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Toward ss th e elucidatio n of th e biologica l rol e 
off  PYP 

Abstrac t t 
Despitee the large amount of data which is available on the photochemical properties of the 
blue-lightt receptor Photoactive yellow protein (PYP) only little is known about its 
physiologicall role. The identification of a putative signal transduction partner of PYP can 
providee crucial information on this biological function. In this study, we report on the 
applicationn of the yeast two-hybrid system for screening genomic libraries of Rhodobacter 
sphaeroidessphaeroides and Ectothiorhodospira halophila to discover proteins interacting with PYP from 
bothh organisms (R-PYP and E-PYP). The expression of the corresponding PYP-fusion 
proteinss in yeast was confirmed by Western blot analysis. Two genomic expression libraries 
weree constructed in such way that the theoretical values to ensure the representation of 
eachh gene were largely exceeded. As an additional control, the actual presence of five 
RhodobacterRhodobacter genes in the library from Rb. sphaeroides was confirmed by PCR amplification. 
Despitee the confirmed expression of the bait proteins in yeast and the high quality of the 
constructedd libraries, no interacting partner for R-PYP or E-PYP could be identified. For two 
otherr proteins encoded in the putative r-pyp operon, OrfA and OrfC, homo-dimerisation 
couldd be shown. 
Analysiss of the biophysical properties of heterologousl y expressed R-PYP showed 
thee presence of two groundstate forms of this protein, with absorption maxima at 
4466 and 360 nm (see Chapter 2 of this thesis). Before starting a detailed 
investigationn of a possible biological role of the UV-light absorbing form, we initiated 
thee study of native R-PYP to confirm this interesting photoactive 360 nm species. 
R-PYPP is expressed in Rb. sphaeroides in exponentially growing cells both under 
anaerobicc and aerobic conditions. The abundance of the protein, with about 300 
moleculess per cell, is very low. Therefore, to purify substantial amounts of native R-
PYP,, a homologous overexpression system for histidine-tagged R-PYP has been 
developed,, leading to an approximately 15-fold overexpression of (His-)R-PYP in 
RhodobacterRhodobacter cells. 

Introductio n n 
Thee blue-light photoreceptor Photoactive Yellow 
Proteinn has been investigated over the past 15 
years.. The first identified PYP, from the halo-
philicc purple bacterium £ halophila (E-PYP, [1]), 
hass been studied thoroughly, allowing the 
accumulationn of detailed biophysical knowledge 
(forr a review see e.g. [2]). Its spatial structure 
hass first been elucidated down to a resolution of 
1.44 A, and recently even down to 0.85 A [3, 4]. 

Abbreviation s s 
PYP:: photoactive yellow protein from Rhodobacter 
sphaeroidessphaeroides (R-PYP) and Ectothiorhodospira halophila (E-
PYP);; YTH(S): yeast two-hybrid (system); AD: Gal4 activation 
domain;; BD: Gal4 DNA-binding domain 

Bothh structures show the chromophore, 4-
hydroxy-cinnamicc acid, embedded in a 
hydrophobicc pocket. This chromophore is 
responsiblee for the photophysical properties of 
PYP.. Upon light ab-sorption [k^ of PYP = 446 
nm),, the chromo-phore isomerises from trans to 
ciscis configuration, initiating a photocycle. During 
thiss photocycle several transient intermediates 
aree formed; one of them is the presumed 
signallingg state of PYP, pB^. Formation of this 
partiallyy unfolded inter-mediate is proposed to 
transmitt a signal to the signal transduction 
machineryy of the cell, initia-ting a physiological 
response. . 
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Inn contrast to the exhausting biophysical know-
ledge,, only little is known about the biological 
rolee of PYP. Several studies were performed to 
elucidatee the physiological function of the 
protein.. In E. halophila, indications were found 
forr a possible role in a negative phototaxis 
responsee [5], but a genetic proof is still lacking. 
Ass a phototrophic, obligate anaerobic bacterium 
E.E. halophila is dependent on the availability of 
lightt to perform anoxygenic photosynthesis. It 
possessess a machinery to swim towards an 
optimall light climate, i.e. it is attracted by 
red/infra-redd light. On the other hand the 
bacteriumm is repelled by high intensity blue light 
[5],, The comparison of an action spectrum for 
thiss repellent response with the absorption 
spectrumm of PYP suggests a function for PYP in 
thiss negative phototaxis response of E. halophila 
[5].. Unfortunately, genetic techniques for this 
extremelyy halophilic bacterium are poorly deve-
loped,, obstructing the delivery of the genetic 
prooff for the proposed function. Subsequently, 
studiess were initiated with the genetically well-
accessiblee purple bacterium Rhodobacter 
sphaeroides,sphaeroides, where also a gene encoding PYP 
hass been identified (r-pyp, [6, 7]). A r-pyp 
knock-outt mutant was constructed and 
investigatedd for a potential role in a number of 
responses,, i.e. negative phototaxis of Rb. 
sphaeroides,sphaeroides, tactic adaptation response, UV-
survival,, and pigment synthesis ([8], Chapter 5 
off this thesis, and unpublished results). So far, 
thee involvement of R-PYP in these (or other) 
processess could not be demonstrated. Also a 
rolee of PYP in the light-dependent regulation of 
chalconee synthase expression, as found for the 
PYP-Phytochrome-hybridd protein Ppr from 
RhodospirillumRhodospirillum centenum [9], is not very likely, 
sincee a gene encoding a chalcone synthase has 
soo far not been identified in Rhodobacter 
(availablee sequence information in public 
databases). . 

