctothiorhodospira and Chromatium belong to 

thee group of purple sulphur bacteria, that 

utilizee hydrogen sulfide to reduce C02, 

resultingg in the formation of elemental 

sulphur.. Rhodobacter and Rhodospirillum 

belongg to the group of purple nonsulfur 

bacteria,, called like that because it was 

originallyy thought that they were unable to 

reducee C 02 with sulfide. Later it turned out 

thatt they actually can, although the optimal 

concentrationn of sulfide used by the sulphur 

bacteriaa is toxic to most nonsulphur species. 

Thee proteobacteria can also be subdivided in 

thee alpha, beta, gamma, delta and epsilon 

subdivision.. Rhodobacter and Rhodospirillum 

belongg to the alpha subgroup, whereas 

EctothiorhodospiraEctothiorhodospira and Chromatium belong to 

thee gamma subgroup. In 1996, the genus 

EctothiorhodospiraEctothiorhodospira was separated into the 

slightlyy halophilic Ectothiorhodospira and the 

extremelyy halophilic Halorhodospira, 

reclassifyingg Ectothiorhodospira halophila as 

HalorhodospiraHalorhodospira halophila (Imhoff et al., 

1998).. The former name referred to the fact 

thatt this organism deposits its sulphur 

extracellularly,, to its form (spirillum) and to 

dependencee on a halophilic environment. The 

organismm can be isolated from extremely 

salinee lakes, such as Summer Lake, Lake 

County,, Oregon, where it was found first 

(Raymondd and Sistrom, 1969) or from Wadi el 

Natrunn in Egypt. In these lakes, salinity can 

reachh 30-40%, the minimal amount the 

organismm needs to be able to grow is - 9%. 

Withinn the genus Halorhodospira, 

threee species have been identified: 

HalorhodospiraHalorhodospira halophila, Halorhodospira 

halochlorishalochloris and Halorhodospira abdelmalekii. 

H,H, halophila is the organism from which the 

Photoactivee Yellow Protein, which is the 

primaryy subject of this thesis, was first isolated 

(althoughh it was called Ectothiorhodspira 

halophilahalophila then; see above). H. halophila cells 

groww under strict anaerobic conditions and are 

obligatelyy phototrophic. They are motile and 

swimm by using single flagella present at the 

poless of the cell. 

RhodobacterRhodobacter capsulatus and 

especiallyy Rhodobacter sphaeroides are the 

bestt studied species of the Rhodobacter genus. 

Theyy are widely distributed in nature and are 

usuallyy found in freshwater or soils. Especially 

thee photosynthetic apparatus and the tactic 

behaviorr of R. sphaeroides have been 
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Chapterr 1 

analyzedd into very high detail (for a review, 

seee e.g. (Armitage and Hellingwerf, 2003)). 

Thee genome of R. capsulatus has been fully 

sequenced,, the genome sequencing of R. 

sphaeroidessphaeroides has nearly been completed. 

1.1.31.1.3 Signaling in bacteria 

Ass do all forms of life, bacteria have to 

respondd to an ever-changing and fluctuating 

environment.. Because of their inherent, mostly 

single-cellularr form, however, they obviously 

havee to use a whole different set of 

mechanismss to cope with the environmental 

stressess they experience. Whereas higher 

organismss have a first line of defense at the 

cellularr level - through cell differentiation -

singlee cell organisms can only use a 

"molecularr mechanism", i.e., they only have a 

sett of proteins and small signaling molecules 

thatt are used in their signaling pathways. In 

suchh a pathway, an external signal is sensed by 

aa receptor protein, and then translated, through 

aa series of chemical reactions, to - eventually -

aa cellular response. Depending on the type of 

bacteriumm and signal, cells can respond with a 

largee variety of responses, such as directional 

movementt (migration) or synthesis of new 

(protective)) compounds. A basic mechanism 

thatt bacteria can use to respond to an 

extracellularr stimulus is catalyzed by the so-

calledd two-component signal transduction 

system.. These systems generally consist of a 

sensorr protein, that senses and transduces the 

signal,, and a cognate response regulator. Both 

proteinss have a typical domain structure (see 

Figuree 2): The sensor protein usually has an 

extracellularr sensing domain, that is 

connected,, via transmembrane helices, to a 

cytoplasmicc signaling (or transmitter) domain. 

Thiss signaling domain contains a binding site 

forr ATP and a conserved histidine, that is 

autophosphorylatedd via ATP, upon 

stimulation.. The response regulator consists of 

aa receiver domain, that accepts the phosphoryl 

groupp from the histidine on a conserved 

aspartatee residue, and an output domain. 

Sensing g 
domain n 

ATPP s 

ADP« « 

--

ïignaiing g 
domain n 

His s 

Membrane e 

P P 

* * 
Asp p 

Response e 
regulator r 

Figuree 2: Schematic representation of a two-
componentt  regulatory system. 
Uponn stimulation of the sensing domain, the kinase 
activityy of the signaling domain increases. First, the 
conservedd histidine of the signaling domain is 
phosphorylated,, subsequently the phosphoryl group 
iss transferred to the response regulator. 

10 0 



Generall  Introduction 

Thesee output domains can modulate 

downstreamm regulatory proteins, function as an 

enzymee or, in most cases, function as a 

transcriptionn factor via a DNA-binding helix-

turn-helix-motif.. The best studied system is 

thee MCP/Che chemotaxis system in E. coli. 

Alsoo photosensing systems can make use of 

thesee type of systems, e.g. members of the the 

bacteriophytochromee family (see also chapter 

1.2.3),, and Sensory Rhodopsin II , that 

functionss similarly to the chemotaxis system 

inn Escherichia coli (see Chapter 1.2.2, Figure 

44 and (Jung et al, 2001)). 

1.22 Photoreceptor  proteins 

sequencee alignments have to be used to 

discriminatee the many photoreceptor proteins 

thatt bind a flavin derivative. Accordingly, the 

mostt important families are the rhodopsins 

(Hofff  et al., 1997a; Oesterhelt, 1998; Pepe, 

1999;; Spudich et al, 2000), the phytochromes 

(Quail,, 1998), the xanthopsins (Kort et al, 

1996a),, the cryptochromes (Ahmad and 

Cashmore,, 1993), the phototropins (Huala et 

al,al, 1997) and the BLUF proteins (Gomelsky 

andd Klug, 2002) (see also Figure 3). The 

primaryy photochemistry of activation of these 

photoreceptorr proteins is based upon a change 

inn the configuration of the chromophore 

involved. . 

1.2.11.2.1 Introduction 

Thee many different photoreceptor proteins that 

havee been described in literature can be 

classifiedd into a limited number of families. 

Thee most rational approach is to base this 

classificationn on the chemical structure of the 

light-absorbingg chromophores involved, but in 

addition,, arguments derived from protein 

CHROMOPHORES S 
classes classes 

tetrapyrroles s 

polyenes s 

'aromatics' ' 

exampleexample key structural element 

phytochromobilin n 

retinal l 

coumaricc acid 

flavin n 

R '' N 

R,, 0 

I I 
11 1 "'"" - a 

s— — 

R R 
1 1 
NN N O 

11 1 1 i 
""  II " 

O O 

PHOTOSENSOR R 
FAMILY Y 

Phytochromes s 

Rhodopsins s 

Xanthopsins s 

Cryptochromes s 

Phototropin n 

BLUFF proteins 

PHOTOCHEMISTRY Y 

transtrans <-> cis 

transtrans <-> cis 

transtrans *-> as 

electronn transfer 

cysteinyll adduct 
formation n 

protonn transfer'? 

Forr the first three families listed in Figure 3 

thiss change in configuration equals a chemical 

isomerizationn (e.g. from Z to E, or: from cis to 

trans),trans), but recently also other types of 

photochemistryy have been uncovered (like 

transientt cysteinyl-adduct formation in the 

LOVV domains of phototropins (Crosson and 

Moffat,, 2002)). 

Figuree 3: Well-characterized 
classess of chromophores and 
photosensorr  families. 
Thee curved arrow identifies the vinyl 
bondd subject to photo-isomerization. 
Inn retinal both the 11,12- and the 
13,14-vinyll  bonds can undergo 
isomerization,, like in mammalian-
andd in bacterial sensory rhodopsins, 
respectively. . 
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Chapterr 1 

Thiss change in configuration subsequently 

mustt lead to formation of a signaling state of 

thee protein of sufficient stability to 

communicatee the process of photon absorption 

too a downstream signal transduction partner. 

Itt must be kept in mind that Figure 3 may not 

(yet)) cover the full richness of nature. 

Althoughh presumably the most important 

photoreceptorr proteins responding to the 

visiblee and (infra)red part of the 

electromagneticc spectrum meanwhile have 

beenn uncovered, several response systems 

leadingg to (protective) pigment synthesis 

inducedd by UV irradiation still remain to be 

characterized.. It is one of the challenges in 

photobiologyy to establish whether or not the 

handlingg of this high-energy radiation requires 

thee involvement of additional types of 

chromophores.. Several speculations as to the 

naturee of these chromophores can be found in 

literature;; e.g. the involvement of carotenoids, 

chlorophylll  precursors, and vitamin B12 

(Cervantess and Murillo, 2002) has been 

proposedd (Gorham et ai, 1996; Christie and 

Briggs,, 2001). 

Veryy detailed descriptions of the 

molecularr basis of the events involved can be 

givenn for some of the partial reactions of 

distinctt photobiological response pathways. 

However,, to give all these for one single 

pathway,, starting from light absorption all the 

wayy down to the biological output function, is 

possiblee only for a limited number of systems. 

Reviewss of this field can be found in 

(Hellingwerf,, 2000; Spudich et ai, 2000; 

Briggss and Olney, 2001; Hellingwerf, 2002; 

Lin,, 2002a; Quail, 2002). 

1.2.21.2.2 Rhodopsins 

Thee photoreceptor family that has been 

characterizedd in most detail, with respect to 

structure,, function and molecular mechanistic 

detail,, are the rhodopsins. Despite the fact that 

thiss is the most senior family of 

photoreceptors,, even this one still continues to 

expand.. Besides the visual rhodopsins from 

Eukaryaa and Archaea, and the ion-

translocatingg prokaryotic rhodopsins from the 

Archaea,, which all have been known for more 

thann 20 years, new members of this family 

havee recently been discovered in eukaryotic 

microorganismss like Chlamydomonas 

(Sineshchekovv et ai, 2002) and Neurospora 

(Bieszkee et ai, 1999), in proteobacteria, i.e. 

proteorhodopsinn (Beja et ai, 2000) and in 

cyanobacteriaa (Jung et ai, 2003) and in the 

retinaa of vertebrates (i.e. melanorhodopsin 

(Provencioo et ai, 1998)). Visual rhodopsins 

fromm higher Eukarya and from Archaea 

channell  their information into the well-

characterizedd G-protein- and Htr/Che 

networkss (for reviews see (Hoff et ai, 1997a; 

Okadaa et ai, 2001)), ultimately leading to 

neurall  signaling and behavioral swimming 

responses,, respectively (see Figure 4). Also 

thee Chlamydomonas sensory rhodopsins have 

beenn shown to be phototaxis receptors, 

althoughh the signal transduction pathway has 
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Generall  Introduction 

nott been characterized yet (Sineshchekov et 

ai,ai, 2002). The situation in CMamydomonas 

reinhartiireinhartii is complex, with multiple 

rhodopsinss being present that belong to the '7-

transmembranee helix family' (Sineshchekov et 

ah,ah, 2002), and an additional rhodopsin 

('chlamyopsin'' (Fuhrmann et ai, 2001)) that 

containss only 4 transmembrane helices and 

thatt appears to function as a light-regulated 

ionn channel. Upon discovery (Beja et ai, 

2000)) proteorhodopsin was introduced as a 

protonn pump. More recently, an additional 

sensoryy function of this proteobacterial 

rhodopsinn has also been considered in view of 

thee two-photon character of its proton pump 

cyclee (Friedrich et ai, 2002). Possibly this 

issuee wil l only be settled when it is possible to 

cultivatee one of the organisms in which 

proteorhodopsinn is found in nature (like in 

memberss of the marine y-proteobacterial 

SAR866 group). In the seminal work of Richard 

Hendersonn in the seventies, the global 

structuree of bacteriorhodopsin, with the 

structurall  motif of the seven trans-membrane 

a-helicall  segments, was elucidated as the first 

molecularr structure of a membrane protein 

(Hendersonn and Unwin, 1975). This structure 

hass meanwhile been refined to a resolution far 

betterr than 2 A in published crystal structures 

(e.g.. (Pebay-Peyroula et ai, 1997; Luecke et 

ai,ai, 1999b)). The structural motive of the 7-

transmembranee a-helices has gained an 

enormouss impact because of the fact that it is 

thee major pharmacological target for humans. 

Thiss underlines the importance of detailed 

structurall  studies of rhodopsin/G-protein 

interactions. . 

Flagellar r 
motor r 

Figuree 4: Schematic drawing of the SRII-based 
repellentt phototaxis signaling system in N. 
pharaonis. pharaonis. 
/VpSRIII  receptors are drawn as interacting in a 
symmetricall  2:2 complex with the transmembrane 
helicess of the AjoHtrll dimer, which is bound to the 
histidinee kinase CheA by a small protein (CheW). 
Photoactivationn of jVpSRII activates CheA kinase 
activity,, which in turn phosphorylates the flagellar 
responsee regulator CheY. Phospho-CheY binds to a 
flagellarflagellar motor switch that induces a swimming 
reversall  by the cell, leading to repulsion from 
yVpSRII-absorbedd light (>.max 498 nm). Picture taken 
fromm (Spudich and Luecke, 2002). 
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Althoughh significant detail has accumulated 

throughh the years about this, the recent 

elucidationn of the crystal structure (now at 2.6 

AA resolution) of bovine visual rhodopsin may 

bee expected to boost these studies significantly 

(Okadaetfa/.,2002). . 

Transientt optical spectroscopy 

(initiall yy UV/Vis; subsequently also 

vibrationall  spectroscopy contributed 

significantly)) has resolved the sequence of 

statess involved in signal generation in many 

rhodopsins,, but particularly in 

bacteriorhodopsin.. In this light-driven proton 

pumpp the Franck-Condon state is often 

referredd to as I, with all subsequent transient 

(hot)) ground-state intermediates named 

alphabeticallyy from J to O. Their kinetics have 

beenn resolved in great detail; the initial 

intermediatess are red-shifted as compared to 

thee dark state (Stoeckenius and Lozier, 1974) 

andd subsequent intra-molecular proton transfer 

leadss to the formation of blue-shifted 

intermediates.. A similar pattern is found in 

manyy photoreceptor proteins (Hellingwerf et 

al,al, 1996). Although until recently quite some 

controversyy existed as to the primary 

photochemistryy that activates 

bacteriorhodopsinn {e.g. charge separation 

and/orr increase in bond-length vs. 

isomerizationn {e.g. (Schoenlein et al, 1991; 

Delaneyy et al, 1995; Zadok et al, 2002)), 

recentt evidence indicates (Herbst et al, 2002) 

thatt the change of the configuration of the 

retinall  molecule from all-trans to 13-cis really 

iss the primary event, taking place with sub-

picosecondd kinetics. Subsequently, strain 

withinn the isomerized retinal relaxes (typically 

inn the ns to us time scale) and then in the 

surroundingg opsin protein. The photocycle of 

bacteriorhodopsinn is completed in about 10 

ms,, but for many of the signaling rhodopsins 

thiss recovery step is 10 to 100-fold slower. 

Throughh the use of retinal analogues, the long-

livingg blue-shifted intermediates have been 

identifiedd as signaling states for the visual-

andd the Archaeal rhodopsins, {e.g. (Yan et al, 

1991)).. The corresponding intermediate in 

bacteriorhodopsinn shows significant outward 

movementt of helix F (Xiao et al, 2000), but it 

appearss that this movement is not required for, 

butt only accompanies (Tittor et al, 2002) 

protonn pumping, although it may be required 

forr pumping against a large proton motive 

force.. Nevertheless, it is very difficult to 

translatee the measured optical characteristics 

off  the intermediates into changing structure of 

thee photoreceptor protein. 

Unfortunately,, rhodopsin crystals 

loosee diffraction upon illumination. Flash-

activationn of crystalline bacteriorhodopsin 

doess allow time-resolved X-ray diffraction, 

butt this approach so far has resulted only in 

ratherr limited spatial resolution (Oka et al, 

2000).. With bacteriorhodopsin crystals, 

however,, at low {i.e. cryogenic) temperature 

differentt (optical) intermediate states can be 

trappedd that do diffract to high resolution, 

althoughh it is not possible to trap exclusively 
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Generall  Introduction 

onee single intermediate at a time (Balashov 

andd Ebrey, 2001). Nevertheless, the structure 

off  several of such low-temperature 

intermediatess has now been solved (Edman et 

ai,ai, 1999; Luecke et ai, 1999a; Subramaniam 

etet ai, 1999; Schobert et ai, 2002). The 

resolutionn achieved (i.e. 1.4 A (Lanyi and 

Schobert,, 2002)) allows determination of key 

bondd angles of the retinal chromophore. It is 

noww clear that this chromophore in 

bacteriorhodopsinn initially changes from the 

all-transall-trans to the l3-cis,\5-anti configuration, 

withh several additional bonds significantly 

constrainedd in the K-intermediate, the first one 

thatt can be trapped. In subsequent photocycle 

intermediatess the retinal configuration changes 

too a relaxed \3-cis,\5-anti configuration, the 

hydrogen-bondingg network near the Schiff-

basee becomes distorted and key residues 

involvedd in proton translocation change their 

pK.. This ultimately leads to trans-membrane 

protonn transport, although the change in 

chromophoree configuration brought about by 

photoisomerizationn may also be a steric trigger 

off  subsequent conformational transitions. In 

bacteriorhodopsin,bacteriorhodopsin, the C2o methyl group of 

retinall  and the indole ring of W182 may form 

thee two parts of this 'sterical trigger structure' 

(Edmann et al., 1999). By linking the structure 

off  these intermediates with their dynamic 

properties,, as detected in optical spectroscopy 

att room temperature, a detailed representation 

off  the dynamical changes in bacteriorhodopsin 

structuree can now be given. Many aspects of 

thee initial transitions of bacteriorhodopsin (e.g. 

(vibrational)) spectra, trajectory of 

isomerization,, conformational transitions, etc.) 

cann be reproduced rather accurately with 

quantum-- and classical dynamics calculations 

(Warshell  and Chu, 2001). 

Usingg bacteriorhodopsin as a 

templatee and a large body of additional 

information,, based on approaches, varying 

fromm molecular dynamics modeling to the 

measurementt of distance constraints with 

variouss methods, is now available for a large 

varietyy of structurally related rhodopsins, from 

bothh the Archaea and the Eukarya. 

Spectroscopyy in various forms has been the 

cruciall  technique in these studies, with 

applicationss ranging from transient- and low-

temperaturee absorption spectroscopy to the use 

off  solid-state NMR (e.g. (Ganter et al, 1991; 

Albertt et ai, 1997; Verdegem et ai, 1999)). 

Forr (bovine) visual rhodopsin this implies that 

wee can describe its activation as a light-

triggeredd change of its 11 -cis retinal to an 

initiallyy strained all-trans configuration, which 

relaxess through (3-ionone ring relocation. 

Subsequentlyy the salt-bridge between the 

Schiff-basee and E-113 is disrupted and the 

cytoplasmicc loop of bovine opsin containing 

E-1344 and R-135 increases its affinity for the 

G-proteinn (see e.g. (Okada et ai, 2001)). 

Forr one prokaryotic rhodopsin in 

particular,, i.e. sensory rhodopsin II, many 

molecularr details of the entire photobiological 

signall  transduction chain have now been 
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resolvedd (see Figure 4). These include its 

spectrall  tuning and electronic energy levels 

(Hayashii  et al, 2001; Ren et al, 2001a), 

structuree (Luecke et al, 2001; Pebay-Peyroula 

etet al, 2002), signaling state formation (Yan et 

al,al, 1991), receptor/transducer interaction and 

signall  transfer (Gordeliy et al, 2002) and its 

modulationn of flagellar rotation in H. 

salinarumsalinarum and in E. coli (Jung et al, 2001). 

Thiss beats the insight in our own (human) 

visuall  transduction system. Most importantly, 

thee resolved structure of the SRII/Htrll 

receptor/transducerr complex forms a bridge in 

ourr understanding of the initial- and 

downstreamm signaling events. It is proposed 

thatt retinal isomerization through kinking of 

helixx F - induces a screw-like movement in 

helixx 2 of the cognate transducer (Gordeliy et 

al,al, 2002), which ultimately activates CheA 

kinasee activity. This may constitute a very 

generall  mechanism in photo-and 

chemoreception. . 

1.2.31.2.3 Phytochromes 

Thee photoreceptor family of the phytochromes 

wass originally discovered and defined as the 

receptorr family responsible for red, far-red 

reversiblee plant responses (Parker, 1949; 

Borthwick,, 1952). Two groups are 

distinguished:: type 1 is the most predominant 

onee (PhyA in Arabidopsis) and is especially 

foundd in etiolated tissues, whereas type 2 is a 

moree heterogeneous group (PhyB - PhyE in 

Arabidopsis)Arabidopsis) and is found in green tissues. 

Phytochromess exist as soluble homodimers in 

thee eukaryotic cytoplasm, but may be 

translocatedd to the nucleus upon far-red light-

activationn (Sakamoto and Nagatani, 1996). 

Theyy consist of an N-terminal photoreception 

domainn and a C-terminal signaling (or output) 

domain.. The linear tetrapyrrole 

phytochromobilinn (P<J>B) is their light-

sensitivee chromophore, bound via a thio-ether 

linkagee to a cysteine residue in the N-terminal 

domainn of the protein (Lagarias, 1980). Red 

lightt triggers a cis to trans change in the 

configurationn of the extended 'all-c/s' POB 

chromophoree across the 15,16 double bond, 

resultingg in the conversion into the far-red 

lightt absorbing Pfr form. The back reaction 

takess place either very slowly in the dark (on a 

timescalee of hours) or almost instantaneously 

uponn absorption of far-red light. During these 

transitionss structural changes take place in the 

protein,, on the micro- and millisecond 

timescale,, as well as proton uptake- and 

releasee reactions (Tokutomi et al, 1988; van 

Thorr et al, 2001). The C-terminal domain 

consistss of a combination of PAS (related) 

domainss (PRD) and histidine kinase (related) 

domainss (Yeh and Lagarias, 1998). The PRD 

functionss to interact with phytochrome 

signalingg partners, like PIF3, but may also be 

involvedd in stabilization of the (Pfr) form of 

thee protein (Quail et al, 1995). Recently 

however,, it has been shown in PhyB that the 

isolatedd N-terminal domain can trigger 

photoresponsess when dimerized and localized 

16 6 



Generall  Introduction 

inn the nucleus (Matsushita et ai, 2003). The 

mechanismm that is used remains unclear; it 

mayy be that the N-terminal domain is 

sufficientt for interaction with the transcription 

factorr PIF3 (Ni et ai, 1999; Shimizu-Sato et 

ai,ai, 2002) and that the C-terminal domain only 

attenuatess PhyB activity, possibly through its 

kinasee activity (Yeh and Lagarias, 1998). In 

PhyAA it has been shown that phosphorylation 

off  N-terminal serine residues serves as a 

desensitationn mechanism (Stockhaus et ai, 

1992).. It is as yet unclear whether this 

mechanismm would be involved in the normal 

signall  transfer, adaptation, or both. 

Inn the sequencing project of the 

prokaryotee Synechocystis PCC6803, a 

phytochrome-likee gene was discovered 

(Hughess et ai, 1997). Since then, several 

additionall  bacterial phytochromes have been 

detected,, in both phototrophic and in 

chemotrophicc bacteria (e.g. in Pseudomonas 

aeruginosaaeruginosa (Davis et ai, 1999), 

RhodopseudomonasRhodopseudomonas palustris (Giraud et ai, 

2002),, and Rhodospirilhtm centenum (Jiang et 

ah,ah, 1999)). Different subfamilies of these 

bacteriophytochromess can be distinguished, 

withh the chromophore bound to either a 

cysteine,, or to a histidine (via a Schiff s base 

linkage)) in the GAF domain in the N-terminal 

halff  of the protein (Figure 5). The 

bacteriophytochromess contain 

phycocyanobilinn (PCB) or biliverdin (BV), 

ratherr than Pd>B, as their chromophore 

(Hubschmannn et ai, 2001). Whereas the bilin 

chromophoress in general are covalently bound, 

thiss covalent linkage is not a prerequisite for 

fulll  phytochrome-like photochemistry, as can 

bee seen for example in CphB (Jorissen et ah, 

2002a). . 

ATPP ADP 

,, Ü 
PMPM GAF ?M HKD 

Figuree 5: Schematic picture of the domain 
structuree of the bacterial phytochrome Cphl 
andd its response regulator Rcpl. 
Highlightedd are the chromophore linkage to the 
GAFF domain, and the phosphoryl transfer from 
Cphll  to Rcpl. 

Ann interesting new member of the 

phytochromee family was recently found in 

AgrobacteriwnAgrobacteriwn tumefaciens (Lamparter et ah, 

2002).. In this member of the 

bacteriophytochromee family, the chromophore 

iss bound through ring A to an N-terminal 

cysteine,, outside the GAF domain that usually 

bindss the chromophore. These recent results 

makee it relevant to reinterpret older studies in 

whichh the conserved cysteine for covalent 

chromophoree attachment was not detected. 

Mostt bacteriophytochromes contain a regular 
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histidinee kinase domain at their C-terminus, 

thee cognate response regulator has been 

identifiedd in many systems (Figure 5); in 

SynechocystisSynechocystis PCC6803 this applies to the 

couplee Cphl and Rcpl. For the latter the 

crystall  structure has been recently solved (Im 

etet ai, 2002). An exception is the 

bacteriophytochromee RpBphP from the 

anoxyphotobacteriumm Rhodopseudomonas 

papa lustris, which controls the expression of the 

photosyntheticc machinery (Giraud et ai, 

2002).. Surprisingly, in this system, the 

carboxy-terminall  domain of the sensor does 

nott show histidine kinase activity, which 

suggestss that signal relay is mediated through 

directt (PAS-domain based) protein-protein 

interactionn to the transcriptional activator 

PpsR. . 

Thee eukaryotic phyA and phyB have 

beenn shown to interact with the helix-loop-

helixx protein PIF3, at least in vitro. Shimizu-

Satoo et ai have used this interaction to 

constructt a light-switchable promoter system 

(Shimizu-Satoo et ai, 2002). In this (Yeast two 

hybrid-based)) system proteins of interest can 

bee expressed by induction with red light. Far-

redd light reverses the phytochrome-PIF3 

interaction,, thus stopping the induction. 

Whereass in plants, phytochromes are 

knownn to regulate various aspects of growth 

andd development, the known functions of the 

bacteriophytochromess are in light-regulated 

genee expression (Giraud et ai, 2002), light-

inducedd tactic responses (Wilde et ai, 2002) 

orr resetting of the circadian clock (Schmitz et 

ai,ai, 2000). For many bacteriophytochromes the 

functionn remains as yet unsolved, because they 

weree characterized through sequence analysis 

only. . 

Althoughh a lot of information has 

beenn gained on the output part of the signal 

transductionn cascade initiated by 

phytochromes,, relatively littl e is known about 

actuall  phytochrome signaling states. This may 

inn part be due to the slow Pfr-Pr conversion 

andd the overlapping absorption spectra of 

thesee two states, which considerably 

complicatess spectroscopic studies. Especially 

though,, the lack of detailed structural 

informationn on any form of phytochrome 

makess this system not (yet) a suitable 

candidatee to understand the detailed 

mechanismm of light-induced signal 

transduction. . 

1.2.41.2.4 Cryptochromes 

Thee cryptochrome family, that owes its name 

too the long-hidden nature of the chemical 

structuree of its chromophore(s) and to the 

manyy strongly absorbing components in living 

cellss in the blue part of the visible spectrum, is 

thee first-discovered family of flavin-containing 

photoreceptorr proteins. Its members form a 

groupp of blue-light photosensors from lower 

andd higher eukaryotic organisms (including 

mammalss {Homo sapiens), insects 

(Drosophila),(Drosophila), plants (Arabidopsis) and algae 

(Chlamydomonas))(Chlamydomonas)) (Ahmad and Cashmore, 
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1993;; Small et al, 1995; Todo et ah, 1996), 

andd even a prokaryotic member of this family 

hass been discovered (Hitomi et ah, 2000). 

Phylogeneticc analysis showed that the latter 

(fromm Synechocystis) is related to the 

cryptochromess from Drosophila Arabidopsis 

andd Homo, therefore this subfamily of the 

cryptochrome/photolyasee subfamily was 

namedd DASH Cryptochrome (Brudler et al, 

2003).. The cryptochromes are involved in a 

widee range of processes, ranging from the 

(synchronizationn of) the circadian clock in 

animalss to hypocotyl elongation, seed 

germination,, and pigment accumulation in 

plants,, in many responses in close interaction 

withh the phytochromes. In many higher 

organismss they are redundant (be it less so 

thann the phytochromes); Cry2 is 

proteolyticallyy sensitive under prolonged 

illumination. . 

Thee cryptochrome family of 

photosensorss has been identified 10 years ago 

(Ahmadd and Cashmore, 1993), via their 

similarityy with the (bacterial) photolyases. The 

sharedd characteristic feature is the joint 

involvementt of two chromophores in 

photosensing,, i.e. a flavin and a pterin. These 

chromophoress are incorporated in an N-

terminall  domain that is homologous to the 

photolyases,, which allows homology 

modelingg of this domain (Hellingwerf, 2000). 

Althoughh cryptochromes do not display 

photolyasee activity (but see also (Hitomi et al, 

2000)),, some of the amino acids involved in 

DNAA binding appear to be conserved. The 

crystallographicc structure of DASH 

Cryptochromee from Synechocystis confirmed 

thee high structural similarity between 

Cryptochromee and Photolyase (Brudler et al, 

2003).. In the same work it was shown that 

DASHH Cryptochrome does bind DNA and is 

involvedd in transcriptional regulation. Most 

cryptochromess have a considerable part of the 

polypeptidee chain extending beyond this N-

terminall  region of homology, whereas others, 

likee CRY2 from SinaDis alba, do not. 

/N N 

Figuree 6: Overall Fold of Synechocystis sp. 
PCC68033 Cryptochrome. 
Thee N-terminal a/p domain (upper right) and C-
terminall  helical domain (lower left) are connected 
byy a long interdomain loop. The FAD cofactor 
bindss in the cavity between the two lobes of the 
helicall  domain. The N- and C termini are labeled. 
Picturee taken from (Brudler et al, 2003). 
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Inn these C-terminal domains additional 

sequencee features can be recognized, like 

subcellularr localization signals, a tropomyosin 

motiff  (in CRY1 from Arabidopsis) and target 

sitess for protein phosphorylation (particularly 

inn plant cryptochromes) (Hellingwerf, 2000). 

Inn agreement with this it has been reported that 

Cry22 from Arabidopsis shows a light-

dependentt phosphorylation (Shalitin et al, 

2002).. Recently it was also shown that Cryl 

fromm Arabidopsis shows blue-light dependent 

phosphorylation,, both in vivo and in vitro 

(Shalitinn et al, 2003). Cryl phosphorylation 

wass shown to be independent of Cry 2 (and 

vicevice versa) and of phytochrome. Together with 

thee observation that the C-terminal domain of 

Cryll  of Arabidopsis appears to be 

constitutivelyy activated (Yang et al., 2000), 

thiss then leads to the model that light 

absorptionn in the N-terminal domain liberates 

targett sites for phosphorylation in the 

cryptochromes,, and that the phosphorylated 

Cryy proteins are the stably activated form. 

Untill  now, it remains unclear whether 

cryptochromee shows autophosphorylation 

activityy or if another kinase catalyzes the 

phosphorylation. . 

Att the time of its discovery the 

cryptochromee family added an exciting new 

dimensionn to the primary photochemistry of 

photosensing,, considering that E/Z 

isomerizationn of neither the pterin nor the 

flavinn is feasible. This subsequently has led to 

manyy hypotheses (and speculations) on its 

primaryy photochemistry: light-induced transfer 

off  either an exciton or an electron has been 

proposed,, either intra- or inter-molecularly 

(e.g.(e.g. (Cashmore et al., 1999)). Indeed in 

photolyasee an electron is transiently 

transferredd from the flavin to the covalently 

coupledd thymidine dimer, bound in the flavin-

containingg active site of the enzyme. The 

secondd chromophore, the pterin, acts merely as 

ann antenna for the flavin by transferring its 

excitationn energy to the latter via Förster 

resonancee energy transfer. Even a third 

chromophore,, a tryptophan, can function as a 

transientt electron donor for the thymidine 

dimer,, thus providing a second, independent 

pathwayy for transient electron transfer (Sancar, 

1994).. Having an antenna chromophore in a 

photosensoryphotosensory protein is not unique to 

cryptochromes:: some visual rhodopsins 

containn a second retinal (hydroxy-retinal), that 

functionss as an antenna for the 'catalytic' 

retinall  that is bound in the centre of its 7 trans-

membranee a-helical bundle (Kirschfeld and 

Franceschini,, 1977) and even non-retinoid, 

bacteriochlorophyll-derived,, antenna pigments 

mayy be used (Douglas et al, 1999). 

Cruciall  in answering the question 

whetherr or not light-induced electron transfer 

wil ll  take place in Cryptochromes is the redox 

statee of the flavin in vivo. The flavin in 

photolyasee is present as FADH2 or as the 

FADH"" semiquinone radical (which can be 

photo-activatedd to the fully reduced form 

(Aubertt et al, 2000)). Although the residues 
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liningg the flavin chromophore are well 

conservedd between photo lyases and the 

cryptochromes,, it is unlikely that the flavin 

wil ll  be present in the reduced form in 

cryptochromes,, because that would appear to 

bee incompatible with the known wavelength-

dependencee of the photo-activation of 

cryptochrome-mediatedd (i.e. Cryl plus Cry2) 

inhibitionn of hypocotyl growth (Ahmad et al, 

2002).. A possible interpretation of these 

experimentss could be that the pterin functions 

ass a rather inefficient antenna for an oxidized 

flavinn (or possibly the semiquinone form) in 

thee active site of cryptochrome. This leads to 

thee conclusion that excitation transfer is 

involved,, but does not allow conclusions about 

thee change in configuration of the flavin that is 

elicitedd by photon absorption. Lin (Lin, 

2002b)) has claimed that the photochemistry of 

cryptochromess is based on (reversible) 

electronn transfer, based on the observed 

inhibitionn of Cry-mediated effects by 

diphenylene-iodoniumm in intact cells. The 

involvementt of plasma membrane based redox 

componentss in these reactions cannot be 

excludedd yet (Long and Jenkins, 1998). Very 

recently,, however, independent evidence was 

providedd (Galland and Tolle, 2003) to 

concludee that the action of Cryptochrome is 

basedd on reversible electron transfer (see also 

Chapterr 7.4). Giovani and coworkers analyzed 

light-inducedd electron transfer in Arabidopsis 

Cry-11 and showed with transient absorption 

spectroscopyy that intra-protein electron 

transferr from tryptophan and tyrosine residues 

too the excited FAD cofactor takes place 

(Giovanii  et al, 2003). 

1.2.51.2.5 Phototropins containing (a) LOV 

domaindomain (s) 

Nextt to the cryptochromes, a second family 

existss that uses a flavin derivative (i.e. FMN, 

presentt in stoichiometric amounts with the 

apo-protein)) as its light-sensitive 

chromophore.. This is the phototropin family, 

namedd after its primary representatives that 

mediatee several responses in plants like 

ArabidopsisArabidopsis thaliana, i.e. phototropism, 

chloroplastchloroplast movement, stomatal opening and 

thee rapid inhibition of hypocotyls growth, in a 

partiallyy redundant way but relatively 

independentt of the other major types of plant 

photoreceptors,, the phytochromes and 

cryptochromess (Christie et ai, 2002). The 

structurall  motive from which light-induced 

signall  transduction is originating in this family 

iss referred to as the LOV domain (Light -

Oxygenn - Voltage) and actually is a subfamily 

off  the PAS domains. Actually, all known 

phototropinss contain two of these LOV 

domains,, of which the second (i.e. LOV2) is 

thee most important one for the light-regulated 

serine/threoninee kinase activity of the intact 

phototropinss (Christie et al, 2002; Crosson et 

al,al, 2003). Nevertheless, such LOV domains 

occurr in many more light-sensitive signal-

transductionn proteins - in plants, green algae 

andd Bacteria (examples are the White-Collar I 
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proteinn from Neurospora crassa (Ballario et 

al.,al., 1998) and YtvA from Bacillus subtilis 

(Losii  et al., 2002)). In the latter, Laser Induced 

Optoacousticc Spectroscopy measurements 

indicatee interaction between the two domains 

inn YtvA, and support the idea that the 

formationn of the photo-adduct changes the 

dynamicss of the protein (Losi et al, 2003). 

Uponn blue-light excitation the LOV 

domainss of phototropins are activated through 

initiall  photochemistry that involves: (i) 

intersystemm crossing from an excited singlet-

too a triplet state, (ii) excited state proton 

transferr (note, however, that ab initio theory 

predictss hydrogen- rather than proton transfer 

(Neiss,, 2003)) and (iii ) covalent adduct 

formationn between the C4 atom of the 

isoalloxazinee ring and the sulphur atom of a 

nearbyy conserved cysteine. This sequence of 

eventss has firmly been demonstrated with a 

rangee of spectroscopic (Salomon et al., 2000; 

Swartzz et al., 2001) and structural (Crosson 

andd Moffat, 2001; Crosson and Moffat, 2002) 

techniques.. Also in the temperature range 

fromm 77K to 293K, (only) these states were 

foundd (Iwata et al., 2003). In the same study, 

(loww temperature) FTIR revealed that the 

light-inducedd formation of the cysteinyl-flavin 

adductt is accompanied by structural changes 

inn (a) water molecule(s), possibly water25, 

water45,, or both. The changes result in 

looseningg of hydrogen bond networks. 

Signalingg state formation is accompanied by 

disruptionn of the planar configuration of the 

Figuree 7: Light-Driven Cysteinyl-Flavin Adduct 
Formationn in LOV2. 
Fourfoldd noncrystallographic symmetry-averaged 
omitt maps of FMN and Cys-966 were calculated 
fromfrom the dark state (A) and the photoexcited state 
(B)) of phy3 LOV2. Maps are contoured at o and 
99 0, in which o" is the root-mean-square value of 

thee electron density. Picture taken from (Crosson 
andd Moffat, 2002). 

flavin,, which in turn is transmitted all the way 

too the surface of the LOV domain, where it 

leadss to disruption of a strongly conserved salt 

bridgee (Crosson et al., 2003). The latter 

processs may be a unifying feature of signal 

generationn in all PAS domains, including PYP. 
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Thee covalent adduct state -

presumablyy the signaling state of the LOV 

domainn - is formed on the us timescale and 

recoverss to the ground state extremely slowly 

(withh rates varying from 10"' to 10"4 s"1). 

Nevertheless,, these rates are in the relevant 

physiologicall  range (Short et al, 1994; Sakai 

etet al, 2001; Christie et al, 2002), and may 

alsoo be modulated by the mesoscopic context 

off  the photoreceptor proteins. Formation of the 

signalingg state is accompanied by a significant 

conformationall  transition in the apo-protein 

partt of the LOV domains, as is indicated by 
3IPP and 'H NMR signals originating from this 

statee (Salomon et al, 2001). Recently, multi-

dimensionall  solution NMR spectroscopy was 

usedd to show that the structural changes in 

solutionn are indeed larger than in crystals 

(Harperr et al, 2003; see also Chapter 7.4). The 

conservedd cysteine that is involved in light-

inducedd covalent adduct formation is located 

inn an absolutely conserved -NCRFLQ- motive 

withinn the generally conserved PAS-features 

off  the LOV domain. Beyond that, LOV1 and 

LOV22 domains (both inter- and intra-

molecularly)) show significantly more 

sequencee conservation within their own 

subgroups.. Generally LOV1 domains have the 

fastestt recovery rates and the lowest quantum 

yieldss for photochemistry of the two types. 

Furthermore,, the type-1 LOV domains from 

phototropin-11 from oat and White Collar-1 

fromm Neurospora crassa, have been 

demonstratedd to self-dimerize (Ballario et al., 

1998;; Christie et al, 2002). This therefore 

mayy be a general property of the LOV 

domainss of type-1, but cannot yet be related to 

specificc sequence features. It provides the 

intriguingg possibility that type-1 LOV 

domainss have a specific role in desensitisation 

off  phototropin-mediated light responses 

(Christiee et al, 2002). 

1.2.61.2.6 BLVF-domain containing, proteins 

Evenn a third family of photoreceptor proteins 

iss based on the conserved structural feature of 

aa stoichiometric 1:1 flavin/apo-protein 

complex.. This is the so-called BLUF (for: 

sensorss for BLue-light Using FAD) family of 

proteinn domains that bind FAD as their 

chromophoree (Gomelsky and Klug, 2002). It 

wass discovered when the photoreceptors for 

photophobicc (behavioral) responses in 

EuglenaEuglena gracilis (Iseki et al, 2002) and for 

transcriptionall  anti-repression in Rhodobacter 

sphaeroidessphaeroides (Gomelsky and Klug, 2002; 

Masudaa and Bauer, 2002) turned out to 

containn a very homologous protein module 

thatt mediates the transduction of blue-light 

derivedd signals in these proteins. Secondary 

structuree predictions suggest that the fold of 

thiss BLUF-module is structurally distinct from 

alll  other known flavin-binding folds, both 

withinn and beyond the photoreceptor families, 

andd therefore may represent an entirely new 

flavin-bindingg fold, with a size of 

approximatelyy 100 amino acids. Experiments 

too confirm this with multi-dimensional NMR 
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spectroscopyy are in progress (Laan, Hsu etal, 

unpublishedd experiments). Phylogenetically 

thiss domain is widely distributed among the 

proteobacteria,, the cyanobacteria and the 

greenn algae (Gomelsky and Klug, 2002; Iseki 

etet al, 2002). 

Manyy of the BLUF domains are part of multi-

domainn proteins involved in catalytic 

conversionn of regulatory cyclic nucleotides, 

eitherr cAMP or bis-(3',5')-cyclic diguanylate, 

aa regulatory 'alarmone' in the Bacterial 

domain,, presumably as regulatory domains 

modulatingg the catalytic activity of these 

enzymess in response to absorption of blue 

photons.. However, just like with many other 

multi-domainn proteins (like e.g. the sensory 

kinasess of Two-component systems) the 

BLUFF domains can also be present as a small 

single-domainn protein (e.g. ORF(729-l 178) 

fromfrom Klebsiella pneumoniae). The BLUF-

domainn containing proteins from Euglena 

gracilisgracilis have been demonstrated to be blue-

lightt activated adenylyl cyclases (PACs; Iseki 

etet al, 2002). 

Thee BLUF domains bind FAD non-

covalently,, as do the LOV domains with 

FMN.. Surprisingly, the fluorescence excitation 

spectrumm of the PAC proteins does not show 

vibrationall  fine structure (Iseki et al, 2002). 

Thiss contrasts the fluorescence properties of 

alll  LOV domains and the absorption 

characteristicss of the AppA protein from Rb. 

sphaeroidessphaeroides (Masuda and Bauer, 2002). This 

latterr protein is a regulatory protein that 

integratess redox and light signals in the control 

off  expression of photosynthesis gene clusters 

(Braatschh et al, 2002; Masuda and Bauer, 

2002),, as a transcriptional anti-repressor, 

interactingg with PpsR (see Figure 8). A 

detailedd model has been proposed to explain 

itss function at the molecular level, implying 

thatt light absorption would disrupt the 

interactionn between AppA and PpsR dimers, 

therebyy freeing PpsR for repressive 

interactionss of tetrameric PpsR with the 

relevantt promoter region (Masuda and Bauer, 

2002). . 

Aerobicc " W 4 *«>* 
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Figuree 8: Model depicting the action of the 
transcriptionall  antirepressor AppA. 
Appaa functions in the regulation of expression of 
photosynthesiss genes in Rb. sphaeroides through 
interactionn with the transcriptional regulator PpsR. 
Picturee taken from (Masuda and Bauer, 2002). 

Thee initial characterization of the 

primaryy photochemistry of (the BLUF domain 

of)) AppA has revealed a number of surprising 
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features:: A brief pulse of blue light generates a 

long-livingg intermediate - that presumably is 

thee signaling state - with a lifetime of 

hundredss of seconds. The most striking 

differencee between this state and the receptor 

state,, that is stable in the dark, is a small (-10 

nm)) red shift of the absorption spectrum of the 

boundd FAD. Furthermore, molecular sieve 

chromatographyy revealed a measurable 

differencee in the radius of gyration between 

thee receptor- and the signaling state (Masuda 

andd Bauer, 2002), with the signaling state 

beingg largest. This (local) change in structure 

uponn illumination was also shown with (UV) 

CDD spectroscopy, that indicated a decrease of 

percentagee of random coil (Kraft et at., 2003). 

Thiss observation is in line with the results 

obtainedd with PYP (see below) and suggests 

thatt also the signaling state of AppA made be 

partiallyy unfolded. Recent experiments in our 

groupp have revealed that the conserved 

tyrosine-211 in the N-terminus of AppA is 

criticallyy required for photochemistry and 

preliminaryy evidence for the involvement of a 

tyrosinatee have been obtained (Laan et ai, 

2003).. Kraft and coworkers found a stacking 

interactionn between Tyr 21 and the 

isoalloxazinee ring of FAD (Kraft et at., 2003). 

Inn principle both events, i.e. stacking and 

protonn transfer, can be involved in the 

formationn of structural changes that translate 

thee light-signal to a signaling partner. Thus, 

althoughh AppA-mediated signal transduction 

iss well understood in its downstream parts, its 

initiall  photochemistry and structural 

transitionss leading to signaling state formation 

remainn to be resolved. The recent observations 

makee it tempting to speculate that the initial 

photochemistryy is based on excitation-induced 

pKK changes of FAD, leading to (slowly 

reversible)) proton transfer from or to Tyr-21 

(Laann et al, 2003). 

1.33 The Photoactive Yellow Protein 

Inn 1985, Terry Meyer described the isolation 

off  various soluble colored proteins from the 

anoxygenicc phototrophic bacterium 

EctothiorhodospiraEctothiorhodospira halophila (Meyer, 1985). 

Surprisingly,, besides cytochromes, ferredoxins 

andd a - then unknown and uncharacterized -

purple-coloredd protein, also a small, yellow-

coloredd protein was found. Subsequent 

analysiss showed that the protein was 

photoactive,, hence it was named Photoactive 

Yelloww Protein (PYP) (Meyer et at., 1987). 

Sincee then, a wealth of information has been 

gatheredd on the biochemical and biophysical 

propertiess of this protein, and the protein has 

becomee - especially due to high stability and 

high-resolutionn structural information - a 

modell  system for understanding signal 

perceptionn in biological systems. In the 

followingg paragraphs I will give a brief 

overvieww of these experiments. Two excellent 

reviewss that cover most aspects of PYP 

researchh have been published in 2003 
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(Cusanovichh and Meyer, 2003; Hellingwerf et 

al,al, 2003). 

1.3.11.3.1 Structural characterizations ofPYP 

Byy definition, photoreceptor proteins contain a 

light-absorbingg chromophore. Amino-acids 

themselvess do not absorb light in the visible 

region,, so usually a prosthetic group, in these 

casess the chromophore, is bound to the apo-

proteinn to form the holo-protein. An exception 

iss the Green Fluorescent Protein (GFP), where 

thee chromophore is formed autocatalytically 

byy a chemical conversion of a tripeptide motif 

off  aminoacids. Because of the similarity of the 

PYPP photochemical properties to those of 

sensoryy rhodopsins, the protein was first 

thoughtt to contain a retinal type molecule as 

itss chromophore (Meyer et al, 1987). Already 

inn 1989 a crystal structure was published, 

albeitt - as it turned out later - an incorrect one 

(McReee et al, 1989). The 2.4 A density map 

wass misinterpreted as a (3-clam fold, and the 

chromophoree that was modeled in the structure 

wass retinal, linked to Lysl 11 via a Schiff base 

linkage. . 

However,, a few years later the chromophore 

wass shown to be /7-hydroxy cinnamic acid (or 

p-coumaricc acid), bound through a thiol ester 

linkagee to the single cysteine of the protein 

(Vann Beeumen et al, 1993; Baca et al, 1994; 

Hofff  et al, 1994a). In the ground state, this 

chromophoree has been shown to be in the 

transtrans configuration, with a deprotonated 

phenolicc oxygen (see Figure 9). In 1995 then, 

aa 1.4 A crystal structure of the ground state 

wass published (Borgstahl et al, 1995). PYP 

displayss a typical ot/(3 fold, with a central 6-

strandedd anti-parallel P-sheet as a scaffold, 

flankedd by helical segments on either side (see 

Figuree 9). There are two hydrophobic cores 

foundd in the molecule: one is formed between 

thee N-terminal segment containing helices al 

andd cc2 and the central (3-sheet, a smaller one 

consistss of the chromophore-binding pocket. 

Inn this pocket, the chromophore is covalently 

boundd to the single cysteine of the protein, and 

alsoo tethered by a network of hydrogen-bonds: 

residuess Tyr42, Glu46 and Thr50 form a 

hydrogen-bondingg network that stabilizes the 

negativee charge on the chromophore, 

Figuree 9: Structure of the PYP. 
Ribbonn representations of 
Photoactivee Yellow Protein, at two 
differentt  orientations. 
Picturess were made with MOLMOL, 
usingg the structure coordinate file 
2PHYY from the Protein Data Bank. 
Picturess were rendered rendered using 
POVRAYY (www.povray.org). Panel B 
specificallyy shows the N-terminal 
helicess at the of the central p-sheet. 
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andd the carbonyl group of the chromophore 

hydrogen-bondss to the backbone amide group 

off  Cys69. Other residues that make up the 

activee site are Arg52, Phe96, Asp97, Tyr98 

andd Met 100. 

Thee structure of PYP has also been determined 

inn solution, using multinuclear NMR (Düx et 

al,al, 1998). This solution structure closely 

resembless the structure as determined using X-

rayy crystallography, with the most important 

differencess in the regions that comprise the 

residuess 1-5, 17-23, 61-67 and 113-117. These 

partss of the structure are not well-defined in 

thee solution structure, presumably because of 

highh mobility in these regions. 

Thee structure of PYP has become the 

prototypee fold for the so-called PAS domain. 

Thee acronym PAS was derived from the three 

proteinss in which the PAS-fold was originally 

found:: the Drosophila Periodic Clock protein 

(PER),, the vertebrate Aryl hydrocarbon 

Receptorr Nuclear Translocator (ARNT) and 

thee Drosophila Single-minded Protein (SIM). 

Thesee domains are found in all kingdoms of 

lif ee and are usually present in proteins 

involvedd in signal transduction pathways, e.g. 

receptors,, signal transducing proteins or 

transcriptionall  regulators. Examples of other 

proteinss involved in light signaling that 

containn PAS domains are: phytochromes, 

PpsR,, WC-1, WC-2 and phototropin. In the 

latter,, the domain in question is named LOV 

domain,, but is actually a subdomain of the 

PASS family (see Chapter 1.2.5 and (Ballario et 

al.,al., 1998)). The PAS domain is usually found 

ass part of a multidomain protein, but the PYP 

structuree is essentially the PAS fold by itself, 

apartt from the N-terminal cap, formed by 

residuess 1-25 (Pellequer et al., 1998). 

1.3.11.3.1 The photocycle of PYP 

Uponn light-activation, the jp-coumaric acid 

chromophoree undergoes reversible 

isomerizationn to form the red-shifted 

intermediatess I0 and pR. Subsequently the 

phenolicc oxygen of the chromophore is 

protonated,, to yield the presumed signaling 

statee pB, the slowest photocycle intermediate 

off  this photoreceptor protein (Hoff et al, 

1994b;; Kort et al, 1996b). This signaling state 

presumablyy leads to activation of a taxis-

relatedd histidine kinase, quite similar to SRII 

(below;; (Sprenger et al., 1993)). These three 

photocyclee intermediates pG, pR and pB -

aree the key intermediates of the photocycle of 

PYPP and can be followed using UV/Vis 

spectroscopyy because of their specific 

absorptionn maximum (see Figure 10). Note 

thatt there are different nomenclatures in use 

forr the photocycle intermediates, in which 

thesee three are respectively called p, I] and I2 

(Meyerr et al., 1987) or PYP, PYPL and PYPM 

(Imamotoo et al., 1996). During the last years, 

advancee in the techniques used, i.e. the range 

off  techniques and their spectral and temporal 

resolution,, has greatly improved our 

knowledgee of the photocycle, up to the point 

27 7 



Chapterr 1 

wheree a large part of it is understood in atomic 

detail. . 

Figuree 10: The Photocycle of Photoactive Yellow 
Protein. . 
A:: Photocycle intermediates found at room 
temperaturee and in solution. The timescales at 
whichh reactions take place are shown next to the 
relevantt arrow. B: Low temperature photocycle. 
Alternativee names of intermediate that are found in 
literaturee are shown between brackets. 
Temperaturess at which reactions can occur are 
shownn next to the relevant arrow/transition. 

Thee photo-isomerization of the chromophore 

off  PYP occurs on the sub-picosecond 

timescalee and is preceded by significant 

electronn relocation within the chromophore 

(seee also General Discussion, Groot et ai, 

2003;; Premvardhan et ai, 2003). The initially 

strainedd cis configuration of the /?-coumaryl 

chromophoree then relaxes through several ps 

andd ns intermediates, until at the timescale of a 

feww hundred us a proton is transferred from 

E466 (a hydrogen-bonding partner of the 

chromophoree in the receptor state) to the 

chromophoree (Xie et al., 1996). 

Presumably,, dynamical alteration in the 

conformationn of the apo-protein of PYP is 

requiredd for this proton transfer; it can be 

blockedd by incubation of PYP at temperatures 

lowerr than ~ 200 K. Formation of the pB state 

showss characteristics typical for a (partial) 

proteinn unfolding reaction (Van Brederode et 

al,al, 1996); its rate (i.e. 104 s' ) is compatible 

withh this interpretation. Surprisingly, the 

degreee of transient unfolding in the pB state is 

dependentt on the mesoscopic context of the 

sensorr protein: Whereas the crystal structure 

off  the pB state shows that most structural 

changess take place in the chromophore 

bindingg pocket (i.e. the chromophore itself and 

argininess 52 and 124) (Genick et al, 1997a), 

multidimensionall  NMR shows structural 

changess throughout much larger parts of the 

protein,, in particular also in its N-terminal 

domainn (Rubinstenn et al, 1998). The 

applicationn of time-resolved FTIR 
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spectroscopyy has been instrumental in 

showingg this dependence on the mesoscopic 

contextt (Xie et al, 2001); in addition this 

studyy provided important information on cause 

andd effect in the sequence of events in the 

photocycle:: The large structural change is 

precededd by ionization of Glu46, suggesting 

thatt the appearance of a buried charge within 

thee main hydrophobic core of the protein 

triggerss the structural rearrangement. Time-

resolvedd ORD measurements have confirmed 

thiss large degree of structural rearrangement 

duringg the photocycle (Chen et al, 2003b). 

Usingg truncated forms of the protein, a large 

partt of the structural changes could be 

assignedd to the N-terminus of the protein (Van 

derr Horst et ai, 2001). Subsequent probe-

bindingg experiments confirmed the structural 

rearrangementss near the chromophore binding 

pockett (Hendriks et al, 2002). 

1.3.21.3.2 Phylogenetic distribution and 

function function 

Ass mentioned, PYP was first isolated from the 

halophilicc phototrophic bacterium 

HalorhodospiraHalorhodospira halophila. H. halophila shows 

negativee phototactic behavior towards blue 

light.. The wavelength dependence of that 

responsee coincides with the absorption 

maximumm of PYP, making this the obvious 

candidatee as the responsible photoreceptor 

protein.. Genetic techniques, however, are 

poorlyy developed in this organism, hampering 

thee genetic proof of this function. In 1996, a 

PYPP homologue was found in the purple non-

sulphursulphur bacterium Rhodobacter sphaeroides. 

Thiss organism is the best-studied 

photosyntheticc bacterium, where genetic and 

biophysicall  techniques are well-developed. 

Althoughh a negative phototactic response 

towardss high intensity blue light was found in 

thiss organism, knock-out mutagenesis showed 

thatt PYP is not involved in this response, nor 

inn any of the other known blue-light responses 

inn this organism (Kort et ai, 2000; Haker, 

2002). . 

PYPP from H. halophila is by far the best 

studiedd xanthopsin; limited characterization 

hass been performed of PYP from R. 

sphaeroidessphaeroides (R-PYP) (Haker et al., 2000; 

Haker,, 2002; Haker et al., 2002) and the PYP-

phytochromee fusion protein Ppr from 

RhodospirillumRhodospirillum centenum (Jiang et al, 1999; 

Rajagopall  and Moffat, 2003b). R-PYP shows 

somee features that are strikingly different from 

thosee of PYP from H. halophila: Under 

physiologicall  conditions it is present as a 

mixturee of two states that each are photoactive 

(Hakerr et al, 2000; Haker et al, 2002). 

Whetherr or not both forms are biologically 

relevantt remains to be resolved. Ppr is 

particularlyy interesting because this is the first 

xanthopsinn of which the biological function 

hass been directly shown by genetic means: 

Thee protein was demonstrated to regulate 

chalconee synthase gene expression in response 

too blue light (Jiang et al, 1999). Note 

however,, that there is no proof of the 
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chromophoree that binds to this apoprotein in 

vivo.vivo. Considering the detailed knowledge 

availablee for primary photochemistry and 

signall  generation in PYP from H. halophila, 

pluss our understanding of the biological 

functionn of the Ppr system from Rs. centenum, 

ass a light-regulated Two-component system 

thatt modulates gene expression, the 

xanthopsinn family also is a candidate to 

facilitatee complete {i.e. based on first 

principles)) understanding of biological signal 

transfer.. The phylogenetic distribution of the 

xanthopsinss and their function will be 

discussedd in great detail in Chapter 6. 

1.3.41.3.4 Expression and purification of PYP for 

inin vitro characterization. 