Experimentss studying the biological role of PYP 
were,, generally, carried out using blue-light. The 
biophysicall analysis of the heterologously 
expressedd R-PYP, however, revealed the 
existencee of two photoactive groundstate absor-
ptionn maxima; one with an absorption maximum 
inn the blue, at 446 nm - as known from E-PYP, 
andd the second absorbing in the UV region at 

3600 nm (see Chapter 2 and 3 this thesis). This 
observationn implies a possible role of UV-light in 
thee biological function of (at least) R-PYP, 
increasingg the number of possibilities to search 
forr a possible biological function enormously. In 
anotherr approach to elucidate the function of 
PYPP we attempted to identify signalling partners 
forr R-PYP as well as for E-PYP. PYP is a photo-
receptorr which is supposed to translate 
incomingg extracellular light stimuli into intra-
cellularr signals, therefore, the signal must be 
transmittedd into the signal transduction machi-
neryy of the cell in order to generate a physio-
logicall response. A direct interaction of PYP with 
DNAA seems unlikely since no DNA-binding 
domainn or motif has been identified for PYP. For 
thee identification of a putative signal 
transductionn partner of PYP (which can conse-
quentlyy provide information about its biological 
function),, we used the recently very rapid 
developingg yeast two-hybrid system (YTHS, 
[10]).. This method for studying protein-protein 
interactionn has already been very successfully 
appliedd for other proteins containing a PAS 
domain,, a domain which was also recognised in 
thee sequence of PYP [11]. The interaction 
betweenn many PAS proteins was demonstrated 
{e.g.{e.g. [12-14]), and it was also possible to 
discoverr partner proteins using the YTHS. For 
example,, the PAS protein PIF3 was discovered 
ass interacting partner protein for plant 
phytochromes,, by screening a YTH library of the 
ArabidopsisArabidopsis thaliana genome against 
phytochromee [15]. 

Originally,, the term PAS was introduced to 
describee two direct sequence repeats identified 
inn three proteins, namely the Drosophila Periodic 
clockk protein (PER), the vertebrate Aryl 
hydrocarbonn receptor nuclear translocator 
(&RNT)) and the Drosophila Single-minded 
proteinn (SIM). During the last years, more PAS-
containingg proteins have been recognized in a 
widee range of organisms, and the PAS domain 
hass been established as a very common 
componentt in signal transduction pathways (for 
aa review see: [16]). The PAS domain appears to 
havee a function as cofactor binding scaffold as 
welll as in the mediation of protein-protein 
interaction,, through both homo- and hetero-
dimerizationn [16]. In this study we report about 
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thee use of the YTHS to screen genomic libraries 
off Rb. sphaeroides and E. halophila to identify 
thee putative signalling partner protein of PYP. 
Anotherr line of research which is presented in 
thiss study, concerning the construction of a 
homologouss overexpression system for R-PYP. 
Ass already mentioned above, the groundstate 
absorptionn spectrum of R-PYP exhibits two 
maxima,, at 446 and 360 nm. The physiological 
importancee of the existence of the latter, UV-
lightt absorbing, form of R-PYP is not clear. 
Biophysicall experiments were always carried out 
withh heterologously expressed R-PYP, recon-
stitutedd in vitro with the chromophore identified 
inn E-PYP, 4-hydroxy-cinnamic acid. Although 
thiss compound was shown to be present in cells 
off Rb. sphaeroides [7], the chromophore was 
neverr isolated directly from PYP other than E-
PYP,, mainly because of the very low abundance 
off the protein in the cell ([17], and this study). 
Onn the other hand it has been shown that E-PYP 
iss able to covalently bind naturally occurring 
analoguess of 4-hydroxy-cinnamic acid, as for 
examplee 3,4-dihydroxy-cinnamic acid, 3-
methoxy-4-hydroxy-cinnamicc acid and 3,5-
dimethoxy-4-hydroxy-cinnamicc acid [18]. It is 
thuss imaginable, that not 4-hydroxy-cinnamic 
acidd is the chromophore in native R-PYP. Here, 
wee report the successful expression of histidine-
taggedd R-PYP in Rb. sphaeroides cells. 