Sincee the wild-type expression of PYP in H. 

halophilahalophila is relatively low - as can be expected 

fromm a signal receptor protein - (a few hundred 

moleculess per cell (Meyer, 1985)), an 

overexpressionn system in E. coli is used to 

purifyy PYP. Various procedures are described 

inn literature to overexpress the protein, both 

intra-- and extracellularly (Kort et al, 1996a; 

Genickk et ai, 1997b; Mihara et al., 1997). The 

proceduree used to purify PYP for experiments 

describedd in this thesis was the method 

modifiedd from (Kort et al, 1996a) as 

describedd in (Hendriks et al, 2002). The gene 

wass cloned in the expression plasmid pQE30, 

behindd an IPTG-inducible promoter (Kort et 

al,al, 1996a). Furthermore, an N-terminal 

hexahistidinee tag was genetically engineered, 

too facilitate purification using Ni  + affinity 

chromatography.. After purification, the 

histidinee tag can be selectively removed by 

proteolyticc digestion, although most 

experimentss are performed without its 

removal.. E. coli is not able to covalently attach 

thee chromophore to the apoprotein. Therefore, 

thee holoprotein is obtained by coupling the 

chromophoree (via an imidazole-activated 

form)) to the apoprotein in vitro. This 

proceduree also allows us to chemically 

engineerr PYP by reconstituting the protein 

withh derivatives of p-coumaric acid (see also 

Genera!Genera! Discussion). Recently, a method 

becamee available to obtain holo-PYP from E. 

colicoli using tandem expression of biosynthetic 

geness (Kyndt et al, 2003). 

1.44 Scope and outline of this thesis 

Thee Photoactive Yellow Protein is one of the 

systemss where we are close to understand the 

pathwayy from light absorption to the 

biologicall  output function, on a molecular 

scale.. In other words, we are answering the 

questionn of how this photoreceptor molecule is 

ablee to translate a light signal into a 

physiologicall  response. In this thesis, parts of 

thiss complex question are answered on the 

followingg levels. The functional unfolding and 

thee effect of the mesoscopic context of the 

proteinn are dealt with in the first two chapters: 

inn Chapter 2 we pinpoint the site of major 
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structurall  changes during the photocycle, 

whereass in Chapter 3 the effect of the 

mesoscopicc context - i.e. the hydration state -

onn the photocycle is described. In the next two 

chapters,, the chromophore - protein 

interactionss are discussed: Chapter 4 deals 

withh the spectral tuning caused by 

chromophoree protein interactions, in Chapter 5 

thee function of the covalent linkage between 

thee chromophore and the protein backbone is 

examined.. Chapter 6 shows how the outcome 

off  recent genome sequencing projects 

indicatess different functions for different 

xanthopsins.. Finally, in the discussion, the 

abovee experiments, and parallel and follow-up 

workk regarding structural studies, modeling 

studiess and ultrafast experiments, probing the 

initiall  events in the PYP photocycle, are 

discussed. . 
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2.11 Abstract 

Itt is shown that the N-terminal domain of Photoactive Yellow Protein, which appears relatively 

independentlyy folded in the ground state of the protein, plays a key role in the transient unfolding 

duringg signaling state formation: Genetic truncation of the N-terminal domain of PYP 

significantlyy decreases the extent of cooperativity of the titration curve that describes 

chromophoree protonation in the ground state of PYP, which is in agreement with the notion that 

thee N-terminal domain is linked through a hydrogen-bonding network with the chromophore-

containingg domain of the protein. Furthermore, deletion of the N-terminal domain completely 

abolishess the non-linearity of the Arrhenius plot of the rate of ground-state recovery. 

2.22 Introductio n 

AA major challenge in enzyme 

catalysiss is to define the alterations in spatial 

structuree during functional turnover. This 

problemm can be tackled with e.g. forming 

complexess of an enzyme with its substrate 

and/orr product at room- or cryogenic 

temperaturess (Verschueren et al, 1993; 

Schlichtingg et al, 2000). Nevertheless, these 

approachess have intrinsic limitations that can 

bee avoided by real-time recording of these 

structurall  transitions. This can be done by 

usingg a large array of indirect (spectroscopic) 

techniquess to resolve (details of) protein 

structure,, but has become possible in a very 

powerfull  direct way trough the development 

off  time-resolved Laue diffraction analysis at 

atomicc resolution (Perman et al, 2000). The 

latterr technique can now be used to record 

real-timee movies of the alterations in protein 

structuree during functional turnover from the 

nss to the s time domain. Its application so far, 

however,, is dependent on the availability of 

specificc model proteins, like Myoglobin 

(Srajerr et al, 1996) and Photoactive Yellow 

Proteinn (PYP) (Genick et al, 1997a; Perman 

etet al, 1998) from the purple-sulphur 

bacteriumm Ectothiorhodospira halophila. This 

proteinn is a small water-soluble protein, which 

functionss as the blue-light receptor in a 

behaviorall  response of this bacterium. The 

proteinn can be crystallized in the P63 and P65 

spacee group and through X-ray diffraction it 

wass shown to belong to the family of the a/J3-

foldd proteins (Borgstahl et al, 1995; Van 

Aaltenn et al, 2000). It has two hydrophobic 

cores,, a larger one in which the chromophore 

iss buried, on one side of a large 6-stranded p-

sheett and a smaller one, which is formed by 

thee two N-terminal a-helices covering the 

otherr side of the central [3-sheet. Light 

absorptionn by this photoreceptor protein 

initiatess photo-isomerization of its anionic 4-
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hydroxy-cinnamyll  chromophore, from the 7-

trans,9-cis-trans,9-cis- to the l-cis,9-tram configuration 

(Kortt et al, 1996a; Xie et al, 1996). This 

initiallyy leads to the formation of a series of 

transientt intermediates with a red-shifted 

absorbancee maximum (as compared to the 

groundd state PG446), of which the most stable 

onee (pR-466) decays bi-exponentially to a blue-

shiftedd state (pB355), the tentative signaling 

state.. In a few hundred ms the ground state 

(i.e.(i.e. pG446) has recovered (Meyer et al, 1987; 

Hofff  et al, 1994b; Ujj et al, 1998). This 

changee in configuration of the buried 

chromophoree is relayed to the surface of the 

proteinn in the form of a conformational 

transition,, to allow activation of a downstream 

signall  transduction partner. 

Time-resolvedd Laue diffraction 

experimentss have revealed the structure of this 

signalingg state of PYP: Upon isomerization, 

thee chromophore is protonated by a nearby 

glutamicc acid side chain and subsequently 

exposedd to solvent by rotation across its 

carbon-sulphurr single bond and the 

rearrangementt of two arginine side chains, one 

off  which specifically was shielding the 

chromophoree from solvent in the ground state 

(Genickk et al, 1997a; Perman et al, 1998). 

Thiss signaling state subsequently 

spontaneouslyy relaxes within a second. 

Thiss description of the sequence of events that 

leadd to signaling state formation in PYP has 

beenn challenged by the results of a range of 

biophysicall  techniques that were applied to 

Unfoldingg in the N-terminal domain of PYP 

aqueouss solutions of PYP, including transient 

UV/Vis-,, FTIR- and NMR spectroscopy and 

measurementss of the rate of H/D exchange 

withh mass spectrometry and NMR (Van 

Brederodee et al, 1996; Rubinstenn et al, 

1998;; Hoff et al, 1999; Craven et al, 2000; 

Kandorii  et al, 2000). From these experiments 

itt was concluded that PYP shows a significant 

transientt unfolding in its signaling state, 

equivalentt to about 30 % of the maximal 

unfoldingg upon complete acid- or urea-

inducedd denaturation. This value was 

estimatedd from the apparent change in heat 

capacityy associated with signaling state 

formation,, which can be deduced from the 

deviationn from linearity of the dependence of 

thee photocycle kinetics of PYP on reciprocal-

temperaturee and from the number of hydrogen 

atomss protected from H/D exchange in a light-

dependentt fashion (Van Brederode et al, 

1996;; Hoff et al, 1999). 

AA light-induced conformational 

transition,, very localized within the total 

volumee of the protein, would be very 

unexpectedd also in terms of a molecular 

dynamicsdynamics analysis of PYP in a box of water 

molecules.. This analysis revealed that most 

eigenvectorss of the intrinsic flexibilit y of the 

polypeptidee chain of PYP describe concerted 

motionn along the entire backbone (van Aalten 

etal,etal, 1998). 

Recently,, this apparent controversy regarding 

thee extent of functional unfolding of PYP in its 

signalingg state was resolved through time-



Chapterr 2 

resolvedd FTIR measurements on a crystal and 

ann aqueous solution of PYP. These 

experimentss revealed that the extent of 

unfoldingg in the signaling state pB, as deduced 

fromm the extent of the changes in the amide-I 

regionn of FTIR difference spectra, is very 

restrictedd when the PYP protein is caught in a 

crystallinee lattice, as compared to the situation 

whenn PYP is dissolved in aqueous solution 

(Xiee et al., 2001). Therefore, the extent of 

transientt unfolding of PYP is steered by the 

mesoscopicc environment of the protein. 

Inn our NMR experiments on PYP we 

noted,, from the relatively high rates of 

backbonee H/D exchange (Craven et al., 2000), 

thatt its N-terminal domain is of low intrinsic 

stability.. We therefore decided to investigate 

thee role of this domain in signaling state 

formationn through an analysis of the properties 

off  N-terminally truncated PYP molecules. 

2.22 Material s and methods 

PYP,, and truncated versions thereof, were 

producedd and isolated as described in (Kort et 

al,al, 1996a) as hexa-histidine tagged apo-

proteinss in Escherichia coli. The N-terminally 

truncatedd variants of PYP (truncated up until 

thee 25th and 27th residue, and referred to as 

A255 and A27, respectively), were made using 

thee polymerase chain reaction, according to 

standardd molecular biological techniques 

(Sambrookk et al., 1989). The sequence of 

primerss for A25 was 5' 

CGGCGGATCCGATGACGATGACAAACT T 

GGCCTTCGGCGCCATCCAGG 3', 5' 

GCGCAAGCTTCTAGACGCGCTTGACGA A 

AGACCCC 31 and for A27 51 CCGCGG 

ATCCGATGACGATGACAAATTCGGCGC C 

CATCCAGCTCGG 3', 5' GCGCAAGCTT 

CTAGACGCGCTTGACGAAGACCCC 3'. As 

aa template, 10 ng of pHISP was used (Kort et 

ai,ai, 1996a). 

pH-titrationss were carried out according to 

(Hofff  et a/., 1997b) using protein solutions in 

100 mM phosphate/100 mM KC1 buffer. 

pKaa values, and n-values (or: Hill coefficients) 

expressingg the degree of cooperativity, were 

calculatedd by fitting the data to equation 1, in 

whichh n describes the steepness of the 

transition. . 

PPG G (1) ) 

Time-resolvedd UV/Vi s spectroscopy was 

carriedd out as described by (Hendriks et ai, 

1999a)) using protein solutions in 50 mM Tris-

HC11 pH 7.5. Protein samples were used with 

andd without prior removal of the hexa-

histidinee tag. No significant differences 

betweenn such samples were noted. 

Thermodynamicc parameters were calculated 

usingg equation 2, in which k, is the rate of 

groundstatee recovery, and h and kb the Planck 

andd Boltzmann constant, respectively. 

In n ;f(7o)) ,wf(r0) AC*  f. T0  TA (2) 
RR RT R X J- T i l l  r y v / 
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Temperaturee induced denaturation 

experimentss were carried out as described in 

(Vann Brederode et ai, 1996) using protein 

solutionss in 50 mM citrate buffer. 

Concentrationn profiles of pBdark and 

pGG as a function of temperature were 

calculatedd from UV/Vi s difference spectra 

usingg global analysis (Van Brederode et ai, 

1996).. We used skewed Gaussian shapes to 

modell  the spectra of pBdark and pG. 

Thee equilibrium constant K. was 

calculatedd from the concentration profiles. 

Beloww 20°C the pBdark concentration is very 

low,, and the estimate heavily depends on the 

correctnesss of the model for the pG spectrum. 

Thereforee we restricted the fit of the 

equilibriumm constant to temperatures above 

15°C.. The data were fitted to equation 3, from 

whichh the thermodynamic parameters were 

derived. . 

i nn y - Wo) -W0) AC, L 7-„  i 7-„  "J (3) 
uii  i\ R RT R yi T -ril l  T j 

2.33 Results and Discussion 

Thee N-terminal domain of PYP in a crystalline 

latticee is folded into two a-helices that range 

fromm residue number 11 - 16 (al) and from 20 

-- 24 (a2). It should be noted, however, that in 

solutionn the second helix displays dihedral 

angless that classify it as a loop (Diix et ai, 

1998).. For deletion of the N-terminal domain 

off  PYP we decided to delete the first 25 and 

277 amino acids, respectively, thus generating 

thee A25 and A27 protein. In this way, Gly-29 

thatt is in van der Waals contact with Glu-46, is 

retained.. Further truncation results in non-

functionall  PYP (Hamada et al, 1998). The 

firstfirst amino acid in the next element of 

secondaryy structure, i.e. pM, is Gly-29. 

Bothh truncated proteins are stably 

producedd as apo-proteins in E. coli and result 

inn functional holo-PYP upon reconstitution 

withh 4-hydroxy-cinnamic acid. The purity 

indexx of both proteins is comparable to that of 

wild-typee PYP, but their absorbance maximum 

iss slightly shifted to shorter wavelength 

(Figuree 1). 

3000 350 400 450 500 550 

wavelengthh (nm) 

Figuree 1: UV-vis absorption spectra of dark-
adaptedd wild-type and truncated PYP. 
Spectraa were taken at room temperature in 10 mM 
Tris,, pH 7.5. Solid line: WT PYP, dotted: A25 PYP, 
dashed:: A27 PYP 

Alsoo their temperature stability has 

significantlyy decreased compared to wild type 

PYPP (see further below). Both are photoactive, 

withh similar photocycle intermediates as the 

wildd type protein. However, the kinetics of the 

recoveryy reaction in the photocycle of both is 
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stronglyy decelerated (see further below). As a 

firstfirst characterization of both proteins, the pH-

titrationn of their chromophore with acid was 

analyzed.. In the wild type protein the 

chromophoree titrates highly cooperatively to 

thee protonated form, presumably because an 

extensivee hydrogen-bonding network, in 

whichh several protonatable residues are 

involved,, must be disrupted. Figure 2a,b 

showss this experiment, with wild type PYP for 

comparison.. A pKa of 2.8  0.16 is obtained, 

withh a Hill  coefficient, expressing this degree 

off  cooperativity, of 1.9  0.05. Both values are 

inn agreement with previous observations 

(Meyer,, 1985; Hoff et a/., 1997b). For the two 

truncatedd proteins a set of spectra was 

obtainedd with a clear isosbestic point at 380 

nm,, indicating that lowering of the pH gives 

risee to a well-defined two-state transition for 

thesee two proteins too. Figure 2b also shows 

thee corresponding titration curves of the A27 

andd A25 truncated PYP proteins. Strikingly, 

whereass the pKa of A25 is unaltered (i.e 2.9

0.16)) and the pKa of A27 has only slightly 

decreasedd (2.4  0.06), the degree of 

cooperativityy in the titration has significantly 

decreased:: To 1.3  0.03 and 1.2  0.02, 

respectively.. This result shows that the N-

terminall  domain is part of the hydrogen-

bondingg network that has to be disrupted 

beforee chromophore protonation can occur at 

loww pH. In agreement with this, we have 

observedd that during formation of the 

photocyclee intermediate with a protonated 

chromophoree i.e. pB, the hydrogen- bonding 

networkk between the N-terminal domain and 

4000 450 

wavelengthh (nm) 

Figuree 2: pH Titratio n of the absorption spectra of wild type and truncated PYP. 
Spectraa were taken at room temperature in 10 mM Tris, 100 mM KC1 between pH 7 and pH 1. A: 
dependencee of the absorption spectra of A27 PYP on pH; B: the relative amplitude of the absorbance in 
thee respective absorption maximum as a function of pH for wild type PYP and the two truncated 
variants.. Theoretical curves (solid lines) were obtained by fitting the data to equation 1. Symbols: 
closedd circles: wild type PYP; open circles: A25 PYP; open triangles: A27 PYP. 
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thee central (3-sheet is altered too (Kandori et 

al,al, 2000). As expected, when PYP is fully 

denaturatedd with 6 M urea, its 4-hydroxy 

cinnamyll  chromophore titrates with a pK of 

8.88 and an n-value of 1 (J. Hendriks, 

unpublishedd observation). 

Too probe the extent of functional 

unfoldingg of the two truncated proteins in the 

signalingg state, we analyzed the temperature 

dependencee of the recovery reaction {i.e. the 

pBB to pG transition (Hoff et al, 1994b)) in 

theirr photocycle. Both proteins show a 

recoveryy reaction (at room temperature and pH 

== 7), which is considerably slower (up to 100-

fold)) than the one of wild type PYP. Of the 

latter,, the rate of the recovery reaction can be 

modulatedd over a large range of time scales by 

adjustingg the pH (Genick et al, 1997a; Hoff et 

al,al, 1997b; Hoff et al, 1999). 

.7-11 , 1 , 1 , 1 , 1 , 1 , 1 
0.00300 0.0031 00032 0.0033 0.0034 0.0035 0.0036 

1:'T T 

Figuree 3: Thermodynamic analysis of the rate of 
thee pB to pG transition in the PYP photocycle. 
Thee natural logarithm of the rate constant k is 
shownn as a function of reciprocal temperature. The 
solidd line was obtained by fitting the data to 
equationn 3. Squares: wild type PYP, circles: A25 
PYP,, triangles: A27 PYP. 

Unfoldingg in the N-terminal domain of PYP 

Too avoid any technical complications in the 

measurementt and comparison of photocycle 

recoveryy rates of wild type PYP and its two 

truncatedd derivatives, we analyzed their 

photocyclee recovery kinetics at different pH 

values,, to obtain comparable rates (Figure 3). 

Forr wild type PYP the pH was therefore 

adjustedd to 3.4. For all three proteins kinetics 

weree obtained that were reasonably well fitted 

withh single exponents. Plotting of the natural 

logarithmm of the rates obtained, against 

reciprocall  temperature (Figure 3), shows the 

convexx curve that is well known for wild type 

PYPP (Meyer et al, 1989; Van Brederode et 

al,al, 1996; Hoff et al, 1999). A change in heat 

capacityy associated with the transition from pB 

too pG of -2.5 kJ/mol/K can be calculated from 

thiss degree of curvature, in agreement with the 

valuee reported in (Van Brederode et al, 1996). 

Figuree 3 also shows the corresponding curves 

forr A27 and A25. It is striking that the extent 

off  curvature in these plots for the two proteins 

hass significantly decreased, up to the point that 

forr the A25-protein an essentially linear 

Arrheniuss plot is obtained. From these curves, 

thee thermodynamic parameters as shown in 

Tablee 1 can be calculated. We interpret these 

observationss as evidence that the transient 

functionall  unfolding of PYP in its signaling 

statee has essentially been abolished in the N-

terminallyy truncated derivatives, in particular 

inn the A25 protein. 
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wr r 

A25 5 

427 7 

AS** (J/mol.K) 

222 (0.8) 

-14(1.9) ) 

-322 (0.8) 

\H*lkJ/moll l 

333 (0.2) 

28(0.6) ) 

16(0.2) ) 

AG** (kjtotol) 

266 (0 1) 

322 (0.3) 

26(0.1) ) 

AC„'(kJ/molK) ) 

-2.55 (0.03) 

-0.11 (0.08) 

-1.0(0.03) ) 

Tablee 1: Thermodynamic parameters of the * 
recoveryy step of the PYP photocycle. The values 
off  the thermodynamic activation parameters 
describingg the recovery in both wild type and 
truncatedd PYP were calculated from the fits of the 
dataa from Figure 3. Values at 298 K are shown. The 
valuess between brackets are the standard deviations 
inn the thermodynamic parameter, 
accordingg to the least squares fit of the data to 
equationn 2. 

Bothh truncated proteins, but 

especiallyy A25, already show room 

temperature-inducedd unfolding at 

physiologicall  pH values. In wil d type PYP, 

thiss room temperature-induced denaturation 

onlyy takes place at low pH (Van Brederode et 

ai,ai, 1996). In Figure 1, which shows spectra 

takenn at room temperature and pH 7.5, the 

formationn of a pB like intermediate is already 

slightlyy visible in the two truncated variants. 

Wee analyzed the thermodynamic parameters 

off  this equilibrium at low pH in both the wild 

typee and in the two truncated proteins. From 

thee temperature dependent spectra, 

concentrationn profiles were determined using a 

globall  analysis technique, as described in (Van 

Brederodee et al, 1996). The resulting 

equilibriumm constant K has been plotted 

againstt reciprocal temperature in Figure 4. 

- * - ii  1  1  1  1  1 — 
0003 00 0003 1 0.003 2 0.003 3 0  003 4 0.003 5 

1/T T 

Figuree 4: Temperature dependence of the 
equilibriumm constant that characterizes the 
reversiblee thermal denaturation of PYP. 
Thee concentration profiles of pG and pBdark were 
usedd to calculate the temperature dependence of 
equilibriumm constant K. The solid line was obtained 
byy fitting the data to equation 3. Squares: wild type 
PYP,, circles: A25 PYP, triangles: A27 PYP. 

Fromm these curves, the thermodynamic 

parameterss as shown in Table 2 were derived. 

Again,, the changes in heat capacity in the 

truncatedd proteins have decreased compared to 

wil dd type protein, but by far not as drastically 

ass during the functional unfolding, as 

measuredd from the temperature dependence of 

thee recovery rate of the ground state of the 

threee proteins. These results confirm that all 

threee proteins considered in this study show 

thee expected extent of heat capacity change 

uponn temperature denaturation: Only a slight 

decreasee is observed in the two truncated 

variants,, which may partly be due to their 

decreasedd size. 
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wr r 
425 5 

42? ? 

\SS (J/mol K) 

135 5 

92 2 

74 4 

AHH (kj/mol) 

46 6 

30 0 

27 7 

AGG (kj/mol) 

6 1 1 

2 3 3 

5 2 2 

ACp(kJ/molK) ) 

2 2 2 

1 6 6 

22 1 

Tablee 2: Thermodynamic parameters of the 
equilibriu mm between the pG and pBdark form of 
PYPP at 298 K and pH 3.4. The values of the 
thermodynamicc parameters describing the 
equilibriumm in both wild type and truncated PYP 
weree calculated from the fits of the data from 
Figuree 4. The uncertainty in AS, AH and ACp is 
aboutt 10%, whereas in AG it is about 3%. 

Inn this study we have not addressed 

thee striking deceleration of the recovery rate of 

thee photocycle in the two truncated variants 

(approximatelyy 10 and 100-fold in A27 and 

A25,, respectively; Van der Horst et al., 

unpublishedd experiments). We assume that the 

thermodynamicc barrier for re-isomerization of 

thee chromophore to the trans configuration is 

aa crucial factor determining this rate. With the 

currentlyy available information we cannot 

providee an explanation for the observed 

differencess in recovery rate between PYP and 

itss two truncated variants. Detailed insight into 

thee spatial structure of the latter two will be 

requiredd for this. Current work focuses on the 

resolutionn of the X-ray structure of these two 

variants. . 

Althoughh we show in this study that 

particularlyy A25 has lost its thermodynamic 

unfoldingg characteristics, recent probe-binding 

studiess in our group support the notion that 

evenn in this truncated protein chromophore 

exposuree to the solvent still occurs (Hendriks 

etet ai, 2002). These probe-binding experiments 

mayy provide a selective tool to assay the 

functionall  dynamic alterations in the structure 

off  PYP near the chromophore-binding site. 

PYPP has only a single tryptophan 

(Trpll9),, which is located far from the 

chromophoree and is clamped between the 

centrall  f3-sheet and the two N-terminal a-

helices.. Tip emission is enhanced and slightly 

bluee shifted in pB compared to pG, which 

pointss to a more non-polar environment for 

thiss tryptophan in the signaling state (Th. 

Genschh et al., unpublished). This further 

supportss the notion that in the conformational 

changess in the pB state of wild type PYP also 

thee N-terminal domain is involved. 

Thee experiments reported in this 

paperr show the importance of a concerted 

motionn in a large part of the photoactive 

yelloww protein, upon signaling state formation. 

Thiss motion gives rise to a very unexpected 

temperaturee dependence of the rate of catalysis 

off  ground-state recovery. Since large 

conformationall  transitions may be abundant in 

signall  transduction (Wall et a!., 2000), such 

temperaturee dependence may be observable in 

thee activity of other signal-transducing 

proteinss as well. 
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3.11 Abstract 

Thee photocycle of the blue-light photoreceptor protein Photoactive Yellow Protein (PYP) was 

studiedd at reduced relative humidity. Photocycle kinetics and spectra were measured in thin films 

off  PYP in which the relative humidity was set at values between 5 and 98% with saturated 

solutionss of various salts. As humidity decreased, photocycle transition rates changed, until at 

loww humidity (< 50%) an authentic photocycle was no longer observed, and the absorption 

spectrumm of the dark, equilibrium, state of PYP started to shift to 355 nm, i.e. to a form 

resemblingg that of pBdark. At moderately reduced humidity (i.e. > 50 % r.h.), an authentic 

photocyclee is still observed, although its characteristics differ from those in solution. As humidity 

decreasess the rate of ground state recovery increases, while the rate of depletion of the first red-

shiftedd intermediate pR dramatically decreases. The latter observation contrasts all so-far known 

modulationss of the rate of the transition of the red-shifted- to the blue-shifted intermediates of 

PYP,, which is consistently accelerated by all other modulations of the mesoscopic context of the 

protein.. Under these same conditions the long-lived, blue-shifted intermediate was formed not 

onlyy with slower kinetics than in solution, but also to a smaller extent. Global analysis of these 

dataa indicates that in this low humidity environment the photocycle can take a different route 

thann in solution, i.e. part of pG recovers directly from pR. These experiments on wild type PYP, 

inn combination with observations on a variant of PYP obtained by site-directed mutagenesis (the 

E46QQ mutant protein) further document the context dependence of the photocycle transitions of 

PYPP and are relevant for the interpretation of results obtained in both spectroscopic and 

diffractionn studies with crystalline PYP. 

3.22 Introductio n 

Photoactivee Yellow Protein is the small, 

water-solublee blue-light photoreceptor protein, 

initiallyy isolated from Ectothiorhodospira 

(now:: Halorhodospira) halophila (Meyer, 

1985;1985; Meyer et ai, 1987), for recent reviews, 

seee (Cusanovich and Meyer, 2003; 

Hellingwerff  et ai., 2003). As its chromophore, 

thee protein contains p-coumaric acid, bound to 

itss unique cysteine side chain, via a thiol-ester 

linkagee (Van Beeumen et ai, 1993; Hoff et 

ai,ai, 1994a). After absorption of a blue photon, 

PYPP enters a photocycle, in which - at room 

temperaturee - two main intermediates can be 

discriminated:: The red-shifted intermediate 

pR,, in which the configuration of the 

chromophoree has been altered from trans to 

cis,cis, is formed in the nanosecond time domain. 

Uponn protonation of the phenolic oxygen of 
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thee chromophore by the side chain of E46, the 

blue-shiftedd intermediate pB is formed on the 

sub-millisecondd timescale. This reversible 

photocyclee is completed by recovery of the 

groundd state, pG, in 150 ms (Meyer et al, 

1987;; Hoff etctL, 1994b). 

Thee properties of PYP have been 

studiedd using a variety of (spectroscopic) 

techniques,, under a wide range of conditions, 

suchh as in solution, in thin films, or in a 

crystallinee lattice (Kort et al, 2003; Mano et 

al,al, 2003), and at temperatures ranging from 

77KK to 340K (Hoff et al, 1992; Imamoto et 

al,al, 1996). Whereas some of the properties of 

PYPP are context-independent, some clearly 

differr with variations of the mesoscopic (/'. e. 

molecular)) context of the protein. At 

cryogenicc temperature, for example, 

photocyclee intermediates have been detected 

thatt are not observed at room temperature (i.e. 

PYPB,, PYPL, PYPBL, P Y PH (Imamoto et al, 

1996)).. Another context-dependent feature is 

thee structural change that accompanies 

formationn of the pB intermediate: Whereas 

crystallographicc analyses have revealed that, 

uponn light activation of PYP, only small 

structurall  changes occur close to the 

chromophoree (Genick et al, 1997a; Genick et 

al,al, 1998; Perman et al, 1998; Ren et al, 

2001b),, several spectroscopic techniques 

indicatee that large structural changes occur 

throughoutt the protein, that are so profound 

thatt they can even be described as a transient 

partiall  protein unfolding (Van Brederode et 

al,al, 1996; Hoff et al, 1999; Xie et al, 2001; 

Chenn et al, 2003a). Xie et al. (Xie et al, 

2001)) showed, using time-resolved FTIR 

spectroscopyy both for a solution of PYP and 

forr a slurry of small crystals, that the large 

structurall  changes that occur in solution are 

indeedd absent when PYP is confined by a 

crystallinee lattice. 

Thee plasticity of PYP, as it has 

becomee apparent from the sensitivity of the 

characteristicss of its photocycle transitions to 

thee mesoscopic context of PYP, has not only 

comee as a surprise to many protein chemists, it 

alsoo complicates the detailed four-dimensional 

characterizationn of the alterations that take 

placee in the structure of the protein following 

lightt absorption. A proper example is the 

translationn of diffraction data of PYP, 

recordedd during progression of the protein 

throughh its reversible photocycle in so-called 

Lauee diffraction experiments (Genick et al, 

1997a;; Perman et al, 1998; Ren et al, 2001b; 

Schmidtt et al, 2003), into alterations in the 

spatiall  structure of the protein. Before this 

typee of analysis can be completed, a detailed 

analysiss of the meta-stable species, and their 

kinetics,, involved in the photocycle of PYP 

underr those conditions, has to be completed 

(e.g.(e.g. (Moffat, 2003; Schmidt et al, 2003)). 

Spectroscopicc analyses of photocycle 

transitionss in crystalline PYP, however, are 

technicallyy rather challenging (see e.g. (Kort et 

al,al, 2003; Mano et al, 2003)). Furthermore, 

thee basic structure of photocycle models, used 
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too analyze the spectroscopic observations 

madee on crystalline PYP, is generally assumed 

too be that of PYP dissolved in aqueous buffer 

att neutral, to slightly alkaline pH. However, as 

inn protein crystals the level of hydration may 

bee sub-optimal, and because FTIR 

experimentss provided preliminary indications 

thatt reduced hydration affects the photocycle 

off  PYP (Xieetal, 1996; Brudler et al, 2001; 

Xiee et al, 2001) we set out to characterize the 

photocyclee of PYP under well-controlled 

conditionss of reduced relative humidity. 

Similarr studies on Bacteriorhodopsin 

performedd earlier (reviewed in (Dencher et al, 

2000))) also have revealed important aspects of 

thee photocycle of this light-activated proton 

pump.. For this latter photoreceptor protein it 

wass shown that both the kinetics of the long-

livedd M intermediate and the efficiency of 

protonn pumping strongly depend on the 

relativee humidity (Korenstein and Hess, 1977; 

Varoo and Lanyi, 1991). It was found that at a 

relativee humidity (r.h.) of 50-60% proton 

pumpingg and light-induced conformational 

changess in the protein vanish, whereas a 

photocyclee at these low humidities still is 

observablee (Sass et al, 1997). 

Futuree Molecular Dynamics 

simulationss of the dynamics in the structure of 

PYPP after light-activation, and the role of 

specificc water molecules therein, may benefit 

stronglyy from experimental data on the effect 

off  reduced hydration on photocycle 

characteristicss in PYP. Our results show that 

photocyclee models for PYP of a novel 

structuree have to be considered in these future 

analyses,, based on the observation that the 

groundd state may recover directly from a red-

shiftedd photocycle intermediate. 

3.33 Experimental procedures 

SampleSample preparation 

PYPP samples were prepared as described 

beforee (Hendriks et al, 2002). Protein samples 

hadd a ratio A28o/A446 of < 0.5 and were used 

withoutt removal of the N-terminal 

hexahistidinee tag in 10 mM Tris-HCl, pH 8. 

Dehydratedd films were prepared by spotting 

concentratedd protein solutions (50 ul, -20 

mg/ml)) on a quartz slide. The protein solution 

wass dried at room temperature, by placing the 

slidee in a desiccator at reduced pressure (~ 0.5 

bar)) for - 3 hours. The slide was then placed 

inn a 1 x 1 cm cuvet on top of a small spacer 

(Figuree 1). The degree of hydration was set by 

addingg 200 ul of a saturated salt solution (see 

Tablee 1) to the cuvet, after which it was closed 

usingg parafilm. The films were allowed to 

equilibrateequilibrate overnight with the different relative 

humiditiess produced by the various saturated 

saltt solutions. Occasionally, the cuvet was not 

sealed,, allowing the film to equilibrate to the 

ambientt relative humidity, which was 

measured,, and was typically 50 - 60 %. 
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Steady-stateSteady-state and transient 

(millisecond/second)(millisecond/second) UV/Vis measurements 

Steady-statee UV/Vi s spectra and photocycle 

kineticss on a millisecond to second time-scale 

weree measured with an HP 8453 UV/Vi s 

diodee array spectrophotometer with a time 

resolutionn of 100 ms. 

Salt t 

CuS04 4 

KCI I 

NaCI I 

NaBr r 

CaCI2 2 

r.h. r.h. 

98 8 

86 6 

75 5 

58 8 

29 9 

Tablee 1: Saturated salt 
solutionss used, with the 
correspondingg relative 
humidity y 

Laser-flashLaser-flash photolysis spectroscopy 

Too study (sub-) millisecond events we used an 

Edinburghh Instruments Ltd. LP900 

spectrometerr equipped with a photomultiplier 

andd a CCD camera, in combination with a 

Continuumm Surelite I-10 YAG-laser and 

Continuumm Surelite OPO (for details, see 

(Hendrikss et al., 1999b)). 

Ratee constants were determined by fitting the 

measuredd data using multi-exponential 

recoveryy functions in Microcal Origin. Global 

analysiss was performed as described in (Hoff 

etet al, 1994b; Hendriks et al, 2003). 

Fluorescence Fluorescence 

Forr fluorescence analyses an Aminco 

Bowmann Series 2 Luminescence Spectrometer 

wass used. To measure emission spectra, the 

excitationn wavelength was set at 445 nm. The 

slitt width used was 4 nm. The samples used, 

bothh in solution or as a dehydrated film, 

typicallyy had an OD at 445 nm of 0.2. To 

measuree fluorescence at different relative 

humidities,, saturated salt solutions were 

placedd in the sealed cuvet house, so that it was 

nott necessary to readjust the position of the 

filmfilm  in between the different measurements. 

actinicc beam 

saturatedd salt solution 

Figuree 1: 
Setupp showing a PYP film, 
depositedd on quartz slide, 
insertedd into a closed cuvet 
thatt allows modulation of the 
relativee humidity (r.h.). 
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3.4 4 Results s 

GroundGround state spectra 

Too study the effect of dehydration on the 

photophysicall  properties of PYP, thin 

dehydratedd films, made of concentrated 

proteinn solutions, were prepared on quartz 

slides,, as described above (see also Figure 1). 

Usingg this method, PYP films with a spatially 

homogeneouss optical density (less than 1 % 

positionall  variation in transmission) were 

obtained.. First, dark state spectra of these 

filmsfilms at different relative humidities were 

recordedd (see Figure 2). At the two highest 

humiditiess tested, i.e. 98% and 86%, the 

absorptionn spectrum was very similar to that 

off  PYP in aqueous solution. However, when a 

lowerr humidity was set in the film, two 

changess in the spectrum were observed: (i) the 

mainn absorption peak was slightly red-shifted, 

fromm 446 nm to 449 nm, and (ii) the 

absorbancee of the main peak decreased, and a 

neww species was formed, with an absorption 

maximumm at 355 nm. The latter feature can 

clearlyy be seen in difference spectra {e.g. 

solutionn spectrum minus 59% r.h.; Figure 2b). 

AA similarly small red-shift of the main 

absorptionn peak has been seen before at low 

temperaturee in spectra of PYP in glycerol-

containingg buffers (Hoff et al, 1992; Imamoto 

etet al, 1996) and in crystalline PYP (Kort et 

ai,ai, 2003) and may be ascribed to small 

changess in the structure of the protein, 

-0.15 5 

300 0 

0.744 -, 

0.722 -

0.700 -

0.688 -

0.666 -

„„ 0.64-
i" i" 

0.62--

0.600 -

0.588 -

0.566 -

86%% > 29% r.h. 

3500 400 450 

wavelengthh (nm) 

3500 400 450 500 

wavelengthh (nm) 

•25 00 0  25 0 50 0 75 0 100 0 125 0 150 0 175 0 200 0 225 0 250 0 275 0 

timee (s) 

Figuree 2: UV/Vis spectra of PYP at reduced 
humidity . . 
A:: Solution spectrum (dashed line) and the spectra 
inn the range from 86% to 50% r.h. (solid lines). B: 
Differencee spectrum (solution minus 50 % r.h.). C: 
Equilibrationn of the film to from 86% to 50% r.h., 
ass a function of time. 
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thatt may modulate the length of the hydrogen 

bondd between E46 and the phenolate 

chromophoree (Kroon et al., 1996)). For 

conveniencee we refer to the blue-shifted 

intermediatee as pBdark, the species that is 

formedd in solution in the dark at low pH, 

becausee of protonation of the chromophore. 

Byy recording the formation of pBdark in time, 

thee equilibration could be traced as a function 

off  time, as can be seen in Figure 2c. In the 

selectedd geometry of a closed cuvet this 

equilibrationn turns out to be bi-exponential, 

withh a large part of the conversion being 

completedd within 5 minutes. Nevertheless, 

becausee of the slow component involved, 

equilibrationn was always allowed to occur 

overnightt before measurements were started. 

Thee nature of the two components is not 

known;; it might arise from bulk water and 

protein-boundd water that evaporate with 

differentt rates. 

PhotocyclePhotocycle kinetics 

First,, the rate of recovery of the ground state 

pG,, after blue-light excitation, was measured 

inn partially dehydrated films. Transient 

absorptionn changes in the main absorption 

peakk (445 nm) were recorded after excitation 

withh 445 nm laser light. In moderately 

dehydratedd films, i.e. with a relative humidity 

abovee 50%, an authentic photocycle was 

observed.. Strikingly, the rate of ground state 

recoveryy {i.e. pB -> pG) in dehydrated films 

increasess as compared to the ground state 

Effectt of reduced humidity on the photocycle of PYP 

recoveryy in solution. Whereas at a relative 

humidityy of 98%, the recovery rate is 

comparablee to the rate in solution, relative 

humiditiess of 86% and 75% yield rate 

constantss that have increased up to five-fold 

(seee Table 2). Closer examination of these data 

andd fitting the traces to a multi-exponential 

recoveryy function shows that the recovery in 

thesee dehydrated films is bi-exponential, 

whereass the recovery in solution is close to 

mono-exponentiall  {see e.g. (Meyer et al., 

1987;; Hoff <?/<?/., 1994b)). 

W ll sol 

Wll 9e% 

Wll 86% 

Wll 75% 

E46QQ so, 

E46QQ 8G% 

pRR decay 

i s ' ) ) 

ND D 

ND D 

417(67%) ) 

72(33%) ) 

1800 (53%) 

52(47%) ) 

ND D 

pBB formation 

1.9*10J J 

ND D 

4177 (67%) 

72(14%) ) 

1800 (53%) 

19*10J J 

(977 4%) 

NDD J6.2*10J 

(52%) ) 

pBB decay 

ND D 

ND D 

14(68%) ) 

11 7 (13%) 

222 (42%) 

11 3 (11%) 

211 (94%) 

55 (3.4%) 

544 (49.8%) 

4.88 (2.2%) 

pGG formation 

(s'1) ) 

2 0 0 

2.77 (91%) 

99 0 ( 9 % ) 

144 (68%) 

11 7 (13%) 

72(19%) ) 

222 (42%) 

11 3 (11%) 

522 (47%) 

211 (94%) 

6 (3 .4%) ) 

103 (2,6%) ) 

54(49.8%) ) 

44 8 (2 2%) 

1311 (48%) 

Tablee 2: WT and E46Q PYP photocycle rate 
constants,, in solution and at reduced humidity. 
ND:: not determined 

Ass can be seen in Table 2, the recovery traces 

inn the dehydrated films show a clear second 

exponent,, although no trend can be observed 
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regardingg the relative amplitude of this 

component.. Surprisingly, at reduced humidity, 

thee rate of pB formation has slowed down 

whenn compared to the rate observed in PYP in 

solutionn (see Table 2). This is the first protein 

(environment)) modification in which pB 

formationn is slowed down; in all other cases 

studiedd so far (e.g. point mutations, 

truncations,, addition of salts and/or organic 

solvents,, etc.) the rate of pB formation 

increasess when compared to wildtype, whereas 

thee rate of pG recovery decreases (see e.g. 

referencess (Genick et al, 1997b; Devanathan 

etet al., 1998; van Aalten et al., 2002b); note, 

however,, that the E46Q mutant is an exception 

too this latter rule: The pG recovery rate has 

increasedd in this mutant). Furthermore, traces 

recordedd at 495 nm show that - compared to 

solutionn - the rate constant of depletion of this 

intermediatee in partially dehydrated films is 

extremelyy large (417 s~' and 72 s', see Table 

2).. The long-lived presence of the pR 

intermediatee was confirmed by measuring 

spectraa at different timepoints after excitation, 

usingg a CCD camera (result not shown). As 

cann be seen in these difference spectra, pR 

absorptionn is indeed present until at least 10 

microsecondss after excitation. At lower 

relativee humidities, the fractional amount of 

PYPP protein that enters the photocycle upon a 

singlee laser pulse decreases, until at values 

beloww 50% r.h., no photocycle transitions are 

observedd anymore. These findings show that 

thee photocycle of PYP in solution and in 

(partially)) dehydrated films proceeds 

differently.. To derive a kinetic scheme of the 

photocyclee at these reduced humidities, we 

analyzedd the photocycle kinetics at one 

relativee humidity using global analysis, as is 

describedd below. 

Thee photocycle kinetics at a relative 

humidityy of 86% were studied in detail at five 

wavelengths:: 355, 400, 447, 370 and 490 nm 

(Figuree 3). Note that a small positive 

differencee absorption is instantaneously 

presentt at 355 nm, which is attributed to p R-

pG.. Note further that the rate of decay of pR-

pGG difference absorption at 470 and 490 nm 

differss from the rise of pB - pG difference 

absorptionn at 355 nm. Also a small fraction of 

pRR decays with -100 ms. These data were 

globallyy analyzed using five exponential 

decayss with lifetimes of 0.1, 1.9, 14, 90 ms 

andd 0.6 s. The Decay Associated Difference 

Spectraa (DADS) are depicted in Figure 4A, 

whereass the normalized DADS are shown in 

Figuree 4B. These DADS can be interpreted as 

follows:: the first DADS (solid, 0.1 ms) 

possessess very small amplitudes and 

representss a small evolution of the pR - pG 

differencee absorption spectrum. The second 

DADSS (dot, 2 ms) is typical for the formation 

off  pB from pR : a loss of absorption at 447 -

4900 nm concomitant with a rise at 355 nm. 

Thee third DADS (dash, 14 ms) is atypical: a 

losss of absorption at 470 and 490 nm and a 

riserise at 355 - 447 nm. This can be attributed to 

aa decay of pRto both pB and the ground state. 
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200 200 2000 

Timee (ms) 

Figuree 3: PYP photocycle kinetics at 86% 
reducedd humidity. 
Numberss on the ordinate indicate the five 
monitoringg wavelengths. The dashed lines represent 
aa global five-exponential fit to the measured data. 
Notee that the time axis is linear up to 0.2 ms, and 
logarithmicc thereafter. 

Thee fourth DADS (dotdash, 90 ms) represents 

thee decay of pB to the ground state, but from 

thee small positive amplitude at 490 nm it is 

clearr that this state is still in equilibrium with 

itss pR precursor. Finally, the fifth DADS 

(chaindash,, 0.6 s) is the pB - pG difference 

absorptionn spectrum; its amplitude is about 

fivefive times smaller than that of the fourth 

DADS.. It is interpreted as a small fraction of 

pBB that decays to the ground state more 

slowly. . 
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Figuree 4: Estimated Decay Associated Difference 
Spectra a 
A:: Estimated Decay Associated Difference Spectra 
(DADS)) from the data presented in Figure3. B: 
Normalizedd DADS. Key: solid, 0.1 ms; dot, 2 ms; 
dash,, 14 ms; dotdash, 90 ms; chaindash, 0.6 s. 
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Basedd upon these observations a target 

analysiss was performed using the kinetic 

schemee depicted in Figure 5A. This is a 

minimall  scheme that can account for the 

observedd multiexponential decay of both pR 

andd pB. The initial pR relaxes in 0.1 ms to two 

differentt types called pR' and pR", which are 

assumedd to possess identical Species 

Associatedd Difference Spectra (SADS), but 

decayy differently: one can decay directly to the 

groundd state, and to pB whereas the other 

decayss only to pB, with a small back reaction. 

Finally,, to describe the slow decay of pB a 

branchingg to pB' and the ground state is 

invoked.. Again, pB and pB' possess identical 

SADS.. Because of these spectral constraints 

thee three branching ratios and equilibrium 

(whichh require four parameters) can be 

estimated.. The estimated SADS which are 

depictedd in Figure 5B, are typical for pR, 

relaxedd pR and pB. Thus instead of five 

DADSS and five lifetimes, three SADS and 

ninee kinetic parameters (see Table 2) are 

sufficientt to describe these measurements. 

Aboutt 35% of pR relaxes to a state which can 

decayy directly to the ground state in 14 ms. 

Thuss 19% of the photocycling states takes this 

shortt cut, i.e. recovers to pG without formation 

off  the pB intermediate. 

Thee dependence of the photocycle transition 

ratess on the hydration of the protein was also 

studiedd in the PYP variant E46Q. In this 

variant,, Glu46, that is hydrogen-bonded to the 

chromophoree and donates a proton to this 

chromophoree during pB formation (Xie et al, 

1996),, has been replaced by a Gin residue. 

3555 400 445 490 

Wavelengthh (nm) 

Figuree 5: PYP photocycle at 86% relative 
humidity. . 
(A)) Photocycle scheme used for the target analysis 
off  the 86% humidity data. Note the short-cut 
reactionn from pR" to pB. Branching fractions and 
ratee costants are collated in Table 2. The steps 
beforee pR is formed, are drawn here for 
completeness,, they are not included in the analysis. 
(B)) Estimated Species Associated Difference 
Spectraa (SADS). Key: solid: pR, dot: relaxed pR, 
dash:: pB. 



Thee dark spectra of this variant showed the 

samee dependence on humidity as the wild-type 

protein,, i.e. a small red-shift of the main 

absorptionn peak and pBdark formation at low 

relativee humidities. Using this variant in 

kineticc studies, the same trend was found as in 

wild-typee PYP; after blue-light excitation, the 

ratee of pG recovery increased, whereas the rate 

off  pB formation has decreased (see Figure 6). 

00 0.2 2 20 200 
Timee (ms) 

Figuree 6: Normalized E46Q PYP photocycle 

kineticss in solution and at 86% reduced 

humidity. . 

Kineticc traces are shown for solution (outer curve) 
andd 86% r.h. (inner curve). The dashed lines 
representt the fit to the measured data using a 
slightlyy modified scheme from Figure 5A and the 
parameterss collated in Table 2. In order to compare 
thee groundstate recovery with the pB decay, the 445 
nmm trace has been inverted. Note that the time axis 
iss linear up to 0.2 ms, and logarithmic thereafter. 

FluorescenceFluorescence emission 

Fluorescencee excitation and emission spectra 

weree recorded for PYP films at different 

relativee humidities. Both the excitation and 

emissionn spectra (see Figure 7A) of the 

Effectt of reduced humidity on the photocycle of PYP 

(dehydrated)) PYP film have the same shape 

andd maximum as PYP in solution. However, 

thee quantum yield of fluorescence Of was 

foundd to be dependent on the relative 

humidity.. This was concluded from the results 

displayedd in Figure 7a, where the intensities of 

thee emission signals are directly compared, 

andd in Figure 7b, where the equilibration of a 

dehydratedd film from 59% r.h. to 86% r.h. is 

followedd by recording the intensity of the 

emissionn signal as a function of time. At these 

relativee humidities, no pBdark formation is 

observed.. At lower relative humidity the effect 

off  humidity on the quantum yield of 

fluorescencefluorescence is less pronounced. At 29% r.h., 

wheree pBdark is formed, the film was also 

excitedd at 360 nm. This resulted in a small 

emissionn signal at ~ 430 nm (result not 

shown).. Al l changes were fully reversible 

uponn subsequent increases of the humidity. 

3.44 Discussion 

Wee were able to prepare thin films of PYP that 

allowedd us to study the photochemical 

propertiess of this protein as a function of the 

degreee of hydration. This system has 

advantagess when compared to spectroscopy in 

crystalss for two reasons: first, the practical 

reasonn that these samples are not only easier to 

workk with than the crystalline samples, but 

alsoo can be made with a relatively low optical 

density,, simplifying spectroscopic studies. 
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Figuree 7: PYP fluorescence at reduced humidity. 
A:: Fluorescence spectra in solution and in 
dehydratedd films. Solid line: solution, dash: 86% 
r.h.,r.h., dot: 58% r.h, dash-dot: 29% r.h. B: Changes 
off  fluorescence quantum yield as a function of time, 
duringg equilibration from 86% r.h. to 58% r.h. 

Secondly,, any effects we see here are a result 

off  protein hydration alone, whereas in crystals 

effectss in principle can also be due to the high 

proteinn concentration and inter-protein 

contactss in the crystal (Van Aalten et ai, 

2000).. However, the latter experiments 

obviouslyy remain highly interesting because of 

thee opportunity to simultaneously obtain 

structurall  and spectroscopic information. 

Sincee most differences we describe here are 

foundd in proportion with the reduction in 

humidity,, they must indeed be a result of the 

loww hydration, and not of the high protein 

concentrationn in the film. 

Wee found that variation in the degree of 

hydrationn ultimately results in changes in the 

dark,, steady state spectrum of PYP. Most 

notably,, at low humidity (< 50%) we see that a 

pBdark-likee state is formed. The formation of a 

blue-shiftedd species, similar to the photocycle 

intermediatee pB and the low-pH induced 

pBdark,, indicates protonation of the 

chromophore.. Presumably, this occurs due to 

(partial)) unfolding of the protein at these low 

humiditiess or because of direct protonation of 

thee chromophore. Here, pBdark formation starts 

att a relative humidity of ~ 50%. The clear 

isosbesticc point at 380 nm indicates that a two-

statee transition is involved. The conversion is 

fullyy reversible, as can be seen when 

(partially)) rehydrating the film (not shown). 

Att low relative humidities, i.e. below 50% 

r.h.,r.h., a photocycle is not observed after 

excitationn with a short pulse of blue light. 

However,, prolonged illumination with 

continuouss blue light, does yield (small) 

spectroscopicc changes at all humidities tested. 

Interestingly,, however, at relative humidities 

abovee 50%, the protein does show an authentic 
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photocyclee using a single-turnover flash, albeit 

withh characteristics that differ substantially 

fromm the photocycle in solution. Most 

importantly,, the rate of pG recovery has 

increased,, whereas the rates of pB formation 

andd pR depletion have decreased. The small 

amountt of pB that is formed, together with the 

exceptionallyexceptionally long life-time of pR, and the fast 

recoveryy of pG, show that at reduced 

humidity,, the photocycle can proceed through 

aa different route than in solution. Detailed 

globall  analysis leads to the conclusion that at 

reducedd hydration, from pR, a part of the 

populationn can directly return to the ground 

state,, i.e. without formation of the blue-shifted 

intermediatee pB and the accompanying 

structurall  changes. Recently, the possibility of 

aa branching reaction in the photocycle of PYP 

wass proposed (Borucki et ai, 2003). It was 

shownn for E46Q and E46A variants of PYP 

thatt at high pH values, a precursor of pB can 

directlyy relax to the groundstate pG. 

Byy measuring the intensity of fluorescence 

emission,, the early events in the PYP 

photocyclee are probed. We found that in 

(partly)) dehydrated films, the quantum yield of 

fluorescencee has increased compared to 

solution.. Whereas at 86% r.h. the quantum 

yieldd is not significantly different from the 

quantumm yield of 0.22% that is found in 

solution,, decreasing the humidity to 59% leads 

too a quantum yield of fluorescence that has 

increasedd by -25%. The change in relative 

humidityy could also be followed in time using 

Effectt of reduced humidity on the photocycle of PYP 

thee fluorescence signal, resulting in a time 

tracee with kinetics comparable to those found 

whenn following the change in humidity by 

UV/Vi ss spectroscopy. These results show that 

thee hydration state of the protein is also 

importantt during the early events of the 

photocycle.. Probably the longer lifetime of the 

excitedd state is accompanied by slower 

formationn of the first photocycle intermediate 

lo--

Summarizing,, we propose a photocycle model 

wheree at low hydration, pR can directly relax 

too pG without pB formation and the 

accompanyingg large structural changes, as 

depictedd in Figure 5 A. These results stress the 

importancee of the mesoscopic context of 

Photoactivee Yellow Protein in general, and the 

hydrationn state in particular, i.e. they show the 

extremee plasticity of the photocycle transitions 

off  PYP. This is especially of great importance 

whenn using techniques to study PYP 

characteristicss that make use of samples that 

aree not in aqueous solution. For example, 

whenn structurally characterizing photocycle 

intermediatess using Laue crystallography, it is 

extremelyy important to use a photocycle model 

thatt correctly describes the phenomena taking 

placee in those specific conditions. 

Furthermore,, Molecular Dynamics simulations 

thatt study the dynamics in the structure of 

PYPP after light-activation, and the role of 

specificc water molecules therein, are 

underway;; the experimental data on the effect 

off  reduced hydration on photocycle 

55 5 



Chapterr 3 

characteristicss in PYP we present here will be 

off  great benefit to these types of studies. 
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4.11 Abstract 

Photoactivee Yellow Protein (PYP) is a bacterial blue-light photoreceptor protein, that owes its 

colorr to a p-coumaric acid chromophore, covalently attached to the single cysteine of the protein 

viaa a thio-ester linkage. The protein environment shifts the absorption maximum of the free 

chromophoree in solution from 284 nm to 446 nm in the protein (both at pH 8). We analyzed this 

phenomenonn called spectral tuning into greater detail using chromophore analogs (ferulic acid 

andd sinapinic acid) in combination with the E46Q variant of PYP. All three modifications by 

themselvess result in a red-shift of the absorption maximum of PYP. When a protein with the 

E46QQ mutation is reconstituted with the sinapinic acid chromophore, the effects are additive, 

resultingg in a red-shift of 50 nm. This effectively changes the color of the protein from yellow to 

orange.. The same trend was found in fluorescence emission spectra. 

Wee also analyzed photocycle kinetics and pH dependence of the absorption spectra in 

thesee hybrids. Surprisingly, regarding the pKa of chromophore protonation, it was found that the 

effectt of the chromophore replacement and the mutation are not additive: the pKa of protonation 

off  the phenolic oxygen of the sinapinic acid chromophore in the E46Q protein lies in between 

thatt of the WT protein with the native chromophore and the WT protein with the sinapinic acid 

chromophore.. Furthermore, the photoactivity in this specific variant, i.e. sinapinic acid in the 

E46QQ protein environment, is impaired: upon excitation, no photocycle initiation is observed. We 

complementt the above findings with quantum mechanical calculations on the charge distribution 

onn the sinapinic acid chromophore. These calculations indeed indicate that there is more, and 

moree evenly distributed, negative charge residing on the phenolic ring, in agreement with a red-

shiftt in the absorption maximum of the protein. 

4.22 Introductio n autocatalytically by a chemical conversion of a 

tripeptidee motif of aminoacids. The 

Pigmentedd proteins that function as receptors chromophores absorb UV and/or visible light 

forr visible light bind cofactors to acquire because of the prsence of a conjugated system 

absorptionn in this region of the spectrum. The like an aromatic rings or a polyene chain. The 

cofactors,, in these cases called chromophores, surrounding apo-protein changes the 

usuallyy are small organic molecules that bind absorption properties of the chromophore 

too the protein backbone. GFP is an exception, through specific interactions, to obtain a 

heree the chromophore is formed holoprotein with the desired absorption 
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characteristics.. This phenomenon is called 

spectrall  tuning. Spectral tuning has been 

extensivelyy studied in rhodopsins (Ren et al, 

2001a;; Man et al, 2003) and in Photoactive 

Yelloww Protein (PYP) (Kroon et al, 1996). 

Heree we extend the analyses from the latter 

referencee to study the combination of a 

pointmutionn with chromophore derivatives in 

PYP.. PYP is a small, water-soluble 

photoreceptorr protein first found in 

HalorhodospiraHalorhodospira halophila (Meyer, 1985). It 

absorbss maximally at 446 nm, and after blue-

lightt excitation it enters a photocycle. This 

cyclee consists of several short-lived 

intermediates,, and ultimately the ground state 

iss recovered in -0.5 seconds (Meyer et al., 

1987;; Hoffet al., 1994b). As a chromophore, 

PYPP binds a p-coumaric acid molecule, to the 

singlee cysteine of the protein through a thio-

esterr linkage (Van Beeumen et al., 1993; Baca 

etet at., 1994; Hoff et al., 1994a). In the ground 

(i.e.(i.e. dark) state of the protein, the phenolic 

oxygenn of the chromopore is deprotonated, 

andd the vinyl double bond is in its trans 

configurationn (see Figure 1). The negative 

chargee on the oxygen atom is stabilized by the 

hydrogen-bondingg network that consists 

betweenn Tyr42, Glu46, Thr50 and the 

chromophore.. During the photocycle, the 

chromophoree double bond isomerizes, which 

iss followed by protonation of the chromophore 

byy its hydrogen bonding partner Glu 46 (Kort 

etet al, 1996b; Xie et al, 1996). An E46Q 

mutant,, in which the proton-donor glutamic 

Modulatingg the color of a bacterial photosensor 

acidd has been replaced by a glutamine residue, 

hass been thoroughly studied {e.g. (Genick et 

al,al, 1997b)). This E46Q mutant of PYP is 

photoactive,, but has significantly altered 

characteristics:: its absorption maximum has 

beenn red-shifted to 460 nm, and its photocycle 

iss ~ 3 times faster than in WT PYP. 

Thee heterologous overexpression of 

PYPP in Escherichia coli allows us to attach 

chromophoree derivatives to PYP in vitro, since 

wild-typee E. coli does not attach a 

chromophoree to PYP. The spectral tuning and 

fluorescencee properties of WT PYP, 

reconstitutedd with the native chromophore and 

severall  chromophore analogs, have been 

describedd in (Kroon et al, 1996). Here, we 

describee spectroscopic characteristics of E46Q 

PYP,, reconstituted with chromophore analogs, 

andd complement these experimental results 

withh quantum mechanical calculations 

describingg the charge distribution on the 

chromophoree in these PYP variants. 

4.33 Material s and Methods 

SampleSample preparation 

ApoPYP,, both WT and E46Q, was produced 

andd isolated as described in (Kort et al, 

1996a)) as hexa-histidine tagged apo-proteins 

inn Escherichia coli. The apoprotein was 

reconstitutedd with the 1,1-carbonyldiimidazole 

derivativee of the respective chromophore {i.e. 

/?-coumaricc acid (pCA), 7-hydroxy-coumarin-
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3-carboxilicc acid (lock), 3-methoxy-4-

hydroxycinnamicc acid (ferulic acid; fer) or 

3,5-dimethoxy-4-hydroxy-cinnamicc acid 

(sinapinicc acid; sin, see also Figure 

l)(Hendrikss et al, 2002). Protein samples 

weree used without removal of their 

hexahistidinee containing N-terminal tag in 10 

mMM Tris/HCl, pH8.0. 

ChromophoreChromophore synthesis 

Chromophoree derivatives were synthesized as 

describedd in (Kroon et al., 1996) 

Steady-stateSteady-state and transient 

(millisecond/second)(millisecond/second) UV/Vis measurements 

Steady-statee protein spectra and photocycle 

kineticss on a millisecond to second time-scale 

weree measured with an HP 8453 UV/Vis 

diodee array spectrophotometer with a time 

resolutionn of 100 ms. Samples were excited 

usingg a white-light photoflash. 

Laser-flashLaser-flash photolysis spectroscopy 

Too study sub-millisecond events we used an 

Edinburghh Instruments Ltd. LP900 

spectrometerr equipped with a photomultiplier, 

inn combination with a Continuum Surelite I-10 

YAG-laserr and Continuum Surelite OPO (for 

details,, (Hendriks et ai, 1999b)). 

Steady-stateSteady-state fluorescence spectroscopy 

Forr steady state fluorescence analyses an 

Amincoo Bowman Series 2 Luminescence 

Spectrometerr was used. The excitation 

wavelengthh was set at the excitation maximum 

off  the respective sample. To calculate the 

fluorescencee quantum yield Ofl, samples were 

excitedd at 455 nm, and emission intensity was 

determinedd relative to WT PYP. 

QuantumQuantum Mechanical calculations to 

determinedetermine the charge distribution on the 

chromophorechromophore (analogs). 

Chargee distribution in various chromophore-

Glxx (i.e. Glu or Gin) systems was calculated 

usingg the Gaussian98 software package. 

Togetherr with Glu46, the pCA-chromophore 

fromm PDB-entry 2PHY served as a starting 

point.. The orientation of Gln46 originated 

fromm a crystal structure of the E46Q mutant 

resolvedd by Spencer Anderson (personal 

communication).. The PRODRG server 

generatedd coordinates for the sin-

chromophore,, that was subsequently placed on 

thee original chromophore in the two structures. 

Thee systems considered included the thio-ester 

bondd to Cys69 as well. The two amino acids in 

thee system were capped with methyl groups at 

thee Cji positions. Hydrogen atoms were added 

alsoo with the PRODRG server. Four 

chromophore-Glxx systems were generated for 

thee calculation of the charge distribution. The 

calculationss were performed at a Hartree-Fock 

levell  of theory, using the 6-31G* basisset to 

describee the atomic orbitals. Graphics were 

createdd using Molscript and Raster3D. 
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4.4 4 Results s 

SpectralSpectral tuning 

Wee reconstituted both WT PYP, and the E46Q 

derivative,, with the native PYP chromophore, 

i.e.i.e. /»-coumaric acid, and the three derivatives 

shownn in Figure 1. Both proteins could bind 

alll  four chromophores in a 1:1 stoichiometry 

withh apo-PYP, as could be seen by both mass 

spectrometryy and UV/Vi s analysis. For WT 

PYP,, these spectra match those in (Kroon et 

ai,ai, 1996). With one methoxy substituent at the 

meta-position,, a red-shift of 15 nm is 

observed;; with two methoxy substituents, an 

evenn larger red-shift of 40 nm is obtained. 

4-hydroxy y 

cinnamicc acid 

(pCA) (pCA) 

7-hydroxy-coumarin n 

3-carboxilicc acid 

(lock) (lock) 

HOO O C H j 

3-methoxy-4--
hydroxycinnamic c 

3,5-dimethoxy-4--
hydroxy-- cinnamic 

Figuree 1: Chemical structures of chromophores 
usedd in this study. 
pCAA is the native chromophore in H. halophila 
PYP.. The lock chromophore cannot undergo 
trans/ciss isomerization. The fer chromophore has 
onee methoxy-substitution on the meta position of 
thee aromatic ring, the sin chromophore has two. 

Inn WT/s/n, at pH 8, a substantial amount of a 

pBdark-lik ee species is seen, with an absorption 

maximumm at 362 nm (Figure 2A, see also 

below).. This pBdark state is formed in the dark 

att low pH, but does resemble the light-induced 

statee pB (Meyer et al., 1987; Craven et al, 

2000).. E46Q PYP was also reconstituted with 

alll  four chromophores, resulting in farther-red 

absorbingg species (see Figure 2B). 
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Figuree 2: UV/Vis absorption spectra of PYP 
hybrids. . 
Spectraa were taken in the dark, in 50 mM phosphate 
buffer,, pH 7.5. Solid: pCA, dash: lock, dot: fer, 
dash-dot:: sin A: WT PYP backbone, B: E46Q PYP 
backbone e 

61 1 



Chapterr 4 

Thee same trend can be seen as in WT PYP: 

lockedd results in a narrower absorption peak, 

withh only a small wavelength shift (to 453 nm, 

i.e.i.e. a small blue-shift as compared to p-

coumaricc acid). Ferulic acid results in a red-

shiftt of 20 nm. Sinapinic acid shows the 

largestt red-shift: the combination E46Qlsin 

hass an absorption maximum at 495 nm, 

resultingg in an orange protein. Here, the 

changee of one residue in the protein plus the 

additionn of two methoxy groups to the 

chromophoree results in a wavelength shift of 

500 nm. Also note that in this variant, there is 

lesss pBdark formed at pH 8, as compared to 

WT/sinn (see also below). 

pHpH titration 

Wee measured the pH dependence of spectra of 

thee free sinapinic acid, WT/sin and E46Q/sin 

(seee Figure 3). In all three cases, the clear 

isosbesticc points obtained indicate the 

involvementt of a two-state transition. We 

determinedd the pKa values for protonation of 

thee phenolic oxygen in these compounds 

Figuree 3: pH titration of free 
andd protein bound sinapinic 
acid. . 
pHH dependent spectra were 
measuredd in the dark after 
addingg small aliquots of 
concentratedd HC1 or NaOH. 
A:: Free acid in solution, B: 
WFF PYP / sin, C: E46Q PYP / 
sin.. Left-hand panels: 
absorptionn spectra; right hand 
panels:: absorbance at peak 
maximaa versus pH (open 
circles),, and the fit of the data 
accordingg to Henderson-
Hasselbalchh (lines). 
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byy fitting the pH dependent absorption to the 

Henderson-Hasselbalchh equation. The results 

aree shown in the right panels of Figure 3. The 

pKaa value for the free acid (pKa = 9.6) differs 

fromm the pKa value of the model thio-ester of 

sinapinicc acid given in (Kroon et ai, 1996) 

(pKaa = 8.7), indicating that the 

thioesterificationn stabilizes the negative charge 

onn the phenolic oxygen atom of the 

chromophore.. For WT/sin we found a pKa of 

8.7,, similar to the pKa of 8.7 given in (Kroon 

etet ai, 1996), and indicating that covalent 

bindingg of the chromophore to the protein 

doess not provide extra stabilization of the 

negativee charge. Surprisingly, in the 

combinationn E46Q/sz«, the pKa has decreased 

almostt 1 pH unit, to 7.9, i.e. it lies in between 

thee pKa of E46Q/pCA and WT/sin. 

Apparently,, the E46Q mutation stabilizes the 

(extra)) negative charge on the phenolic 

oxygen.. Another surprising finding is the low 

n-valuee in these titrations, as indicated by its 

steepness,, i.e. the degree of cooperativity, of 

thesee transitions. In all three cases, the n value 

wass 0.8-0.9, whereas in WT/pCA, an n-value 

off  1.9 is found. The lower n-value indicates 

thatt the hydrogen-bonding network, of which 

thee phenolic oxygen is part, has been disrupted 

inn the two PYP hybrids that contain sinapinic 

acidd as a chromophore. 

Fluorescence Fluorescence 

Wee measured fluorescence spectra and 

determinedd the quantum yield of fluorescence 

Modulatingg the color of a bacterial photosensor 

forr most of the constructed PYP variants. The 

emissionn spectra shown in Figure 4 were 

obtainedd after excitation of the samples at their 

respectivee excitation maximum. A clear and 

strictt trend can be observed, following the red-

shiftt in the absorption maxima. The quantum 

yieldss of fluorescence <&tl were determined 

relativee to WT / pCA, with excitation at 455 

nm.. Results are shown in Table 1. The <t>n 

valuee was higher for the proteins containing 

thee i/>7-chromophore than for proteins 

containingg the pC4-chromophore, in 

agreementt with the lower quantum yield for 

photochemistry,, as shown below. 
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Figuree 4: Room-temperature fluorescence of 
PYPP hybrids. 
Fluorescencee emission spectra taken in the dark, in 
500 mM phosphate buffer, pH 7.5. Spectra are 
normalizedd at their absorption maxima. Black lines: 
WT,, grey lines, E46Q. Solid: pCA, dash: lock, dot: 
fer,, dash-dot: sin. 

PhotocyclePhotocycle kinetics 

Thee kinetics of the recovery of the groundstate 

uponn excitation were determined for all PYP 

variants.. The results are shown in Table 1. As 

expected,, in the variants with the lock-
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chromophore,, a photocycle was not observed 

uponn blue-light excitation. The variants with 

theyêr-chromophoree showed somewhat slower 

recoveryy than with the the pCA chromophore; 

thee WT/fer variant recovered to the 

groundstatee with a rate constant k = 5.4 s", the 

E46Q//err variant recovered with a rate 

constantt k = 7.1 s'. Surprisingly, in the 

variantss with the ^/«-chromophore, no 

significantt photocycle activity was observed 

afterr excitation. 

CalculationsCalculations of electron distributions 

Too provide a molecular interpretation for the 

observedd color tuning, we calculated the 

chargee distribution on various chromophore-

Glxx systems in the ground state. The results 

aree shown in Figure 5. The influence of the 

methoxyy groups added to the pCA 

chromophoree is clearly visible: in these cases, 

theree is more, and more evenly distributed 

negativee charge on the phenolic ring. 

4.5 5 Discussion n 

Too test the influence of both chromophore and 

proteinn modification on the color tuning of 

PYP,, we constructed PYP variants in which 

thee E46Q protein was reconstituted with either 

thee native pCA chromophore, or the analogs 7-

hydroxy-coumarin-3-carboxilicc acid, ferulic 

acidd and sinapinic acid. 

Figuree 5: Charge distributions in chromophore-
glxx systems. 
Thee ball-stick models are based on the 
chromophoree coordinates in the protein 
environment.. The color code represents the partial 
chargee on each atom on a scale from white (+1.2) to 
blackk (-1.2). 

Bothh the mutation, and the inclusion of 

methoxy-groupss on the chromophore, result in 

aa red-shift in the absorption spectrum of the 

respectivee proteins. In the combination 

E46Q/sin,, this shift is so large that it results in 

aa protein that has an orange color instead of 

yellow.. This can be explained by the fact that 

thee electron-donating methoxygroups results 

inn more negative charge in the conjugated K-

systemm of the chromophore. This is confirmed 

byy quantum mechanical calculations on the 

electronn distribution over the chromophore. 

Thesee show that in the sinapinic acid 

chromophores,, there is more delocalized 

negativee charge on the phenolic ring, in both 

WTT PYP and E46Q PYP. 
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wr/pcA A 

WT/fer r 

WT/siri i 

WT/lock k 

E46Q/pCA A 

E46Q/fer r 

E46Q/sin n 

E46Q/lock k 

A-maxx (nm) 

446 6 

463 3 

486 6 

445 5 

460 0 

474 4 

495 5 

453 3 

pKa /n n 

2.9/1.9 9 

ND D 

8.8/0.8 8 

ND D 

4.8/1.0 0 

ND D 

7.9/0.8 8 

ND D 

Kgroundstatee recovery (S ) 

3.0 0 

5.6 6 

--

14 4 

7.2 2 

--

'Pfluorescence e 

0.002 2 

0.008 8 

0.01 1 

0.07 7 

0.002 2 

0.01 1 

0.02 2 

0.02 2 

Tablee 1: Spectral 
characteristicss of PYP 
variantss described in this 
study. . 
ND:: not determined. *: no 
photocyclee was observed 
inn these variants after a 
pulsee of white light. 

Theree are two surprising findings regarding 

thiss E46Q/sin PYP variant: (i) it has a lower 

pKaa for protonation of the phenolic oxygen of 

thee chromophore than the WT/sm protein. 

Thiss indicates more stabilization of the 

negativee charge on the oxygen in this variant; 

however,, this, presumably subtle, effect could 

nott be confirmed with the quantummechanical 

calculations,, (ii) the proteins containing a 

sinapinicc acid chromophore are not able to 

undergoo a photocycle upon excitation. 

Possiblee reasons are either the changed charge 

distributionn and/or steric hindrance because of 

thee methoxy groups on the chromophore. The 

calculationss do not show great variations in 

thee charge distribution close to the O C 

doublee bond of the chromophore, favoring the 

explanationn of steric hindrance as cause of the 

impairedd photocycle in thiss protein. 

Inn conclusion, we have shown that 

thee absorption spectrum of PYP can be tuned 

too the red using electron-donating substituents 

(methoxy-groups)) on the aromatic ring of the 

chromophore,, as expected, and as could be 

shownn in quantum mechanical calculations. 

Thee latter could not (yet) predict the color 

tuningg as a result of the amino acid at the 46 

position.. Neither could the pKa of 

chromophoree protonation be predicted: the 

E46Q/sinE46Q/sin variant shown an unexpected low 

pKa.. Note however that this pKa can be 

influencedd both by protein stability and charge 

distributionn on the chromophore. There is 

somee controversy on the nature of the pKa as 

beingg the pKa of the chromophore in folded 

proteinn or unfolding of the protein resulting in 

exposuree of the chromophore ((Meyer et ai, 

2003),, see also Chapter 7.2.2). However, 

becausee of the relative high pKa in the variants 

describedd here, the oberved n-value of 1, and 

thee reported small perturbation in the structure 

off  PYP with a comparable chromophore 

analogg (van Aalten et al., 2002a), it is likely 
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thatt these pKa values describe the pKa of the 

chromophoree in a folded protein. 
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5.11 Abstract 

Photoactivee Yellow Protein, the water-soluble photoreceptor protein first purified from 

HahrhodospiraHahrhodospira halophila, owes its bright yellow color to a thio-ester linked /7-coumaric acid 

chromophore.. The functional importance of this covalent linkage was studied using variants of 

thee protein in which the single, chromophore binding cysteine has been replaced by either an 

alaninee or a glycine residue. The C69G protein, unable to form the covalent linkage, was shown 

too bind the model compound methylmercaptyl-4-hydroxycinnamate, which leads to the formation 

off  an isosteric chromophore/protein complex as compared to wild type PYP. This non-covalent 

bindingg resulted in a color tuning of the chromophore from 385 nm to 435 nm. The latter value is 

remarkablyy close to the absorption maximum of the wild-type protein, which is at 446 nm. The 

photoactivityy of this system, however, was strongly impaired; whereas, at low temperature, blue-

lightt activation resulted in both bathochromic and hypsochromic photoproducts, the last steps of 

thee photocycle could not take place in the absence of the covalent linkage. These findings make 

Photoactivee Yellow Protein the first known photosensor protein with an isomerizable 

chromophoree in which the covalent linkage of the chromophore is of paramount importance for 

thee functional activity of the protein in vitro. 

5.2 2 Introductio n n 

Photoactivee Yellow Protein (PYP) is a small, 

water-solublee blue-light photoreceptor first 

isolatedd from Hahrhodospira halophila 

(Meyer,, 1985; Meyer et al, 1987). The protein 

owess its bright yellow color to a p-coumaric 

acidd chromophore, thiol-ester linked to its 

uniquee cysteine (Van Beeumen et al, 1993; 

Bacaa et al, 1994; Hoff et al, 1994a; Hoff et 

al,al, 1996). Light absorption by this 

photoreceptorr protein initiates photo-

isomerizationn of the anionic chromophore, 

fromm the 1-trans,9-cis- to the l-cis,9-trans 

configurationn (Xie et al, 1996). This initially 

leadss to the formation of a series of transient 

intermediatess with a red-shifted absorbance 

maximumm (as compared to the ground state 

pG446;; Ujj et al, 1998). The most stable one 

(ppM65)) decays bi-exponentially to a blue-

shiftedd state (pB355), in which the 

chromophoree is protonated at its phenolic 

oxygen.. This blue-shifted state, the putative 

signalingg state, recovers in a few hundred 

millisecondss to the ground state {i.e. pG446), 

presumablyy through an intermediate with a 

deprotonatedd chromophore (Meyer et al, 

1987;; Hoff et al, 1994b; Hendriks et al, 

2003).. The change in configuration of the 

buriedd chromophore is relayed to the surface 
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off  the protein in the form of a conformational 

transition,, to allow activation of (a) 

downstreamm signal transduction partner(s). 

Forr all members of the currently 

knownn photosensor families, besides the 

xanthopsinss (i.e., rhodopsins, phytochromes 

andd flavin containing photoreceptor proteins 

(Vann der Horst et ai, 2004), it has been shown 

thatt a covalent linkage of the chromophore to 

thee apoprotein in the receptor state is not 

essentiall  for catalytic activation. 

Inn the flavin containing photoreceptor 

proteins,, the Cryptochromes, Phototropins and 

BLUFF proteins, the flavin chromophore, either 

FADD or FMN is naturally bound 

noncovalentlyy to the apoprotein in the ground 

state.. Note, however, that for the phototropins, 

itt has been shown that there is a transient 

covalentt linkage from the FMN chromophore 

too a conserved cysteine residue in the 

signalingg state (Crosson and Moffat, 2002). 

Thee Rhodopsins make up the protein family of 

whichh the members contain a seven-

transmembranee helix-containing opsin 

apoprotein.. A retinal is bound as the 

chromophoree to a lysine residue in this 

apoproteinn through a Schiff-base linkage. For 

bothh bacteriorhodopsin and visual rhodopsin it 

hass been established, via the application of 

site-directedd mutagenesis methods, that 

functionall  holoprotein is obtained even in the 

absencee of a covalent linkage; The covalent 

linkagee between retinal and the apoprotein is 

nott required for the function of 

Non-covalentt chromophore binding in PYP 

bacteriorhodopsinn as a proton pump, as shown 

inn both (Schweiger et al., 1994) and (Friedman 

etet al., 1994). In similar experiments 

Zhukovskyy et al. showed that the covalent 

bondd in rhodopsin is not essential for binding 

off  the chromophore nor for catalytic activation 

off  transducin (Zhukovsky et al., 1991). In the 

Phytochromes,, a linear tetrapyrole, usually 

covalentlyy bound to a cysteine via a thioether 

linkage,, functions as the chromophore (for a 

review,, see (Fankhauser, 2001)). Recently, a 

subclasss of bacteriophytochromes has been 

discovered,, in which the chromophore is 

boundd to a histidine via a Schiff-base linkage 

(DrBphPP from Deinococcus radiodurans 

(Daviss et al, 1999)), or even non-covalently 

(CphBB from Calothrix sp. PCC7601 (Jorissen 

etet al, 2002b)). Both the latter, and oat 

photochromee reconstituted with a 

chromophoree analogue not able to bind 

covalently,, were shown to function in vitro in 

thee absence of a covalently linked 

chromophoree (Jorissen et al., 2002a). 

Here,, the functional importance of 

thee covalent linkage between chromophore 

andd apoprotein of PYP is studied by changing 

cysteinee 69 to a glycine or an alanine residue. 

Byy addition of the methyl thio-ester of the 

pCAA chromophore (methylmercaptyl-4-

hydroxycinnamate,, also known as thiomethyl-

p-coumaricc acid, TMpCA), this combination 

off  protein and chromophore model compound 

iss isosteric with the wild-type holo protein, 

withh the absence of the covalent linkage as the 
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onlyy difference (see Figure 1). Here we 

describee the binding of the chromophore 

modell  compound to the apo-protein 

derivatives,, as detected via the spectral tuning 

off  the chromophore. Furthermore, we 

characterizee the photochemistry of this system 

usingg (low-temperature) spectroscopy. 

5.33 Experimental procedures 

5.3.15.3.1 Mutagenesis and expression 

PYP,, and site-directed mutants thereof {i.e. 

C69GG and C69A), were produced and isolated 

ass described in (Hendriks et al, 2002) as hexa-

histidinee tagged apo-proteins in Escherichia 

coJi.coJi. Ni  +-column purified material was used, 

withoutt removal of the N-terminal 

hexahistidinee tag. Mutagenesis was performed 

usingg the QuickChange kit (Stratagene) and 

withh pHISP as a template (Kort et al, 1996a). 

Thee sequences for the mutagenic primers for 

C69GG were: 5' GGCAAGAACTTCTTCAA 

GGACGTGGCCCCGGGCACTGACAGCC C 

3'' and 5' GGCTGTCAGTGCCCGGGGCC 

AGCTCCTTGAAGAAGTTCTTGCC3'' and 

forr C69A: 5' CTTCAAGGACGTCGCCC CG 

GCCACTGACAGCCCGGG 3' and 5' CCGG 

GCTGTCAGTGGCCGGGGCGACGTCCTT T 

GAAGG 3'. The mutations were confirmed by 

nucleotidee sequence analysis. 

5.3.25.3.2 Chromophore synthesis 

Thiomethylesterss were synthesized from both 

/?-coumaricc acid (Sigma) and 7-hydroxy-

coumarin-- 3-carboxilic acid (Molecular 

Probes),, resulting in TMpCA and TM7HC, 

respectively.. They were synthesized using the 

1,11 -carbonyldiimidazole (Aldrich) derivative 

off  the chromophores (prepared as described in 

(Hendrikss et al, 2002)) and 

sodiumthiomethoxidee (Acros Organics). An 

equimolarr amount of sodiumthiomethoxide 

(dissolvedd in water) was added to the activated 

esterr of the chromophore and the mixture was 

allowedd to react overnight at room 

temperature.. The compound was then purified 

usingg a silicagel column. The column was 

washedd with 2 column volumes petroleum 

ether,, after which the ester was eluted using a 

1:11 ethylacetate/petroleum ether mixture. The 

identityy of the compounds was confirmed 

usingg NMR- and mass spectrometry. The 

extinctionn coefficient of TmpCA was 

determinedd using high-pH hydrolysis of the 

thioester;; the compound was dissolved in 10 

mMM phosphate, pH 13 and stirred for 30 

minutes,, after which no further spectral 

changeschanges were observed. After hydrolysis the 

pHH was lowered to 5 and the spectrum was 

comparedd to the spectrum of p-coumaric acid 

att pH 5, which has a molar extinction 

coefficientt e of 20 mM''cm"' (Aulin-Erdtman 

andd Sandn, 1968) in its protonated form. 
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Cys69 9 

o = cc  O 
H22 H2 | 

CH—CC C C-
Gly69 9 

V V 
Compoundd I 

5.3.35.3.3 UV-Visspectroscopy 

Bindingg of the model compound was foliowed 

spectroscopicallyy using a HP 8543 

spectrophotometerr and a "Kraayenhoff vessel" 

enablingg simultaneous monitoring and 

adjustmentt of pH and temperature. 

Initiall  binding experiments were 

carriedd out in 50 mM phosphate buffer pH 7, 

andd in 50 mM phosphate plus 50 mM boric 

acid,, pH 9, at temperatures between 25°C and 

5°C.. Experiments to determine the binding 

affinityy for TMpCA and to study photoactivity 

off  the non-covalent adduct were carried out in 

500 mM phosphate buffer, 20% glycerol, pH 7, 

at-10°Cand-15°C. . 

Experimentss at 77K were performed 

inn 10 mM phosphate buffer, 67% glycerol, 

pH77 in a Perkin Elmer Lambda UV/Vi s 

spectrophotometer,, equipped with a liquid 

nitrogenn cryostat. To investigate 

photoactivation,, the protein sample was 

transientlyy illuminated with a blue LED (470 

nm). . 

Figuree 1: Schematic 
representationn of the 
chromophoree binding 
pockett  in PYP and the 
modell  compounds used in 
thiss study. 
A:: Wild-type chromophore 
bindingg pocket, with the p-
coumaricc acid chromophore 
covalentlyy bound to Cys69, 
B:: The TMpCA model 
compoundd in the binding 
pockett of C69G PYP P 

5.4 4 Results s 

5.4.15.4.1 Model compound synthesis 

Thee thiomethyl model compounds TMpCA 

andd TM7HC were successfully synthesized, as 

judgedd from NMR and mass spectrometry 

analysiss (not shown). The absorption spectra 

off  both compounds are shown in Figure 2. 

TMpCAA shows an absorption maximum at 330 

nmm at low pH, where the phenolic oxygen is 

protonated.. Its deprotonated form absorbs at 

3855 nm. This shows that the ester linkage does 

indeedd red-shift the absorption maximum 

whenn compared to the free acid. The pKa of 

thee phenolic oxygen was determined to be 8.5, 

veryy similar to the pKa found in free p-

coumaricc acid and earlier described thio-

methyll  model-compounds (8.5-8.8 (Kroon et 

al,al, 1996)). TM7HC has absorption maxima at 

3622 nm and 421 nm, for the protonated and 

deprotonatedd form, respectively. 
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wavelengthh (nm) 

Figuree 2: Absorption spectra of chromophore 
modell  compounds, taken in the dark at room 
temperature. . 
Solidd lines: pH 5, Dashed lines: pHlO. Black: 
TMpCA,, grey: TM7HC 

Thee extinction coefficient of TmpCA was 

determinedd using high-pH hydrolysis of the 

thioester.. After hydrolysis of the thioester the 

absorbancee was compared to the absorbance of 

freee p-coumaric acid. Accordingly, the 

extinctionn coefficient was determined for its 

protonatedd form (£330 = 22 mM''cm"') and for 

itss deprotonated form (e 385 344 mM-'cm-1). 

5.4.25.4.2 Non-covalent binding of chromophore 

modelmodel compounds to C69G PYP 

Too study the importance of the covalent 

linkagee of the chromophore in PYP, we 

constructedd PYP mutants that lack the single 

cysteine,, i.e. the C69A and C69G mutations, 

andd tested binding of the model compounds 

andd the free acids to these proteins. The C69A 

proteinn does not bind TMpCA, or any of the 

otherr available chromophores, at any of the 

conditionss tested (see also below). The C69G 

proteinn is shown to bind the model compound 

TMpCA,, but only at low temperatures. As 

seenn in Figure 3, binding results in tuning of 

thee absorbance maximum, resulting in a 

maximumm at 435 nm, remarkably comparable 

too WT PYP. At room temperature, no 

absorptionn at 435 nm is seen, but upon 

loweringg the temperature to -20°C, the 

absorptionn at 435 increases, indicating 

temperature-dependentt binding of TMpCA to 

C69G.. The extinction coefficient of the bound 

chromophoree was determined by comparing 

thee absorbance of same amounts of 

chromophoree in buffer and in the presence of 

C69GG PYP. By comparing the difference in 

absorbancee at 330 nm and the absorbance at 

4355 nm, e 435(b0und) w as determined to be 1.75 

timess e 330(free) (  0.03, averaged over 3 

measurements),, resulting in an extinction 

coefficientt for the non-covalently bound 

chromophoree e435(bound)= 40 mM"'cm"'. 
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Figuree 3: Temperature dependent spectra of 
C69GG PYP with added TMpCA. 
Spectraa were taken in the dark, at temperatures 
betweenn 25°C and -20°C. 
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Thiss value is only slightly smaller than the 

extinctionn coefficient of WT PYP, which 

equalss 45.5 m M ' c m '. The affinity of TMpCA 

forr C69G PYP was determined by titration of 

aa known amount of protein with small aliquots 

off  the chromophore. Results are shown in 

Figuree 4; by fitting the titration curve, affinity 

constantss of 90 uM and 75 U.M were found at 

-5°CC and -10°C, respectively. A pH titration 

experimentt shows that the protein 

surroundingss stabilize the deprotonated form 

off  the bound chromophore; in solution, the 

pKaa is 8.5, whereas in the protein it is 6 (not 

shown).. This value lies in between the values 

forr the chromophore in solution and WT PYP 

(pKa=2.7),, indicating that the stabilization by 

thee chromophore surroundings is present, but 

weakerr than in the WT protein. Upon lowering 

off  pH, absorption at 435 nm decreases, while 

absorptionn at 330 nm increases. 

Thiss suggests that only the deprotonated 

chromophoree can bind in the C69G pocket, 

sincee 330 nm is the wavelength where the 

deprotonatedd chromophore absorbs in 

solution,, i.e. in absence of the protein. Control 

experimentss to test the specificity of the 

chromophore/proteinn interaction were 

performedd using BSA, WT holo-PYP and WT 

apo-PYP.. In none of these cases a change in 

thee absorption, due to binding of the 

chromophoree to the protein, was observed. 

5.4.35.4.3 Photoactivity in the C69G/TMpCA 

pigment pigment 

Att the conditions where binding of the model 

compoundd to C69G PYP was observed, the 

possibilityy of this system to undergo a 

photocyclee was tested after excitation with 

eitherr a short pulse of white light or with blue 

lightt from a LED (470 nm), or after prolonged 

illuminationn with the blue LED. 

00 40 -

0.255 -

0.155 -

0.100 -

0.000 -

0.055 -

^+*^+*  B 

>* * ** ** 
»/ / . . f f 

ƒ ƒ 
/ / 

* * 

-200 0 20 40 60 80 100 120 140 160 

c h r o m o p h o r ee a d d e d ( u M ) 

2000 220 240 

Figuree 4: Titratio n of C69G PYP with TMpCA . 
Smalll  aliquots of trans-TMpCA in DMF were added to the C69G protein. The titration was 
carriedd out in the dark, at -5°C. 
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Afterr short excitation, or illumination for 

severall  minutes, no changes were seen in the 

spectrumm of the pigment. Only after 

illuminationn of at least 10 minutes, a small 

decreasee was observed in the absorbance of 

thee main absorption peak at 435 nm. A 

simultaneouss formation of a photoproduct, 

however,, was not observed, nor was there 

recoveryy of the bleached peak. 

Thee photochemistry in this pigment 

wass further studied at low, i.e. liquid nitrogen 

temperaturess (77 - 80K). Spectra of a C69G 

PYP/TMpCA/glyceroll  glass were taken both 

inn the dark and after a 1 minute illumination. 

Thee result is shown in Figure 5: the dark 

spectrumm of the pigment is not affected by the 

loww temperature. After illumination 

photoproducts,, both batho- and hypsochromic, 

aree clearly observed. 
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Figuree 5: Photoactivity in the C69G/TMpCA 
pigmentt  at 77K. 
UV/Viss spectra were measured before (solid) and 
afterr (dash) 3 minutes ilumination with blue light. 

5.55 Discussion 

Wee synthesized chromophore model 

compoundss that are thiomethylesters of the 

respectivee free acids, i.e. p-coumaric acid and 

7-hydroxy-coumarin-- 3-carboxylic acid. In the 

latter,, the vinyl bond that isomerizes in p-

coumaricc acid is effectively locked in its trans 

configuration.. The spectra of these compounds, 

bothh in neutral and in deprotonated form, are 

red-shiftedd with respect to the spectra of the 

freee acids, showing the importance of the ester 

linkagee in the tuning of these chromophores. 

Whenn compared to the absorption maximum of 

denaturatedd PYP, the absorption maxima of 

bothh neutral and deprotonated TMpCA are 

blue-shiftedd by ~ 20 nm, showing that in the 

denaturatedd state, there are still 

protein/chromophoree interactions, that red-shift 

thee absorption maxima. Furthermore, the 

spectrumm is also red-shifted when compared to 

thee methylester of pCA, that has an oxygen 

atomm instead of a sulphur atom (absorption 

maximaa at 310 nm and 360 nm for the 

protonatedd and deprotonated form, respectively; 

resultt not shown). This shows that the 

conjugatedd light-absorbing system does include 

thee sulphur atom at this position. The pKa of 

protonationn of the phenolic oxygen of the 

chromophoree is very close to the one in the 

denaturedd protein or in the free acid, i.e. 8.5. 

Wee used these model compounds to 

studyy the importance of non-covalent binding in 

PYPP variants in which the chromophore-
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bindingg cysteine has been replaced by either an 

alaninee or a glycine residue. In the C69A 

protein,, no binding of any of the model 

compoundss was observed, presumably because 

off  steric hindrance between the alanine side-

chainn and the methyl group of the 

chromophores.. Non-covalent binding, followed 

spectrally,, was only observed when the 

chromophoree model compound TMpCA was 

usedd in combination with C69G PYP. Binding 

resultedd in the large red-shift of the absorption 

maximumm to 435 nm, remarkably close to the 

absorptionn maximum at 446 nm in WT PYP. As 

opposedd to the non-covalent binding of 

chromophoress in other photoreceptor proteins, 

however,, the binding in this case was very 

weakk and strongly temperature dependent, with 

aa IQin the 10-100 |iM range. This difference is 

nott too surprising, when comparing the sizes of 

thee chromophores involved and the binding 

pockets,, since the p-coumaric acid 

chromophoree of PYP is by far the smallest. 

Althoughh binding can take place in 

thee absence of a covalent linkage between the 

chromophoree and the protein backbone, the 

photoactivityy of the resulting pigment was 

stronglyy impaired. At temperatures from 0° C 

too -20° C, short blue-light excitation does not 

resultt in observable spectral changes, implying 

aa very low - if any - quantum yield for 

photochemistry.. Only after prolonged 

illumination,, a small decrease in absorbance of 

thee main absorption peak is observed. 

However,, the absorbance does not recover 

Non-covalentNon-covalent chromophore binding in PYP 

afterr incubation in the dark, not even if the 

temperaturee is raised to 20° C and is then 

decreasedd again. Because the experiment is 

performedd with an excess amount of TMpCA, 

thiss implies that the chromophore does remain 

inn the active site after excitation, but cannot 

returnn to its groundstate. The chromophore 

mayy have undergone translcis isomerization, 

orr even have been protonated, but the absence 

off  the covalent linkage prevents the cisltrans 

re-isomerizationn or deprotonation, 

respectively.. In wild-type PYP, at 

temperaturess below 93K, the photocycle is 

blockedd after formation of the redshifted 

intermediatee I0 or, in a branched pathway, the 

slightlyy blue-shifted intermediate PYPH. We 

studiedd if an intermediate similar to one of 

thesee can be formed in the C69GPYP/TMpCA 

pigmentt after excitation at 77K. Indeed, both a 

red-shiftedd and a blue-shifted intermediate are 

observed.. We conclude that the covalent 

linkagee between the chromophore and the 

proteinn backbone is of high importance for the 

functionall  activity of the protein in vitro. This 

inn contrast to other photosensor proteins with 

ann isomerizable chromophore, that can 

functionn without a non-covalently bound 

chromophore. . 

Acknowledgements: : 

Wee thank L. Hartog for expert technical 

assistance. . 

75 5 



Chapterr 5 

76 6 



Chapterr  6 

Functionall  Diversity in the Xanthopsins 

Michaell  A. van der Horst, Jocelyne Vreede, Wouter Laan, Wim Crielaard, Andy Wende, Peter 

Palm,, Dieter Oesterhelt and Klaas J. Hellingwerf 

6.11 Abstract 78 

6.22 Introduction 78 

6.33 Experimental procedures 80 

6.44 Results and discussion 82 

6.55 Conclusion 92 
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6.11 Abstract 

Overr the last decade several studies have been performed to gain insight in the blue light 

responsess of photosynthetic bacteria. Not only were these studies initiated by the desire to gain 

fundamentall  insight in this interesting phenomenon, also there were indications that (in many 

cases)) photoactive yellow proteins are involved in this response. It was clear that by linking this 

extremelyy well studied protein to this straightforward cellular output response, an important step 

forwardd could be made in our insights into the molecular properties of biological signal 

transduction.. In the present manuscript, based on the integrated outcome of several different 

sequencingg projects, we propose a more diverse role of the self-contained photoactive yellow 

proteins:: based on their mutual sequence similarity it can be projected that they are either 

involvedd in phototaxis, or in regulation of gene-expression. So far, only Halorhodospira 

halophilahalophila was found to code for two photoactive yellow proteins, each serving very likely one of 

thesee two functions. We cloned the gene encoding the heretofore unknown PYP, and show -

afterr overexpression and in vitro reconstitution - that the gene indeed encodes a Photoactive 

Yelloww Protein. Its spectral properties are comparable to those of the known xanthopsins, 

althoughh the recovery step in the photocycle is relatively slow (k = 1.3  10"2 s~'). Consequently, 

inn those organisms where the (single) photoactive yellow protein is not involved in blue-light 

phototaxis,, an alternative photoreceptor has to be involved. From its genome organization we 

proposee that a BLUF-type photoreceptor that is linked to the phospho-relay pathway of the 

chemotaxiss machinery takes up this role in Rhodobacter sphaeroides. 

6.22 Introductio n 

Forr decades it has been known that plants and 

algaee can respond in complex ways towards 

incidentt photons. Depending on the color, 

polarization,, intensity, etc. of the illumination, 

thesee organisms can respond either positively 

orr negatively, with respect to their behavior 

(likee directed growth or swimming direction) 

and/orr the modulation of enzyme activity or 

thee expression of their genes, to a modulation 

off  the light quality (for a review see e.g. 

(Briggss and Huala, 1999) (Quail, 2002)). For 

representativess of the Bacteria it has taken 

longerr to arrive at this conclusion. Although 

thee first scientific reports on attractant function 

off  light that can be absorbed by the 

photosynthesiss machinery in purple bacteria 

(often,, and also in this contribution, loosely 

referredd to as "positive phototaxis") appeared 

moree than 100 years ago (see e.g. (Engelmann, 

1883)),, it was not until a decade ago that a 
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repellantt function of blue light (i.e. "negative 

phototaxis")) was reported to occur in a 

representativee of the Bacteria, i.e. in the 

purple-sulfurr bacterium Ectothiorhodospira 

(noww Halorhodospird) halophila (Sprenger et 

al,al, 1993). From the wavelength dependence 

off  this response, which peaked in the region 

betweenn 400 and 500 nm, it was inferred that a 

newlyy discovered photoactive protein in this 

organismm [i.e. Photoactive Yellow Protein 

(PYP)) (Meyer, 1985)) was the primary 

photoreceptorr in this response (Sprenger et al, 

1993).. It had already been shown earlier that 

thee attractant response in this organism, 

elicitedd by the absorption of photons that can 

bee used in photosynthesis, was mediated by 

thee photosynthesis machinery (Hustede et al., 

1989),, just like it had been demonstrated 

earlierr in a number of other purple bacteria 

(Clayton,, 1953). In this respect our 

understandingg of the behavioral response in 

representativess of the Bacteria developed 

slowerr than of that of the Archaea, because 

understandingg of the positive and negative 

phototacticc responses in the archaebacterium 

HalobacteriumHalobacterium salinarum (formerly called H. 

halobium)halobium) which is mediated by Sensory 

Rhodopsinss I and II developed already in the 

(nineteen)) eighties (e.g. (Spudich and 

Bogomolni,, 1984; Wolff et al, 1986). 

Meanwhilee several additional organisms have 

beenn reported to display such a balanced 

responsee to the illumination regime, like 

RhodocistaRhodocista centenaria (Ragatz et al., 1995), 

Functionall  diversity in the Xanthopsins 

andd particularly among the cyanobacteria (e.g. 

SynechosystisSynechosystis PCC 6803, of which the genome 

hass been fully sequenced; see (Ng et al, 

2003)).. Several research groups have tried to 

providee genetic proof to support the 

physiologicall  evidence regarding the nature of 

thee photoreceptor (and the downstream signal 

transductionn chain) for negative phototaxis in 

H.H. halophila (Hoff et al, 1995; Haker et al, 

2003;; Kyndt et al, 2003). However, the 

extremophilicc character of this organism has 

frustratedd these attempts, because of the 

difficultyy to find suitable genetic selection 

markerss (Hoffer, Hellingwerf, Kelly and 

Crielaard,Crielaard, unpublished experiments). The 

generall  importance of PYP has been 

emphasizedd by Pellequer et al (Pellequer et 

al,al, 1998), who introduced it as the "structural 

prototypee for the three-dimensional fold of the 

PASS domain super family". These PAS 

domainss are found in all kingdoms of life and 

functionn in sensing and signal transduction. 

Independentt subdomains (i.e. combinations of 

elementss of secondary structure) that can be 

recognizedd in such PAS domains are: the N-

terminall  cap (residue number 1-28), the PAS 

corecore (# 29-69), the helical connector (# 70-87) 

andd the p-scaffold (# 88-125; see further 

beloww and Figure 7). Photoactive Yellow 

Proteinss (collectively called xanthopsins (Kort 

etet al, 1996a) had been detected meanwhile in 

aa range of purple bacteria. Therefore Kort cs. 

decidedd to investigate the genetic basis of 

behaviorall  responses in Rb. sphaeroides (Kort 
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etet al., 2000). A first crucial observation was 

thatt this purple non-sulfur bacterium also is 

repelledd by (high intensities of) blue light. 

However,, when the pyp gene, encoding the 

xanthopsinn in this organism, was inactivated 

byy deletion mutagenesis, it turned out that the 

mutantt strain did not show any phenotype with 

respectt to its behavioral responses towards 

lightlight (Kort, 1999; Kort et ai, 2000), in 

comparisonn to its isogenic wild type. 

Accordingly,, the genetic basis of repellent 

responsess towards blue light in purple bacteria 

stilll  remains unresolved. It is relevant to note 

thoughh that in one system a genetic proof of 

xanthopsinn function has been provided: In the 

purplee non-sulfur bacterium Rhodocista 

centenariacentenaria expression of the enzyme chalcone 

synthasee (a key enzyme in (protective) 

pigmentt synthesis) is regulated by the fusion 

proteinn Ppr, which consists of a PYP-

homologouss domain, a domain homologous to 

thee bilin-binding domain of 

bacteriophytochromes,, and a histidine protein 

kinasee domain (Jiang et al., 1999). These 

resultss make it feasible, that PYP type 

moleculess mediate phototaxis as well as light 

regulationn of gene expression. Nevertheless, 

thiss leaves the genetic basis of bacterial 

photoresponsess with large unresolved issues 

andd contrasts strongly with the situation in the 

archaeall  domain (e.g. (Jung et al., 2001); 

(Gordeliye/a/.,2002)). . 

6.33 Material s and Methods 

DNADNA sequence analyses 

DNAA sequencing, was performed using 

standardd procedures. DNA sequences were 

analyzedd using the online Expasy translate tool 

(http://www.expasy.org/tools/dna.html)) that 

translatess a DNA sequence in the six possible 

readingframes.. From the resulting sequence, 

alll  orfs (of which the translated sequence starts 

withh a methionine, and containing at least 100 

aminoo acids) were blasted using SIB Blast 

(http://www.expasy.org/tools/blast/7VIRT299 9 

53). . 

Domainn analyses were performed using Pfam 

(http://pfam.wustl.edu/hmmsearch.shtml)) and 

Smartt (http://smart.embl-heidelberg.de/) 

onlinee tools. 

Seee text and figure legends for further details. 

CloningCloning ofpyp(b) 

AA polymerase chain reaction (PCR) was 

performedd to amplify DNA encoding the 

pyp(b)pyp(b) gene using the HotStarTaq-Kit 

(Qiagen).. The PCR was performed according 

too the manufacturer's instructions and using H. 

halophilahalophila SL-1 chromosomal DNA as 

template.. The primers used were: 5'-

CGATGGATCCGATGACGATGACAAAAT T 

GGGCACACTCATCTTCGGCCGCC-3* * 

(HPLCC purified, synthesized by Metabion) and 

5'-CGATAAGCTTTCAGGCTGCCGGGGCG G 

CTGATC-3'' (OPC purified, synthesized by 

Metabion).. The PCR product was purified 

withh the PCR Purification Kit from Qiagen. 

http://www.expasy.org/tools/dna.html
http://www.expasy.org/tools/blast/7VIRT299
http://pfam.wustl.edu/hmmsearch.shtml
http://smart.embl-heidelberg.de/


Thee DNA sequence was confirmed using the 

BigDye-Sequencing-Kitt from ABI. The vector 

pMH0144 was constructed by ligating 

BamHIIHindlWBamHIIHindlW digested PCR fragment in 

pQE300 (Qiagen) digested with the same 

restrictionn enzymes. pMH014 was then 

retransformedd to the expression strain E. coli 

Ml 55 (Qiagen). 

OverexpressionOverexpression and purification ofPYP(B) 

Ann overnight culture of E. coli M15/pMH014 

wass diluted in rich medium and grown at room 

temperaturee to an ODft0o of - 0.8. Protein 

expressionn was induced with isopropyl-beta-

D-thiogalactopyranosidee (IPTG) (0.2 mM 

finalfinal concentration), after 3 hours cells were 

harvestedd by centrifugation. Cell pellets were 

resuspendedd in 50mM Tris-HCl, 8M Urea, pH 

8,, a purification procedure adapted from 

(Miharaa et a!., 1997). Solublized cells were 

dilutedd 1:1 with 50 mM Tris/HCl, pH 8.0. 

Apo-PYP(B)) was then reconstituted with the 

chromophoree by adding small aliquots of 

imidazole-activatedd chromophore (Hendriks et 

ai,ai, 2002). Reconstituted PYP(B) was purified 

fromm the cell extracts with Ni  + affinity 

chromatography,, using Ni-NTA-agarose 

(Qiagen),, and 50 mM TrisHCl, 50 mM citric 

acid,, pH 3.3 as elution buffer. 

Steady-stateSteady-state and transient 

(millisecond/second)(millisecond/second) UV/Vis measurements 

Steady-statee protein spectra and photocycle 

kineticss on a millisecond to second time-scale 

Functionall  diversity in the Xanthopsins 

weree measured with an HP 8453 UV/Vis 

diodee array spectrophotometer with a minimal 

timee resolution of 100 ms. Protein solutions of 

-100 uJVl in 50 mM Tris/HCl, pH 8 were used, 

withoutt removal of the N-terminal 

hexahistidinee tag from the holoprotein. 

HomologyHomology modeling 

Thee two putative PYP sequences PYP(A) and 

PYP(B)) from H. hahphila strain SL-1 were 

modeledd onto the X-ray structure of PYP from 

straii  BN9626 at 1.4 A, PDB entry 2PHY, 

usingg the Modeller software package 

(http://salilab.org/modeller/modeller.html). . 

Modellerr generates restraints for distances and 

angless from the template structure and based 

onn statistical analyses on a database of 

structures.. The spatial restraints are satisfied 

forr the target sequence using the CHARMM 

forcee field to enforce proper stereochemistry 

followedd by optimization by a combination of 

conjugatedd gradient minimization and 

simulatedd annealing. For PYP(B) special 

restraintss were defined to incorporate two 

extraa residues in a P-sheet. The chromophore 

wass modeled using a least squares fitting 

proceduree on the backbone atoms of the model 

structuree and 2PHY. 
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6.4 4 Resultss and Discussion 

DNADNA sequence analyses 

Recentt DNA sequence analyses have revealed 

aa number of facts, which shed new light on 

phototaxiss processes in Bacteria. First, the 

ongoingg DNA sequencing efforts on the 

genomee of the H. halophila SL-1 strain at the 

Maxx Planck Institute in Martinsried have 

providedd new sequences that were subjected to 

readingg frame analyses. Surprisingly, it turned 

outt (see Figure 1) that two different contigs 

(i.e.(i.e. 578 and 650) each contain a reading 

framee that shows high similarity to the 

xanthopsinn consensus sequence. More detailed 

analysess of the chromosomal context of these 

twoo reading frames (here 

tentativelyy assigned as pypA and pypB) has 

revealedd that the region around the gene 

encodingg PYP(A) corresponds to the region 

containingg the pyp gene from the H. halophila 

BN96266 strain, which was characterized by 

Kortt et al. (Kort et ai, 1996b). Like in H. 

halophilahalophila BN9626, this region in contig 650 

thuss also contains a gene with clear homology 

too bacterial Co A lyases (pel), which is 

requiredd for holo-PYP synthesis (Kyndt et al, 

2003),, a tyrosine-ammonia lyase homologue 

(tal)(tal) and a D-amino acid dehydrogenase 

(dada).(dada). As expected (and can be seen in Fig 

2a)) PYP(A) is most similar to the previously 

identifiedd PYP in BN9626. It has the same 

lengthh (125 amino acids) and only displays 

minorr mutations/variations. 

4000 bp 

Conti gg 578 

orfi orfi orf2 orf2 orfl orfl pypB pypB 

ContigContig  650 

^ \ / \ A , , 
ml ml pelpel pypA dada dada 

Figuree 1: Putative pyp operon structures in H. halophila SL1. 
Figuress are drawn to scale, except for the 5' end of Contig 650, which consists of 9000 base pairs, but 
doess not show any Orfs with homology to known genes (downstream of tal), orfl: Aistidine kinase 
pluss response regulator, orfl: sensor kinase, orfl: response regulator. 
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PYP(B),, however, which is 130 amino acids 

long,, displays larger differences with the 

BN96266 variant (Figure 2A). The five extra 

residuess are located at the C-terminus of the 

proteinn and consist mainly of alanine residues. 

Inn the comparison with PYP(A) and PYP-

BN9626,, PYP(B) shows most variation in the 

N-terminall  cap. Also a stretch of 5 amino 

acidss that follow the chromophore binding 

cysteinee shows variation. PYP(B) shows, 

alll  the residues that form the chromophore 

bindingg pocket are conserved (Hoff et ai, 

1995)) as well as the glycines that have been 

identifiedd as hinge bending residues in PAS 

domainss (van Aalten et al, 2002c). Another 

recentlyy discovered xanthopsin was found in 

thee genome sequence of Thermochromatium 

tepidwntepidwn (Integrated genomics, 

www.integratedgenomics.com). . 

Ehall  1 
PYP(A)) 1 
PYP(B)11 IGTLI 

MG G 
BSBMN N 

SROBLBBIFJBRBITT "EE IIBC 

Ehal l 
PYP(A) ) 
PYP(B) ) 

[Rb_capsulatus] ] 
[Rb_sphaeroides ] ] 
[H_halophil aa BN ] 
[H_halophila_SLl a a 
[C_salexigen s s 
[Rt_salexigens s 
[H_halophila_SLlb]1 1 
[Rc_centenaria]]  1 
[T_tepidum ]]  1 

[Rb_capsulatus s 
[Rb_sphaeroide s s 
[H_halophilaa BN 
[H_halophila_SLla a 
[C_salexigens s 
[Rt_salexigens s 
[H_halophila_SLlb b 
[Rc_cee nt en ari a 
[T_tepidum m 

124 4 
124 4 
122 5 
122 5 
125 5 
122 5 

SAPflA-- 13 0 
EDLRPPP 136 

122 5 

Figuree 2: Photoactive Yellow Protein multiple sequence alignments. 
A)) Alignment of H. halophila PYPs: Ehal is the PYP from the original BN9626 strain, PYP(A) and 
PYP(B)) are the PYP sequences that came available from the Martinsried H. halophila SL-1 sequencing 
project. . 
B)) Multiple sequence alignment of all known PYPs. Alignments were made using the program ClustalW at 
http://www.ebi.ac.uk/clustalw/.. Residues displayed with black background are conserved in more than 
50%% of the sequences; residues with a grey background are similar in more than 50% of the sequences. 
Thee Thermochromatium tepidum sequence was taken from the review by Cusanovich & Meyer (2003). 
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T.T. tepidum, formerly known as Chromatium 

tepidum,tepidum, is a phototrophic purple sulphur 

bacteriumm from the genus of Chromatiaceae 

(Imhofff  1998). This organism contains a PYP-

phytochromee hybrid protein called Ppr 

(Cusanovichh and Meyer, 2003), which has also 

beenn found in the thermophilic freshwater 

purplee bacterium Rhodospirillum centenum. 

Analysiss of the genomic context of the gene 

encodingg this protein, shows the presence of 

twoo upstream genes: Delta-aminolevulinic 

acidd dehydratase (alad) and p-coumaryl-CoA 

ligasee (pel) (see Figure 3). ALAD catalyzes 

thee second step in the biosynthesis of heme, 

thee condensation of two molecules of 5-

aminolevulinatee to form porphobilinogen (Li 

etet ai, 1989). The finding of these two genes is 

especiallyy interesting because of the 

downstreamm ppr-hke gene, that in principle 

cann bind both /?-coumaric acid and 

phycocyanobilinn (see below). 

Immediatelyy downstream of the alad gene, an 

ORFF is found that shows high similarity to pel, 

ass found in H. halophila, Rb. sphaeroides and 

Rb.Rb. capsuhtus, in all these cases located 

downstreamm of the pyp gene. The presence of 

thesee two genes, involved in the synthetic 

pathwayy of these two chromophores, strongly 

suggestss that both chromophores might be 

boundd to this protein, p-coumaric acid in the 

PYPP domain and phycocyanobilin 

(synthesizedd from heme) in the phytochrome-

likee domain. Domain analysis of PPR using 

Smartt and Pfam reveals that this protein 

containss an N-terminal PAS domain, the GAF 

domain,, and two domains named Dufl and 

Duf22 by Blast and GGDEF and EAL by Pfam. 

Bothh latter domains are ubiquitous signal-

transferr domains and are presumably involved 

withh the novel effector molecule cyclic 

diguanylatee (c-diGMP, bis(3P,5P)-cyclic 

diguanylicc acid), 

3000 bp 

vatpB vatpB vatpDvatpD | bpho bpho 

phy phy 

Figuree 3: putative operon structures in T. tepidum. 
A:: contig 6167, B: contig 6126. Figures are drawn on scale in 5'3' direction, in figure B -300 bp at the 3' 
endd are not shown due to space limitation. 
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thatt consists of two cGMP moieties bound 

head-to-taill  (Galperin et ai, 2001). 

Surprisingly,, it apparently lacks the 

phytochromee (P4) domain, and the C-terminal 

histidinee kinase domain, both found in most 

bacteriall  phytochromes, as well as in the PPR 

proteinn from Rs. centenum (Figure 4). The 

PASS domain clearly is a PYP, with all the 

activee site residues, and especially the cysteine 

too which the chromophore covalently binds, 

conserved. . 

Interestingly,, in the genome of this 

organismm also a bacteriophytochrome homolog 

wass found. Strikingly, totally overlapping with 

thee phy gene, but transcribed in the opposite 

direction,, an orf is found that shows high 

homologyy to a heme oxygenase (Figure 3B). 

Inn Figure 5, an alignment is shown of the 

putativee phytochrome from T. tepidum (t-phy) 

withh the bacteriophytochrome from 

BradorhyzobiumBradorhyzobium sp. ORS278 (b-phy, (Giraud 

etet al., 2002)), that shows the highest similarity 

inn the Blast search. Interestingly, domain 

analysess using Smart and Pfam showed that 

thee t-phy does contain the typical 

(chromophoree binding) GAF domain and the 

phytochromee (P4) domain, but it lacks the 

typicall  C-terminal histidine kinase domain. B-

phyy lacks such a domain as well, but instead 

Functionall  diversity in the Xanthopsins 

hass a so-called S-box (Sensory) domain, a 

highlyy conserved region present in PAS 

domainss (Zhulin etal., 1997). 

Inn the t-phy however, no C-terminal domain 

wass found whatsoever. The protein does 

containn the conserved histidine residue, 

involvedd in chromophore-binding in the 

bacteriall  phytochromes (Davis et al., 1999). 

Inn a comparison of all genes with 

highh similarity to pyp from H. halophi/a 

(Figuree 2B & (Hellingwerf, 2003)) it turns out 

thatt three subclasses can be discriminated, 

eachh with a specific level of conservation of 

sequencess in the various sub-regions of the 

PASS fold (like the N-terminal cap, the PAS 

coree and the helical connector; see also 

(Pellequerr et ai, 1998). Surprisingly, the two 

neww pyp sequences from H. halophila SL-1 

clusterr with the known genes very differently: 

pyppyp A is most similar to the pyp sequences in 

H.H. halophila, Rhodothalassium salexigens 

andd Chromatium salexigens (Figure 6). pypB, 

inn contrast, clusters more intimately with the 

pyppyp sequences from the genus Rhodobacter 

andd with the pyp domain of the fusion proteins 

inn Rhodoeista centenaria and 

ThermochromatiumThermochromatium tepidum. 



Chapterr 6 

T.. tepidum 
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R.. sphaero ides 
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11 SJRLPSLJURPTGPi 

T.. tepidum 
Rs.. centenum 
R.. sphaero ides 

T.. tepidum 
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R.. sphaero ides 

T.. tepidum 
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T.. tepidum 
Rs.. centenum 
R.. sphaero ides 

IIQLGRU-LDÖQBCEAÜR R JP;DFPQRL0KQ|JH0ADIPPP D L i EET E Sl f e [S t3 i K f f i L C R 

L,B;GLG0PgAKgL^33Hp KK  JAnSJAP Gff^p^EMGfiT - - -
AILQLQAFRSAGPELDLKMNVNVSPLOLfeDFLARniÂ  ^ 

T.. tepidum 
Rs.. centenum 
R.. sphaero ides 

LSHAARgjJL L 

RIAIDD^GFSSLACLRRLPVDVAKLDRAFLGGGHTMODHRFFMVTGLVHAADLKVVQEGIETLDQLALVRAAGA D D 

T.. tepidum 
Rs.. centenum 
R.. sphaero ides FAQGFHLAAPLSIAAALGLIAASRKE 1016 

Figuree 4: Amino acid alignment of the Phytochrome from Rb. sphaeroides,, PPR from Rs. centenum 
andd the putative PPR from T. tepidum. The PYP domain consists of the boxed amino acids, the 
conserved,, possibly chromophore-binding cysteine is indicated with an asterix. The conserved histidine in 
thee phytochrome part is indicated with the spades symbol. 
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t .. tepidum 1 MBESLBPBL» 
bradyrhyzobiumm 1 MPVPLTUPAFgHSTLl 

CJJEG.JT&' ' 
I B E V | E P: : 
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t .. tepidum 
bradyrhyzobiumm G 
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bradyrhyzobiumm GAJjjgjRr 

' F K DD GLJjSBHEiJJH-lIL LEJJEEAJJP ANQpEAYRrav: 
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THSSSLIGLgDETfriFpiUBB Jm^i5|3ffHM«nB3RRRPDflEAt3BMr: 

ASDIPQIARBl l 
ASBIFQIARRL L 

t .. tepidum SRLigSHgoEjPiBiHTjïDggiL S LD P- - -EALAig^^PfflSAt-jait-jjiLE l 
bradyrhyzobiumm ^Riyvi|LllMy»HYBpi8aloPRISP LHgRDiJffaBclEslilaaMloKWIOT 

SF^Pl l 

t .. tepidum gJsggHgjLPggLRCAEÏgQVFgiAJTOY1 

bradyrhyzobiumm i!i!w3HFMFDil3AAGEAlTOETcHHRlWlL i 

t .. tep id im DQTLGgjJjSLE 
bradyrhyzobiumm LFDGS^^QPL 

QHAORLMEE LNEgD QajjALgSALlrtjSggERD L GVE IgffiQTHP I 
LEg-- FAoSo S«BJVRI3LE ORllvlSBvS gffiEUQAA 

t .. tepidum AEQ 
bradyrhyzobiumm RSlI 

GQi i 

RflEgDRETGDRjjFjj j 
p f s l s E G E — PB B 

IQTJ3EPSD D 
ISTQ: : RRRKAP|APBQGJJTVSASELDDBSS FAD I 

JFD«RQ' ' 
LJEVQIGIDPSD D 

ISaïER|IETTARQgB5LD D 
QfflHQLVEGK^HtJS S 

t .. tepidum aGPHAARQgPQPGAARHQCASPGAfflHHPTHQBDLOTGfflAjjLFOQ 
bradyrhyzobiumm PAELA3A3LVpTVA^LQLRSVRmfIAQDQEiySABv2PS^p8l!jAI)SEGRILLLNEAFEQQLRASHPHI 

t ..  tepidu m 
bEadyrhyzobiu mm PHLRDLGAYCTAPAEFRAHLDDLHRHKRSTOGELTLTGGATPQRPLHVRADPVIAPHDRVL GFVLIFSDLTERK 

t ..  tepidu m 
brr  ad y rhy z o b iu m TAEAARARFQEE I D GARRP S  LRL D Q  S  A S LIYKE L AA5TVENAQ L  AAL E VTHGAE AGSHPEHLE SIRNSTARTL G 

t .. tepidum 
bradyrhyzobiumm ILEHLVUYRSQSEE 

Figuree 5: Amino acid alignment of the phytochrome from Bradyrhhobium sp. ORS278 
withh the putative phytochrome from T. tepidum. 
Thee conserved histidine, involved in chromophore binding, is indicated with an asterix. 

Strikingly,, downstream of the pypB 

genee several open reading frames have been 

identifiedd of which the gene products may 

havee a function in signal transduction (Figure 

1):: They show significant homology with 

memberss of the two-component signal 

transductionn protein families (or/7: a histidine 

proteinn kinase plus response regulator, orf2: a 

sensorr kinase and or/3: a response regulator; 

forr a review see e.g. (Stock et al, 2000)). 

Thesee observations lead to the 

speculationn that of the two pyp genes, pyp(a) 

mayy encode a phototaxis photoreceptor, 

whereass pyp(b) may, in cooperation with the 

two-componentt system, have a function in 

light-regulatedd gene expression, similar to the 

N-terminall  domain of Ppr in Re. centenaria. 

Inn contrast, the completed genome 

sequencee of some purple non-sulfur bacteria 

revealss only a single pyp gene. Rhodobacter 

genomess have been fully sequenced for two 

species:: Rb. capsulatus and Rb. sphaeroides. 
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Inn both species a single pyp gene has been 

identified.. In Rb. capsulatus the pyp gene is 

locatedd within a cluster of genes related to the 

synthesiss of gas vesicles. An involvement in 

thee vertical movement upon changes in (blue) 

lightt quality is then predictable. Deletion 

mutagenesiss has not revealed any phenotype 

off  the pyp gene in this organism (unpublished 

experiments).. In Rb. sphaeroides the gene 

clusterr encoding pyp has been characterized in 

moree detail, amongst others with deletion 

mutagenesiss and heterologous expression 

(Hakerr et a!., 2003). The stronger similarity 

betweenn pyp(b) from E. halophila and pyp 

fromm both Rhodobacter species, than with 

pyp(a),pyp(a), could imply that the former genes have 

aa function in light-regulated gene expression. 

Thee observed blue-light induced repellant 

responsee in Rhodobacter sphaeroides (and 

probablyy Rhodobacter capsulatus) obviously 

thenn has to be mediated by another 

photoreceptor.. In this case genome sequence 

informationn suggests that it is a BLUF-type 

photoreceptor r 

Figuree 6: Phylogenetic tree showing the evolutionary relationship between the known PYP 
sequences. . 
Thee tree was constructed using the A11A11 program, (http://cbrg.ethz.ch/Server/AHAll.html). This 
programm constructs a phylogenetic tree of the sequences, based on the estimated PAM distances 
betweenn each pair of sequences. Since for each pair of sequences the variance of the distance is also 
computed,, it can be used to weight the distance error in the final tree. In the final tree, the length of 
eachh branch is proportional to the evolutionary distance between the nodes. This tree is basically 
unrooted,, i.e. there is not enough information to decide which common ancestor is the most ancient. 
Thee small circle indicates the weighted centroid of the tree. 
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(after:: sensors of Blue Light Using Flavin; see 

e.g.e.g. (Gomelsky and Klug, 2002; Masuda and 

Bauer,, 2002)). One of these, AppA, functions 

ass an anti-transcriptional repressor protein in 

thee regulation of the expression of the 

photosynthesiss machinery (i.e. the puf and puc 

operons;; see: (Gomelsky and Kaplan, 1995)). 

Thiss photosensor protein has a very long-lived 

signalingg state and unique photochemistry 

(Kraftt et al, 2003; Laan et al, 2003). 

Twoo additional reading frames have been 

identifiedd in Rb. sphaeroides that belong to the 

BLUFF family, i.e. ORF's 6138 and 5263. A 

functionn has been assigned to neither of these 

twoo gene products. We therefore analyzed the 

chromosomall  context of these two genes too 

(Figuree 7). Surprisingly, one of the two, ORF 

5386,, located upstream of ORF 5263, has 

homologyy to the C-terminal part of eubacterial 

MCPs. . 

2000 bp 

or/5262or/5262 ^ ^ orf5263 qr/5386 

A A 

or/5266 or/5266 

ORF522 63+ORF538 6 
mcpA A 
mcpB B 
mcpG G 
Tar r 

ORF5263+ORFS386 6 
mcpA A 
mcpB B 
incp G G 
Tar r 

ORF522 63+ORF538 6 
mcpA A 
mcpB B 
mcpG G 
Tar r 

G0PSSGSCSDLRASKPALRWRPGQGFNFDLA A 
KRIRBTPPLTAATPHN N 

ILHTRS|LPRRSTKSRPVTQ_SPGGFQFDLD D 
|AHLKA|RTTLMQRDSDAR R 

LT'KHQTPSRPASEQPP P 

DRHSELDBSFQRPGBAA 134 
SRHLEBAEPITJEDFF 691 

GNGfflDLDgDFgRHATDHAA-- 5 60 
LEEHLDAEFffiARvSS 53 4 
—— AQPRLRIEEQ.DPNÏÏFETF 553 

Figuree 7: The chromosomal context of the BLUF-domain encoding gene ORF5263 in R. 
sphaeroides. sphaeroides. 
A:: Genomic organization of the BLUF-domain encoding gene ORF5263. ORF5263 lies downstream 
off  a gene encoding a protein with homology to E. coli Hip A, and is followed by the small gene 
ORF5386,, whose predicted protein product has homology to methyl-accepting chemotaxis proteins 
(MCPs).. ORF5266 encodes for a protein of unknown function 
(http://genome.ornl.gov/microbial/rsph/).. B: Multiple sequence alignment of the C-terminal part of the 
proteinn encoded by ORF5263, combined with the protein encoded by ORF5386, with MCPs from R. 
sphaeroidessphaeroides and E. coli. Amino acids 97-134 of the BLUF-protein (in open box) combined with the 
aminoo acids encoded by ORF5386 were aligned with the C-terminal sequences of mcpA (Accession 
numberr S54262), mcpG (Accession number CAB46683) and mcpB (Accession number CAB87129). 
Thee alignment was generated by CLUSTALW (http://www.ebi.ac.uk/clustalw/). Residues displayed 
withh a black background are conserved in more than 50% of the sequences; residues with a gray 
backgroundd are similar in more than 50% of the sequences. 
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Thee C-terminal part of ORF 5263, following 

thee BLUF-domain, also shows homology with 

thee C-terminal part of eubacterial MCP's; 

whenn it is joined head-to-tail with ORF 5386 

thee homology is extended. This may lead to 

thee working hypothesis that the gene product 

off  ORF 5263 is the blue-light repellent 

photoreceptorr in Rb. sphaeroides. ORF 6138 

iss encoded in a region of the chromosome, 

downstreamm of the Rhodobacter Kdp 

homologuee (for high-affinity potassium ion 

transport)) plus a protein showing homology to 

thee response regulator family. Recently, 

detailedd information on the characteristics of 

thee behavioral responses of Synechoeystis 

PCCC 6803 towards changes in its illumination 

regimee was reported (Ng et al., 2003). Besides 

twoo bacteriophytochromes (Kondou et al., 

2002;; Wilde et al, 2002), at least one 

additionall  blue-light receptor must contribute 

too the behavioral responses. Considering the 

wavelengthh of maximal sensitivity of this 

responsee {i.e. 470 nm), a flavin type of 

photoreceptorr could be a candidate. The 

genomee of Synechoeystis PCC 6803 contains a 

singlee member of the Cryptochrome family of 

photoreceptorss (Hitomi et al., 2000). This 

protein,, however, has been shown to function 

ass a photoreceptor in the regulation of pigment 

formationn (Brudler et al, 2003). In addition, 

SynechoeystisSynechoeystis PCC 6803 contains one BLUF-

domainn homologue, sir 1694 (Gomelsky and 

Klug,, 2002), that might be involved in blue-

lightt induced behavioral responses in this 

organism. . 

HomologyHomology modeling of PYP(B) from H. 

halophilahalophila SL-1 

Wee have modeled both new PYP sequences 

foundd in H. halophila SL-1 on the known X-

rayy structure of PYP from the BN9626 strain 

(PDBB entry 2PHY). Obviously PYP(A) only 

showss small deviations from the original 

structuree (data not shown). Those that are 

foundd are in side chain orientations and 

locatedd at the surface of the protein. The 

"new""  threonine at position 76 is also solvent 

exposed,, just as the parent tyrosine is. The root 

meann square deviation between the PYP(A) 

modell  and the resolved X-ray structure is only 

0.144 A. The 3D model of PYP(B) is presented 

inn Figure 8. The additional 5 amino acid long 

C-terminall  stretch could not be modeled on 

thee structure of PYP from strain BN9626. In 

thee first models, these residues assumed coil 

conformationss in a random orientation. 

Becausee of the option for an additional 

hydrogenn bond between alal27 and prol02, in 

thee final structure, these residues were 

modeledd as a (3-strand, which was then 

incorporatedd in the central p-sheet. The end of 

thee polypeptide chain {i.e. P128-A130) is still 

randomm coil, causing the hydrophobic alanine 

residuess to be solvent exposed. The 

chromophore-bindingg pocket (of which the 

mostt important lining residues are presented in 

Figuree 8 in ball-and-stick form) does not show 
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anyy differences with that of 2PHY, which 

meanss that the altered stretch of amino acids 

nextt to the ligand-binding cysteine has no 

structurall  consequences. 

mett 100 

giy7 7 

Figuree 8: Ribbon representation of the three-
dimensionall  model of PYP(B). 
Thee chromophore and key residues in the 
chromophore-bindingg pocket, as well as histidine 
1088 and glycine 7 are shown in ball-and-stick 
representation.. Residues 126-130 are indicated in a 
darkerr color. 

Ass can be seen, these residues encompass 

exactlyy one helical turn and in the model the 

hydrogenn bonds required for helix formation 

aree present. The main differences between the 

twoo structures are located in the N-terminal 

cap,, which however, like the rest of the 

protein,, for PYP(B) maintains the same back-

bonee structure. Also the linkage between the 

N-terminall  cap and the PAS core is present in 

thee model for PYP(B): His 108 can still form a 

hydrogenn bonding network with the glycine at 

positionn 7 via a water molecule (Kandori et 

al,al, 2000). Clearly many PYP-ftinctional 

featuress are present in PYP(B) and the rmsd of 

thee 3D model with 2PHY is only 0.38 A. 

OverexpressionOverexpression and primary characterization 

ofPYP(B) ofPYP(B) 

PYP(B)) was purified from E. coli using a 

methodd adapted from (Mihara et al., 1997), 

sincee a large fraction of the protein was 

presentt in inclusion bodies. Reconstitution of 

thee PYP(B) apoprotein with the activated ester 

of/>-coumaricc acid yielded a yellow protein, of 

whichh the absorption spectrum closely 

resembless that of PYP(A) from H. halophila 

BN9626.. Its main absorption peak is slightly 

blue-shiftedd when compared to PYP(A), to 

4433 nm (see Figure 9). The protein is rather 

unstablee when compared to PYP(A); 

3500 400 450 

wavelengthh (nm) 

Figuree 9: Absorption spectra of PYP(B) from 
H.H. halophila SL-1 and PYP from H. halophila 
BN9626.. Samples were taken after 15 minutes 
equilibrationn in the dark, in 10 mM Tris/HCl, pH 
8.. Solid line: PYP(B), dashed line: PYP from H. 
halophilahalophila BN9626. 
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bothh at room temperature, 4 °C and -20 °C, 

precipitationn was observed in the sample. 

Additionn of glycerol (10%) somewhat 

improvedd the stability, but protein 

precipitationn was not prevented completely. 

Precipitationn may also explain the scatter-like 

featuree in the absorption spectrum, especially 

seenn at wavelengths < 350 nm. Upon 

photoexcitationn PYP(B) was bleached, and a 

blue-shiftedd intermediate was formed, similar 

too PYP(A). A clear isosbestic point is seen at 

3855 nm (Figure 10A). After the photo flash, the 

proteinn recovers to its groundstate very slowly; 

thee rate constant, determined by fitting the 

tracee shown in Figure 10B, is 1.3  10" s" . 

Notee that the measuring light also bleaches the 

proteinn because of the slow recovery rate. 

6.55 Conclusions 

Recentt results of genome sequencing have 

identifiedd new xanthopsins in two different 

photosyntheticc organisms: a PYP-

Phytochromee hybrid protein in 

ThermochromatiumThermochromatium tepidum, and a second 

copyy of a pyp gene in Halorhospira halophila 

strainn SL-1. Comparison of the sequence of 

thesee newly discovered genes, with those 

alreadyy previously known, emphasizes the 

notionn of diversification of proposed function 

off  the members of in the xanthopsin family: 

1000 20 0 30 0 40 0 50 0 7000 80 0 

Figuree 10: Recovery kinetics of PYP(B) after 
excitationn with a photoflash. 
A:: UV/Vis spectra after photoexcittion, showing 
bleachingg and recovery of the main absorption peak, 
andd simultaneous formation and decay of a pB-like 
intermediate.. B: Recovery trace after excitation, 
showingg time-dependent absorption at 443 nm. The 
solidd line represents a mono-exponential fit to these 
data. . 

twoo functions of PYP can be proposed, they 

aree either involved in a blue light phototaxis 

response,, or play a role in the regulation of 

genee expression. In H. halophila SL-1, one 

PYPP of either type is present. The previously 

unknownn type, called PYP(B) in this study, 

wass overexpressed and purified. The protein 

wass shown to be an authentic PYP, with an 

absorptionn spectrum resembling that of the 
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knownn PYP's, and a (relatively slow) fully 

reversiblee photocycle after blue light 

excitation.. In several other organisms, of 

whichh the genome sequence is known, only 

onee pyp gene has been found, and in 

RhodobacterRhodobacter sphaeroides, for example, where 

itt has been shown that the (single) PYP is not 

involvedd in blue-light phototaxis, another 

photoreceptorr protein has to be involved. We 

proposee that in this organism, and in 

SynechocystisSynechocystis PCC 6803, a BLUF type 

photoreceptorr is involved in the blue-light 

phototacticc response. 
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7.11 Structural changes durin g the PYP 

photocycle e 

Inn aqueous solution, in the later stages of its 

photocycle,, PYP undergoes conformational 

changess that have characteristics of protein 

unfoldingg {Van Brederode et a/., 1996; 

Rubinstennn et al., 1998; Hoff et al., 1999). In 

Chapterr 2, it was shown that these large 

structurall  changes occur particularly in the N-

terminuss of the protein. This could be 

concludedd from the "Arrhenius-behavior" in a 

PYPP variant in which 25 N-terminal residues 

havee genetically been truncated (A25PYP), 

whereass full-length PYP shows deviation from 

normall  Arrhenius behavior (Van der Horst et 

a/.,, 2001). 

Thee photocycle characteristics of 

A25PYP,, e.g. a slow groundstate recovery and 

lesss structural changes during its photocycle, 

allowedd us to do structural studies on its pB 

intermediate.. These, and other studies of 

A25PYP,, are discussed in the next paragraphs. 

7.1.17.1.1 Transient exposure of hydrophobic 

surfacesurface in the Photoactive Yellow Protein 

monitoredmonitored with Nile Red. 

Ass described above and in Chapter 2, we used 

Arrheniuss plots to analyze changes in protein 

structure,, that are accompanied by changes in 

thee heat capacity (ACP). Another method to 

studyy protein unfolding is to use a probe of 

whichh a specific (spectroscopic) property 

changess with an altered molecular 

environment.. We used a fluorescent 

hydrophobicityy probe to study structural 

changess in both WT PYP and A25PYP 

(Hendrikss et al., 2002). The fluorescence of 

thee probe that was used, Nile Red, is sensitive 

too the local polarity. In a polar environment it 

hass a low quantum yield, whereas a 

hydrophobicc environment both increases the 

fluorescencee quantum yield and shifts its 

emissionn maximum (Dutta et al., 1996; Hou et 

al.,al., 2000). When Nile Red is added to a PYP 

solutionn in the dark, its fluorescence 

characteristicss are the same as in an aqueous 

solution,, indicating that the probe does not 

bindd to the protein in its groundstate. 

However,, after blue-light excitation, binding 

off  Nile Red to PYP is shown by its 

fluorescencee characteristics (see Figure 1). 

Surprisingly,, A25PYP shows exactly the same 

fluorescencee properties, i.e. no binding of Nile 

Redd in the groundstate of the protein, and 

bindingg after blue-light excitation (Figure 1). 

Theree are two hydrophobic cores in PYP that 

cann in principle act as binding sites for Nile 

Red;; one contains the chromophore binding 

pocket,, the other is formed by the two N-

terminall  a-helices and the central {3-sheet. The 

factt that A25PYP behaves similarly to WT 

PYPP with regards to Nile Red binding shows 

thatt (i) the Nile Red probe binds in the 

hydrophicc site that contains the chromophore 

bindingg pocket, and (ii) apart from the 

structurall  changes in the N-terminus during 
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thee photocycle, other structural changes take 

placee near the chromophore binding pocket. 
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Figuree 1: Nile Red emission and excitation 
spectraa for WT PYP and A25 PYP. 
Fluorescencee excitation spectra of NR, with 
detectionn at 600 nm (dashed line) and 659 nm 
(dottedd line), selectively monitoring pB-associated 
NRR and free NR, respectively. The emission 
spectrumm (solid line) was recorded with excitation 
att 540 nm. A: steady-state mixture of pG and pB 
(0.7:: 0.3) of WT PYP at pH 8.0. B: steady-state 
mixturee of pG and pB (0.1: 0.9) of A25 PYP at pH 
8.0. . 

7.1.27.1.2 PAS domains, common structure and 

commoncommon flexibility 

Thee only currently known PAS domains that 

possesss the N-terminal cap belong to the 

xanthopsinn family. By removing the 25 

amino-terminall  residues of PYP, we 

constructedd a minimal PAS domain. The 

structuree of this minimal PAS domain was 

determinedd using X-ray crystallography 

(Vreedee et ai, 2003). The structure of 

A25PYPP was solved by molecular 

replacementt and refined to a 1.14-A resolution 

(seee Figure 2). In the crystals of A25 PYP, 

theree are two protein molecules present in the 

asymmetricc unit cell, with very similar 

conformationss (a rmsd of 0.77 A on the Ca 

atoms).. Removal of the first 25 residues does 

nott significantly affect the overall fold of the 

protein.. Small differences are observed in the 

N-terminuss and the loops consisting of 

residuess 84-88, 98-101 and 111-117, 

presumablyy due to "crystal contacts". Deletion 

off  the N-terminus does result in solvent 

exposuree of several hydrophobic residues 

(Phe28,Trp l l9andPhe l21). . 

Thee A25PYP structure was used in computer 

simulations,, along with FixL, HERG and 

LOV2,, other PAS domains of which the 3D 

structuree has been solved. Essential dynamics 

analysiss showed that certain segments of these 

PASS domains show movements in a concerted 

fashion,, despite the absence of sequence 

conservation.. As wil l be discussed below 

(Chapterr 7.4 and Figure 10), the PAS domains 

mayy use a common mechanism for signaling. 
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7.1.37.1.3 NMR studies on the solution structure of 

thethe pB intermediate ofPYP, using E46Q PYP 

andand A25 PYP 

Whereass the structure of the long-lived 

photocyclee intermediate pB has been 

determinedd using X-ray crystallography, 

severall  spectroscopic studies have shown that 

thee structural changes in solution are much 

largerr than those seen in the pB structure in 

thee crystalline state. Xie et al. have shown that 

thee structural changes in solution are indeed 

largerr than those in crystals, using one and the 

samee technique, time-resolved FTIR, in two 

differentt environments (Xie et al., 2001). 

Becausee of this difference, it is of paramount 

importancee to get detailed information on the 

structuree of pB in solution. Whereas NMR 

wouldd be the technique to achieve this, 

Figuree 2: Structure and 
mapss of A25 PYP. 
Ribbonn representation of the 
crystall  structure of A25 PYP. 
Thee asymmetric unit cell 
containss two proteins. 
Secondaryy structure elements 
aree marked on the structures. 
Thee F„  — Fc, A calc map 
justt before including the 
chromophoree is shown, 
contouredd at 2.5 o. 
Hydrophobicc residues that 
havee become solvent-exposed 
becausee of the deletion of 
residuess 1-25 are shown as 
sticks.sticks. Picture taken from 
(Vreedee/a/.,2003). . 

attemptss to use this technique have failed until 

recentlyy mostly due to two reasons: (i) the 

unstructuredd parts present in pB obscure - by 

broadeningg - also peaks that stem from 

structuredd parts, making assignments very 

difficult ,, and (ii) not enough pB state can be 

accumulatedd to obtain enough information on 

itss structure. Using protein variants with 

propertiess that circumvent these problems 

makesmakes it possible to obtain structural 

informationn on the pB intermediate of PYP-

derivativess in aqueous solution. The E46Q 

variantt of PYP shows less structural 

unfolding,, but has the disadvantage that its 

recoveryy step is faster than in WT PYP, 

resultingg in less accumulation of pB under 

continuouss illumination. In A25PYP, the part 

off  the protein that shows most unfolding has 

beenn removed, and its photocycle is slower 

thann in WT PYP, making it an ideal system to 

98 8 



Generall  discussion 

Figuree 3: Chemical shift difference between pG 
andd pB for  WT and E46Q. 
Chemicall  shift differences are superimposed on the 
structuree of WT PYP for WT (a) and for E46Q (b). 
Peakss are colored lighter with increasing chemical 
shiftt difference. Peaks that were no longer visible in 
pBB are also colored ligh-grey. Peaks that could not 
bee detected due to ambiguity or spectral overlap are 
coloredd gray. An arrow indicates the mutation. 

studyy the pB structure in solution. Both 

variantss have been used in NMR studies 

((Derixx et a I., 2003), Bernard, C. et a/., 

unpublishedd results). It was shown by 

multidimensionall  NMR experiments that the 

structurall  changes during the photocycle are 

lesss pronounced in E46Q PYP than in WT 

PYPP (see Figure 3). A low-resolution structure 

off  pG showed that in the groundstate, the 

structuree of E46Q PYP closely resembles that 

off  WT PYP. Structural changes after 

excitationn were followed by comparing 

NOESY-spectraa of pG and pB. Although there 

wass less line-broadening upon illumination 

thann in WT PYP, illustrating the smaller extent 

off  unfolding, peak overlap still made it 

impossiblee to assign 60% of the protons in the 

pBB state. The absence of E46 prevents the 

formationn of a negative charge in the 

hydrophobicc chromophore pocket, thereby 

makingg the "protein quake" as described by 

Xiee et al. less disturbing (Xie et ah, 2001). 

However,, parts of the protein, i.e. the N-

terminuss and the chromophore binding region 

stilll  cannot be assigned, illustrating that these 

partss show structural changes even in this 

mutant.. The solution structure of the 

groundstatee of A25PYP has been solved with a 

backbonee root mean square deviation (rmsd) 

off  1.02 A (Derix, 2004). It closely resembles 

thee crystal structure, with the largest 

displacementss in the regions comprising 

residuess Ile49 to Arg52 and MetlOO to 

Thrl03.. H/D exchange experiments showed 
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thatt the protection factors in A25PYP are very 

similarr to WT PYP, except for the helix 

consistingg of residues Asn43 to Thr50, which 

showedd no protection in A25PYP. HSQC 

spectraa of the illuminated sample show much 

betterr resolved cross-peaks than in WT, 

indicatingg the smaller degree of disorder that 

iss left in A25PYP. This enables a detailed 

structurall  study of the pB state of this protein. 

Soo far, assignment is not completed, but a low 

resolutionn structure has been determined (see 

Figuree 4). Preliminary results show that at 

leastt the (3-sheet core of the protein remains 

intactt in pB. 

Figuree 4: Superposition of lowest energy 
structuress of A25 pB. 

Thee p-sheet is highlighted in dark grey. 

7.22 A combination of site-directed 

mutagenesiss and chromophore analogs to 

studyy the PYP photocycle 

Inn Chapters 4 en 5, site-directed mutagenesis 

andd chromophore derivatives are shown to be 

importantt tools to understand the mechanism 

off  the PYP photocycle in atomic detail. Some 

proteinn variants and chromophore derivatives 

thatt were prepred are not discussed in these 

twoo chapters; they will be discussed in the 

followingg paragraphs. 

7.2.17.2.1 Locked Chromophores to study the 

isomerizationisomerization process 

AA derivative of p-coumaric acid, 7-hydroxy-

coumarin-- 3-carboxilic acid, has been used to 

studyy the effect of effectively locking the 

chromophoree in its trans configuration 

((Cordfunkee et al, 1998), Chapter 4). As can 

bee expected, PYP reconstituted with this 

chromophoree is strongly impaired in its ability 

too photocycle and shows a highly increased 

quantumm yield of fluorescence. Two other 

chromophoree derivatives have been 

synthesizedd that are locked in a specific 

configuration.. The chemical structures of the 

usedd chromophores are shown in Figure 5. In 

rot-lock,rot-lock, the rotation of the phenol-ring along 

thee long axis of the chromophore has been 

locked.. The resulting protein shows an 

absorptionn spectrum similar to WT PYP, as 

cann be seen in Figure 6. 
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Figuree 5: Overview of chromophore derivatives 
usedd in this study. 
Chromophoress were used to construct hybrid PYP's 
inn which the chromophore is either locked in its is-
configurationn (b, cis-lock), or where the phenolic 
ringg of the chromophore can not rotate with respect 
too the coumaryl tail (c, rot-lock). A shows the native 
chromophore,, pCA. 

Afterr photoexcitation, the protein enters a 

photocyclee and recovers its groundstate with a 

ratee constant k = 1.5 s~', similar to the rate 

constantt in wild-type PYP with a pCA 

chromophore.. Ultrafast measurements on the 

freee chromophore show that also the primary 

photochemistryy in this system is hardly 

affectedd by locking the phenolic ring (Larsen 

etet ai, unpublished results). The other 

chromophore,, cis-lock, is effectively locked in 

itss cis configuration (see Figure 5). This 

modificationn does have a pronounced effect on 

thee absorption spectrum, as can be seen in 

Figuree 6. Presumably, the chromophore is 

protonated,, resulting in the large blue-shift in 

thee spectrum. A pKa could not be determined 

yet;; at pH 10, the spectrum looks the same as 

att pH 8, suggesting a very high pKa in this 

chromophore.. This chromophore can be of use 

inn both structural research of the pB 

intermediatee (in solution), and in studying the 

signalingg partner of PYP, since this 

chromophoree presumably induces a pB-like 

conformationn in the protein backbone. 

Figuree 6: Spectra of PYP hybrids reconstituted 
withh chromophore derivatives. 
Spectraa were taken in the dark in 10 mM Tris/HCl, 
pHH 8.0. Solid: pCA, dash: rot-lock, dotted: cis-lock 

7.2.27.2.2 Site-directed mutagenesis 

Specificc roles of amino acid residues of PYP 

cann be proposed on the basis of structural 

informationn obtained by X-ray 

crystallography.. In these cases, site directed 

mutagenesiss can test these hypotheses. Below, 

threee of these PYP variants are discussed: 

R52AA PYP, R124A PYP and F96L PYP. 
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Arg522 is believed to play an important role in 

PYPP structure and functioning. The residue is 

saidd to "shield" the chromophore from the 

solvent,, which becomes clear from the 3D 

crystall  structure. After photoexcitation, the 

argininee residue swings out of its pocket, 

therebyy exposing the chromophore to the 

solvent.. Furthermore, the positively charged 

argininee may at some point interact through a 

salt-bridgee with the negatively charged 

chromophore.. Quantum mechanical 

calculationss have indicated another role that 

thee arginine residue may play: i.e. stabilizing 

thee negative charge on the chromophore (upon 

excitation;; Groenhof et al, 2002). Genick et 

al.al. showed that the R52A variant of PYP 

behavess very similar to WT PYP (Genick et 

a!.,a!., 1997b). We constructed both R52A, 

R52G,, and R124A variants. The latter was 

constructedd because X-ray crystallography had 

shownn that Argl24, along with Arg52, is 

amongg the residues that show the largest 

degreee of movement after photoexcitation of 

thee protein. Also a double mutation, i.e. 

R52A/R124AA was made, because of the 

possibilityy that one of the arginine residues 

takess over the function of the other when that 

iss replaced by a non-charged side-chain. 

Interestingly,, both R52A and R52G PYP are 

yelloww proteins at neutral pH, in other words 

waterr molecules can not penetrate into the 

activee site to protonate the chromophore. The 

proteinss have absorption maxima at 450 nm 

(R52AA PYP) and 444 nm (R52G PYP). So 

truncationn of the sidechain of residue 52 does 

nott open the pocket to solvent, possibly 

becausee the protein folding around this residue 

hass slightly changed. The pKa of protonation 

doess increase upon changing the residue to an 

alaninee or a glycine: in R52A, two pKa's were 

found:: 3.7 and 4.4, and one pKa of 4.7 was 

foundd in R52G. When looking at the pH 

dependentt absorption spectra in these mutants, 

itt is clear that there are two pB-like species: 

onee with an absorption maximum at 365 nm, 

existingg between pH 3.5 and 4.5, and one with 

ann absorption maximum at 355 nm, existing 

beloww pH 3.5 (see Figure 7). Since the 

maximaa are so close together, it is not possible 

too determine pKa values for both transitions 

fromm these data. Presumably, the higher pKa 

valuee corresponds to protonation of the 

phenolicc oxygen of the chromophore in the 

foldedd protein, whereas the lower is a direct 

resultt in low pH-induced denaturation of the 

protein. . 

Alsoo the photocycle, as reflected by 

thee rate constants of the specific reactions and 

quantumm yields, has not drastically changed; 

thee R52A variant shows a slight decrease in 

thee rate of groundstate recovery, this effect is 

moree pronounced in the R52G variant, which 

showss a rate of groundstate recovery of 

0.022 s1, - 20-fold slower than WT PYP. 

Surprisingly,, the R124A protein has the same 

spectroscopicc characteristics as WT PYP, and 

thee R52A/R124A double mutant has the same 

propertiess as the R52A single mutant. This 
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indicatess that an Arg-residue at position 124 is 

functionallyy not very important for PYP. It 

remainss to be determined whether the 

functionalityy of the Arg52 residue can be 

takenn over by another nearby residue, when 

thee former is replaced. 

pH H 

Figuree 7: pH titratio n of R52A PYP 
A:: Dependence of the absorption spectra on pH. B: 
absorbancee at the absorption maximum as a 
functionn of pH. The solid line was obtained by 
fittingg the data to the Henderson-Hasselbalch 
equation. . 

Phenylanalinee 96 is one of the 

hydrophobicc aminoacids that make up the 

chromophore-bindingg pocket. Furthermore, 

Phe966 has been postulated to play an 

importantt role during the early events in the 

PYPP photocycle; it has been speculated to be 

partt of a transient pericyclic reaction involving 

thee chromophore and this residue (see Figure 

8;; (Radding e? a/., 1999)). 

\r\r  \c 
Figuree 8: Model for  transient pericyclic reaction 
inn PYP. 
Stereovieww picture of the six-carbon transient 
condensatee of the PYP chromophore with F96. The 
nascentt bonds are shown as glowing lines. Picture 
takenn from (Radding et ah, 1999). 

Iff  this hypothesis is correct, changing the 

phenylalaninee residue to a non-aromatic one 

wouldd be expected to greatly effect primary 

eventss in the photocycle of PYP. To test this, 

wee constructed the F96L variant of PYP. 

Surprisingly,, this variant behaved very similar 

too wild-type PYP with respect to absorption 

maximum,, photocycle kinetics, and quantum 

yieldd of fluorescence. Although it may be that 

differencess in the primary photochemistry in 

thiss variant can be seen using ultrafast 

spectroscopy,, the above mentioned similarities 

withh wild-type PYP suggest that the residue 

doess not play the role as postulated by 

Raddingg et al. 

7.33 Primary events in the photocycle of PYP 

Thee primary photochemistry in PYP is based 

onn translcis isomerization of the vinyl double 

bondd in the chromophore. However, the exact 

detailss about isomerization are not observed 

easily.. Questions like: via which mechanism 
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doess the isomerization proceed, and what is 

thee exact role and time of the chromophore 

carbonyll  flipping, i.e. breaking its hydrogen 

bondd with the cysteine backbone amide, are 

difficul tt to answer. Several recent experiments 

havee tried to shed light on these questions, as 

iss described below. 

Byy determination of the so-called Stark effect, 

itt was concluded that a charge translocation 

overr the chromophore takes place upon 

excitationn (Premvardhan et al, 2003). Using 

Starkk effect spectroscopy, the field-induced 

changee in an absorption spectrum is measured. 

Fromm this spectrum, the magnitude of the 

changee in the permanent dipole moment A/2 

andd the (average) change in polarizability 

A(XA(X,, can be deduced, which are a measure of 

thee degree of charge motion upon 

photoexcitation. . 

Itt was found that in PYP, upon excitation, 

theree are large changes both in the permanent 

dipolee moment, ( A/1 = 26 Debye) and in the 

(average)) change in polarizability (A(X = 

lOOOA3).. From the value of the dipole moment 

changee the extent of charge separation in the 

moleculee can be estimated, where one unit of 

electronicc charge separated by 1 A corresponds 

too ~ 4.8 Debye in vacuo. This implies that 

uponn excitation there is charge separation of 

onee unit of electronic charge over a distance of 

~~ 5 to 6 A in WT-PYP. This estimated charge-

transferr distance implies that the negative 

chargee presumably localized on the phenolate 

oxygenn atom, 0 1, in the ground state, is 

displacedd toward the thio-ester moiety (see 

Figuree 9). This proposal is further 

substantiatedd by calculations on model pCA 

systemss (Groenhof et al., 2002; Molina and 

Merchan,, 2001; Sergi et al, 2001). 
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Figuree 9: Model for 
chargee redistribution on 
excitation n 
Thee possible route of 
chargee translocation from 
thee phenolic oxygen 
towardss the carbonyl group 
iss indicated 
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Wee hypothesize that this charge motion would 

consequentlyy increase the flexibilit y of the 

thioesterr tail, by decreasing the activation 

barrierr for the rotation of the C=C bond in this 

moietymoiety in the excited state. 

Anotherr powerful technique that is 

usedd to study early events in the PYP 

photocyclee is infrared spectroscopy, e.g. 

visiblee pump/mid-infrared spectroscopy as 

wass used by Groot et al. (Groot et ai, 2003). 

Usingg this technique, changes in the 

chromophoree and nearby amino acids could be 

followedd with -200 fsec. time resolution. It 

hass been shown that upon photoexcitation the 

tramtram bands are bleached, and shifts of the 

phenoll  ring bands are observed. The latter are 

explainedd as a charge translocation that 

enabless the isomerization process, as is 

describedd above. The isomerization was 

shownn to have occurred on a 2 ps time scale, 

andd is accompanied by breaking of the 

hydrogenn bond of the carbonyl oxygen to the 

cysteinee backbone amide. Both techniques 

describedd above show that upon 

photoexcitation,, charge translocation takes 

place,, presumably from the phenolic oxygen 

towardss the coumaryl tail of the chromophore. 

AA recent paper, on the analysis of a high-

resolutionn structure of PYP, suggests that 

alreadyy in the ground state the chromophore 

adoptss a hybrid electronic configuration, 

combiningg a phenolic configuration with a 

quinonicc configuration (Getzoff et at., 2003), 

butt this has not been confirmed by other 

techniques,, or computational studies. 

Ultrafastt dynamics of the PYP 

chromophoree (or, rather, model compounds 

suchh as TMpCA, described in Chapter 5 of 

thiss thesis) in solution have been determined 

usingg pump-probe experiments (Changenet-

Barrett et al, 2001; Larsen et al, 2003). 

Recently,, these pump-probe experiments have 

beenn extended towards so called pump-dump-

probee experiments. With this novel technique, 

multiplee pathways dynamics could be 

separated,, both in TMpCA and in PYP (Larsen 

etet aL, unpublished results). One of the most 

surprisingg findings was a resonantly enhanced 

ionizationn pathway after LASER excitation, 

thatt generated detached electrons and radicals. 

Thiss ionization of the chromophore was found 

bothh in the protein-bound chromophore and in 

solution. . 

7.44 Concluding remarks 

Wee are heading towards a situation where we 

cann understand the process of signal 

perceptionn and subsequent transduction in 

photoreceptorr proteins on an atomic scale, 

withh time resolution down to the femtosecond 

range.. With the discovery of previously 

unknownn photoreceptors, for example from 

genomee sequencing projects, similarities 

betweenn different types of photoreceptor 

proteinss are found, but also new questions 
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arise.. With the finding of the flavin-type 

photoreceptorr proteins, it turned out that not in 

alll  cases the photochemistry can be based on 

trans/cistrans/cis isomerization. The types of chemistry 

thatt are responsible for formation of a 

signalingg state in these proteins are just 

beginningg to become clear: for example 

electronn transfer in the cryptochromes, proton 

transfer,, possibly accompanied by changes in 

chromophoree stacking, in AppA, and transient 

cysteinyll  adduct formation in phototropin 

LOVV domains. In all cases, a configurational 

changee in the chromophore results in a 

conformationn change in the protein backbone. 

AA striking feature of many photoreceptors is 

thatt subsequent to photo-excitation of the 

chromophore,, an intra-molecular proton 

transferr takes place. This may be an important 

(electrostatic)) feature required for the 

subsequentt conformational change that drives 

aa photoreceptor protein into its signaling state. 

Inn PYP, the early photocycle events 

aree well understood, with one of the most 

importantt newly found aspects the above 

describedd charge separation that precedes and 

presumablyy makes possible trans/cis 

isomerization.. However, there are still 

ambiguities,, such as the precise sequence of 

eventss regarding isomerization and rotation of 

thee chromophore carbonyl group, as described 

above.. However, together with the rhodopsins, 

thee xanthopsins have the best characterized 

primaryy photocycle events. 

Anotherr question that is surfacing in 

organismss that have multiple photoreceptor 

proteins,, such as plants, concerns the intensity 

off  their mutual interactions. Whereas the (two) 

phototropinss function in more or less linear 

responsee pathways, the redundant 

cryptochromess and phytochromes jointly 

regulatee (Lin, 2002a) - through a very complex 

networkk - a variety of responses, at levels 

varyingg from the transcriptional to the post-

translationall  (Quail, 2002). Functional 

redundancyy of the phytochromes and their 

interactionn with several blue light 

photoreceptorss enhance sensitivity to light 

signals,, facilitating the accurate detection of, 

andd response to, environmental fluctuations 

(seee for a recent review about the interactions 

amongg the phytochromes and the integration 

off  light signals with directional and 

temperaturee sensing mechanisms (Franklin 

andd Whitelam, 2004)). It remains a challenge 

too rationalize the underlying mutual 

interactionss from knowledge about the 

dynamicall  changes in the structure of the 

photoreceptorr proteins that are initiated by 

light.. In micro-organisms, where far less 

differentt types of photoreceptor proteins have 

beenn found in a single organism, this problem 

off  complex networks has not (yet) been an 

issue. . 

Manyy photoreceptor proteins 

furthermoree display light-induced branching 

reactionss in their photocycle, particularly 

originatingg from long-lived blue-shifted 
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intermediates,, bringing the protein back in its 

receptorr state. This has been shown for many 

(archaeal)) rhodopsins (e.g. (Balashov et al., 

2000)),, xanthopsins (e.g. (Miller et al., 1993)), 

andd now also for a LOV domain (Kennis et 

al,al, Free University Amsterdam, unpublished 

observations).. Particularly for photoreceptor 

familiess with extremely low recovery rates (< 

10"33 s ', like some phototropins and BLUF 

proteins)) this has important functional 

consequences:: Under many conditions they 

mayy actually operate as 'two-photon 

switches',, such that short-wavelength 

irradiationn negates the effect of visible light. 

Consideringg the events in the second 

halff  of the photocycle of PYP (the formation 

off  pB and the recovery to pG), a lot of 

informationn has already been obtained from X-

rayy crystallography studies, but we are now 

closee to understand the events as they take 

placee in solution, using multi-dimensional 

NMRR (Chapter 7.1.3) and infrared techniques 

(Xiee et al, 2001). Interesting will be to see 

howw interaction with a signal transduction 

partnerr influences the structure and the 

kineticss of the pB state. In general, knowledge 

onn the downstream signal transduction cascade 

iss of utmost importance to have an in vivo 

assayy to test PYP function. Possibly, the 

outcomee of several genome sequencing 

projectss will help with the identification of this 

partner;; because in bacteria, functionally 

relatedd genes are often clustered together in 

thee genome, downstream genes, such as those 

describedd in Chapter 6, may very well be 

involvedd in PYP signaling. An important, but 

stilll  poorly understood aspect during the late 

eventss in the photocycle is how the protein 

backbonee functions as a catalyst in the 

reisomerizationn of the chromophore. Ml00 is 

postulatedd to play an important role in this 

process;; PYP variants in which Ml00 has 

beenn replaced by another amino acid shows 

extremelyy decelerated ground state recovery. 

Kumauchii  and coworkers studied the pKa of 

thee pG recovery process and the activation 

enthalpyy AH+ (calculated from the temperature 

dependencee of the rate of pG recovery). From 

thee linear correlation between the two they 

concludee that Ml00 reduces the energy barrier 

off  the pB decay process (Kumauchi et al., 

2002).. In this model Ml00 would donate 

electronn density towards the chromophore, 

therebyy weakening the interaction between the 

chromophoree and Arg52. Direct evidence for 

thiss model is not available at this moment; 

possiblyy this issue can be settled when the 

recoveryy of pG can be followed in solution 

usingg NMR spectroscopy. Another important 

questionn that has been solved during the last 

feww years, with PYP in a leading role, was 

howw the mesoscopic context of a protein can 

influencee its structure and dynamics. That it 

does,, was elegantly shown in (Xie et al., 

2001),, but the exact mechanism remains 

unclear.. Possibly the finding of the influence 

off  hydration on the photocycle, as described in 

Chapterr 3 of this thesis, will help us further in 
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understandingg this influence of the mesoscopic 

contextt in more detail. 

Ann obvious common feature among 

manyy photoreceptor proteins is the 

involvementt of one or more PAS domains. 

Therefore,, this class of molecules may also 

significantlyy further our basic understanding 

pC'(5DD loop 

saltt bridge 

/|3DD loop 

Figuree 10: Conserved pathway of structural 
connectivityy in PAS domains. (A) Detail of the 
structurall  position of the salt bridge and flanking 
aromaticc side chains in LOV2, FixL PAS, and 
HERG.. Salt bridges are shown as dashed lines. (B) 
Residuess that are part of the structurally 
interconnectedd pathway leading from the FMN 
cofactorr to the conserved surface salt bridge. All 
residuess that are shown are in van der Waals 
contactt with adjacent residues 2 A). The large 
grayy arrow shows the pathway of structural 
connectivityy from the flavin cofactor to the salt 
bridge.. Picture taken from (Crosson et al., 2003). 

off  this very important signal-transduction 

module.. Through detailed analysis of the 

structurall  alterations induced by light-

activationn of LOV domains from phototropins, 

Moffatt and colleagues (Crosson et al, 2003) 

recentlyy discovered a structural element that is 

conservedd in many PAS domains: A salt 

bridgee linking the aB helix with the PC/PD 

loop.. The hydrogen bond between Arg52 and 

thee backbone carbonyl of Tyr-98 may be its 

xanthopsinn equivalent (in E-PYP as well as in 

Ppr-PYP;; see also (Rajagopal and Moffat, 

2003a).. Signal-induced disruption of this 

bridge,, and the resulting flexibilit y of the 

(3C/pDD (or: Ml00) loop, may constitute a 

universall  signal transfer mechanism, to a 

downstreamm signal transduction partner, 

amongg PAS-domain containing proteins (see 

Figuree 10). The flexible aC/pC loop of the 

recentlyy characterized human PAS kinase 

(Amezcuaa et al, 2002) could then be a 

nucleotidee recognition surface, required for 

signall  input. In more recent work from the 

samee group, light-induced structural changes 

inn a C-terminal helix of the LOV2 domain of 

phototropinn were found using NMR 

spectroscopy.. After unfolding, one face of the 

centrall  P-sheet becomes solvent-exposed. This 

parallell  with PYP suggests that both 

photoreceptorr proteins use comparable signal 

transductionn mechanisms, despite of the large 

differencee between the two regarding cofactor 

andd photochemistry. Possibly, this can even be 

extendedd to other, non-photoreceptor PAS 
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domains.. Once this type of extrapolation can 

bee made, the wealth of information obtained in 

studiess of photoreceptor proteins can help in 

thee understanding of the mechanism of 

signalingg in other proteins. 
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Organismss have to be able to respond to changes in their environment, be it positive or negative. 

Sincee bacteria are single-cellular organisms, they are much more susceptible to environmental 

changess than multi-cellular organisms, and can not use differentiated cells to react to these 

changes.. Instead, they use molecular signaling pathways, starting with a receptor protein that 

sensess environmental stimuli, and ending, usually after a cascade of cellular chemical reactions, 

inn a physiological response. This thesis describes several molecular properties of such a receptor 

protein,, dedicated to inform a cell on the color and intensity of its light environment: Photoactive 

Yelloww Protein. 

Photoactivee Yellow Protein (PYP) is a small (125 amino acids, 14 kDa) water-soluble 

proteinn first found in the purple sulphur bacterium Halorhodospira halophiia. PYP is a member 

off  the blue-light photoreceptor family called xanthopsins. The protein owes it bright yellow color 

too a covalently bound p-coumaric acid chromophore. In the dark (ground-) state of the protein, 

thee vinyl double bond of the chromophore is in the fnms-configuration and the phenolic oxygen 

iss deprotonated. Upon blue-light excitation, the protein enters a photocycle in which the double 

bondd isomerizes and the chromophore is protonated. These events lead to formation of 

photocyclee intermediates that have different (UV/Vis) absorption characteristics than the 

groundstatee (pG), and ultimately, the presumed signaling state pB is formed. In this state, the 

configurationalconfigurational change of the chromophore has lead to a conformational change of the protein 

backbone,, to such an extent that it has characteristics of protein unfolding. The actual amount of 

unfolding,, however, has been shown to be strongly dependent on the mesoscopic environment of 

thee protein, e.g. it is much smaller in a crystalline environment than in aqueous solution. The pB 

statee is thought to transfer the light-signal to a signal-transduction partner, ultimately leading to 

negativee phototactic response of the cell towards blue light. 

Thee first part of this thesis deals with the photocycle of PYP, the functional unfolding, 

andd the influence of the mesoscopic context: Chapter 2 shows that a large part of the structural 

unfoldingg of the protein upon pB formation takes place in the N-terminal a-helices. This was 

shownn through truncation studies, after which the Arrhenius behavior of the photocycle in the 

constructedd N-terminally truncated variants was investigated. In the full-length protein, 

temperaturee dependence of photocycle kinetics shows abnormal Arrhenius behavior, indicating 

unfoldingg that results in changes in the heat capacity ACP. The PYP variant in which the 25 N-

terminall  residues have been deleted does yield a normal Arrhenius curve, showing that most 

110 0 



_ _ _ _ _ _ ^^ . . Summary 

unfoldingg takes place in this N-terminus. In Chapter 3 the influence of hydration on the 

photocyclee of PYP is described. After making thin PYP films on quartz-slides, the relative 

humidityy in these films could be set. At very low hydration (<50% relative humidity), an 

authenticc photocycle was not observed, and the (dark) formation of a pB-like intermediate 

suggestedd protein unfolding. Surprisingly, at moderate dehydration, authentic photocycling was 

observed,, albeit with different characteristics than in aqueous solution; the rate of groundstate 

recoveryy has increased, whereas the rate of depletion of the red-shifted intermediate pR has 

dramaticallyy decreased. Global analysis shows that in these partly dehydrated conditions, the 

photocyclee can proceed through a short-cut route, i.e. without formation of the (partially 

unfolded)) pB intermediate. 

Thee second part of the thesis mostly deals with chromophore - protein backbone 

interactions.. In Chapter 4, it is shown how a pointmutation in PYP (E46Q) combined with the 

usee of a chromophore analog, results in a large red-shift in the absorption spectrum of PYP, 

yieldingg a protein that is orange instead of yellow. In Chapter 5, it is shown that the covalent 

linkagee of PYP is of utmost importance for the functioning of PYP. Through use of a PYP 

pointmutantt (C69G) and a chromophore model compound, it is shown that whereas the 

chromophoree can be bound to the protein in the absence of the covalent linkage, an authentic 

photocyclee is not observed. This contrasts the situation in other photoreceptor proteins with 

isomerizablee chromophores, where it has been shown that they can function with a non-

covalentlyy bound chromophore. 

Finally,, in Chapter 6, the function of different xanthopsins is investigated, through 

detailedd analysis of recent data from genome sequencing projects. It is shown that in H. 

halophila,halophila, a second pyp gene is present, in a completely different genomic context than the pyp 

genee already known. Cloning of the gene and overexpression yielded a yellow protein with 

absorptionn characteristics similar to those in the well-studied PYP. It also shows a blue-light 

inducedd photocycle, with a relatively slow groundstate recovery. Presumably, this protein plays a 

rolee in gene regulation, as do some other PYP (containing) proteins. 

Inn Chapter 7, the above described findings are discussed in a larger context. 

Furthermore,, other recent experiments on PYP are described, the most important of which are 

structurall  studies of the pB intermediate in solution, and studies of the early events in the 

photocycle.. Regarding the latter, the most important finding is that the isomerization of the 

chromophoree double bond is preceded by a charge translocation over the chromophore. 

Ass is discussed in Chapter 7.4, models for signaling in photoreceptor proteins in general 

andd PYP in particular can possibly be extended to other, non-photoreceptor PAS domains. Once 
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thiss type of extrapolation can be made, the wealth of information obtained in studies of 

photoreceptorr proteins can help in the understanding of the mechanism of signaling in other 

proteins. . 
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Samenvatting g 

All ee organismen beschikken over mechanismen om zich te beschermen tegen veranderende 

omstandigheden.. Bij enkelcellige micro-organismen is dat extra belangrijk, omdat die niet 

beschikkenn over gedifferentieerde cellen die als barrière kunnen optreden. Deze organismen 

gebruikenn signaleringsroutes, waarbij een receptoreiwit een signaal opvangt en dat - via een route 

vann cellulaire chemische reacties - doorgeeft aan een eiwit dat het signaal omzet in een respons 

vann het organisme. Dit proefschrift beschrijft de reacties binnen zo een receptoreiwit, dat is 

gespecialiseerdd in het bepalen van de kleur en intensiteit licht waarin een bacterièle cel zich 

bevindt:: Photoactive Yellow Protein (Fotoactief Geel Eiwit; PYP). 

PYPP is een klein (125 aminozuren, 14 kDa), wateroplosbaar eiwit dat voor het 

eerstt is gevonden in de purper zwavelbacterie Halorhodospira halophila. Dit eiwit hoort bij de 

familiee van blauw licht fotoreceptoren genaamd xanthopsines. Het eiwit is geel dankzij een 

covalentt gebonden chromofoor, 4-hydroxykaneelzuur. In de grondtoestand (pG) van het eiwit 

bevindtt de dubbele binding van de vinylgroep in deze chromofoor zich in de /ra/75-configuratie, 

enn is de fenolische zuurstof gedeprotoneerd. Na excitatie van deze chromofoor ondergaat het 

eiwitt een aantal veranderingen, waarbij er verschillende intermediairen gevormd worden. De 

vormingg en het verval van deze verschillende intermediairen kan gevolgd worden met UV/Vis 

spectroscopie.. De eerste belangrijke intermediair is pR, waarin de chromofoor trans/cis 

geïsomeriseerdd is. De volgende intermediair, pB, is waarschijnlijk de signaleringstoestand van 

hett eiwit; hier is de chromofoor geprotoneerd. In deze toestand is de configurationele 

veranderingg van de chromofoor omgezet in een conformationele verandering van het eiwit. Deze 

conformationelee verandering is van een zodanige aard dat die zelfs omschreven kan worden als 

eiwitontvouwing.. De precieze graad van ontvouwing blijkt sterk afhankelijk te zijn van de 

moleculairee omgeving van het eiwit; in een kristal rooster, bijvoorbeeld, is de mate van 

ontvouwingg veel kleiner dan in een waterige oplossing. Waarschijnlijk gaat het eiwit in deze 

(deelss ontvouwen) pB toestand een interactie aan met een ander eiwit, wat uiteindelijk leidt tot 

negatievee fototaxis van de cel ten opzichte van blauw licht. 

Hett eerste deel van het proefschrift behandelt de fotocyclus van PYP, de ontvouwing, en 

dee afhankelijkheid van het eiwitvan de moleculaire omgeving ; in Hoofdstuk 2 wordt beschreven 

datt een belangrijk deel van de ontvouwing van het eiwit bij vorming van pB plaatsvindt in de a-

helicess in de N-terminus. Dit wordt gevolgd door de temperatuurafhankelijkheid te bepalen van 

dee reactie waarin het eiwit zich weer in zijn stabiele donkertoestand opvouwt. In de PYP-variant 

waarinn de a-helices uit de N-terminus ontbreken is Arrhenius-gedrag te zien, wat in het volledige 
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eiwitt niet het geval is. Dit wordt veroorzaakt doordat door de ontvouwing hydrofobe delen van 

hethet eiwit geëxposeerd worden aan de oplossing, resulterend in een veranderende 

warmtecapaciteitt (ACP). In Hoofdstuk 3 wordt de invloed van de hydratatie op het (functioneren 

vann het) eiwit bepaald. Dit is gedaan door op quartz-glaasjes dunne films van een sterk 

geconcentreerdee PYP-oplossing aan te brengen, waarin de relatieve vochtigheid ingesteld kon 

worden.. Bij zeer lage hydratatie, lager dan 50% relatieve vochtigheid, wordt er een pB - achtige 

toestandd gevormd, wat duidt op ontvouwing van het eiwit. Bij deze geringe hydrataties is er ook 

geenn fotocyclus meer waar te nemen. Bij gemiddelde hydratatie echter, is er wel sprake van een 

fotocyclus,, hoewel die anders verloopt dan in waterige oplossing: de terugkeer naar de 

grondtoestandd pG is versneld, terwijl het verval van pR sterk vertraagd is. Gedetailleerde globale 

analysee van tijds- en golflengte opgeloste spectroscopische data laat zien dat de fotocyclus bij 

dezee lage hydratatie via een "kort-sluit reactie" kan verlopen, dat wil zeggen rechtstreeks van pR 

naarr pG, zonder vorming van de deels ontvouwen intermediair pB. 

Inn het tweede deel van het proefschrift wordt vooral de interactie van de chromofoor 

mett het omringende eiwit behandeld. In Hoofdstuk 4 wordt getoond hoe een puntmutatie in het 

eiwitt (E46Q), gecombineerd met een chromofoor- analoog, leidt tot een sterke roodverschuiving 

inn het absorptiespectrum, met als gevolg dat het eiwit oranje is, in plaats van geel. In Hoofdstuk 

55 wordt aangetoond dat de covalente binding van de chromofoor met het eiwit van essentieel 

belangg is voor het functioneren van het eiwit. Dit is gedaan met behulp van een mutatie in het 

eiwitt (C69G), gecombineerd met een chromofoor modelverbinding. In dit geval kon de 

chromofoorr wel (niet-covalent) binden aan het eiwit, maar was een fotocyclus niet 

waarneembaar.. Dit in tegenstelling tot andere fotoreceptor eiwitten, die wel kunnen functioneren 

inn afwezigheid van een covalente binding van chromofoor naar eiwit. 

Hoofdstukk 6 behandelt de mogelijke functie(s) van verschillende xanthopsines, met 

behulpp van de analyse van uitkomsten van recente genoom sequentie projecten. In H. halophila is 

eenn tweede pyp-gen gevonden, in een totaal andere genomische context dan die van het al langer 

bekendee pyp-gen. Cloneren van het gen en tot overexpressie brengen van het gecodeerde eiwit 

gevenn - na in vitro reconstitute met de chromofoor - een geel eiwit. Dit eiwit heeft zeer 

vergelijkbaree spectroscopische eigenschappen met het bekende PYP en ondergaat ook een 

fotocycluss na excitatie met blauw licht. Mogelijk speelt dit eiwit, net zoals sommige andere 

xanthopsines,, een rol in genregulatie. 

Inn Hoofdstuk 7 worden de boven genoemde resultaten besproken in bredere context, 

onderr andere met behulp van vervolg experimenten. Bovendien worden er andere recente 

experimentenn aan PYP besproken, waarvan de structuur van de pB intermediair in oplossing en 
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dee vroege gebeurtenissen in de fotocyclus de belangrijkste zijn. Een van de belangrijkste 

vondstenn daarin is dat de isomerisatie voorafgegaan wordt door een ladingsverschuiving over de 

chromofoor. . 

Tenslottee wordt besproken in hoeverre fotoreceptoren in het algemeen en PYP in het 

bijzonderr kunnen functioneren als modelsystemen voor andere receptoreiwitten, al dan niet 

beschikkendd over PAS-domeinen. 
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