Material ss  and Method s 

Strain ss an d growt h condition s 

Strainss and plasm ids used in this study are 
listedd in Table 1. 
SaccharomycesSaccharomyces cerevisiae AH109 was grown at 

CC on YPD or selective SC drop-out medium 
att 250 rpm. The drop-out medium was supple-
mentedd with leucine (200 mg \), tryptophan (67 
mgg 11) or histidine (50 mg I'), when required. 
EscherichiaEscherichia coli was grown at C in LB 
medium.. Ectothiorhodospira halophila was 
grownn in anaerobical batch cultures as 
describedd [19]. Rhodobacter sphaeroides was 
grownn anaerobically in the light or aerobically in 
thee dark as described earlier [20]. 

Iff necessary, the antibiotics ampicillin (100 \xg 
ml1)) and kanamycin (50 ng ml'1) were used for 
E.E. coli. For Rb. sphaeroides, kanamycin was 
usedd at a concentration of 25 \xq ml ' . 

Constructio nn o f th e yeas t two-hybr i d 
fusio nn vector s 

Thee pyp gene from E. halophila was PCR-
amplifiedd using plasmid pHisp as template and 
thee primers NPYPNco and CPYPPst. For the 
amplificationn of the pyp gene from Rb. 
sphaeroides,sphaeroides, plasmid pQE30-RPYP was used 
togetherr with the primers NRPYPNco and 
CRPYPPst.. (For the sequence and specification 
off all primers see table 2.) PCR reactions were 
carriedd out using Pwo DNA polymerase (Boeh-
ringerr Mannheim, Almere, The Netherlands) for 
300 cycles, with 30 s at , 30 s at C and 
11 min at . Agarose gel-purified PCR 
productss of -400 bp were restricted with Neck 
andd PsA and ligated into the Nco\ and Pst sites 
off the 6al4-DNA-BD vector pAS2, yielding the 
plasmidss pAS2:EPYP and pAS2:RPYP. 
Site-directedd mutants of e-pyp were constructed 
usingg the Quickchange™ Site-Directed Mutage-
nesiss Kit (Stratagene, La Jolla, CA) following the 
Instructionn Manual. Plasmid pAS2:EPYP was 
usedd as template together with the primers 
D65YY and D65YR to generate the replacement 
off amino acid D65 by tyrosine, yielding plasmid 
pAS2:D65Y.. For the construction of the vector 
pAS2:C69-,, containing e-pyp with D65 substitu-
tedd by tyrosine together with a deleted C69, the 
primerss D65Y/C69- and D65Y/C69-R were 
utilised. utilised. 

Thee plasmids pGBKT7:RPYP, pGBKT7:EPYP, 
pGBKT7:D65YY and pGBKT7:C69- were con-
structedd as described for pAS2:PYP (see above), 
usingg the corresponding pAS2 vectors as 
templates. . 
Too generate YTH fusion vectors containing genes 
fromm the r-pyp-operon, orfA, orfB, orfC, pel and 
r-pypr-pyp were PCR-amplified using plasmid 
PSUP202.799 as template together with the 
primerss orfANdelF and orfASallR, orfBNdelF and 
orfBSallR,, orfCNdelF and orfCSallR, pclNdelF 
andd pclSallR, and rpypNdelF and rpypSallR, 
respectively.. The PCR was performed with Pwo 
DNAA polymerase for 30 cycles, with 30 s at 
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strain s s relevan tt  genotype/descriptio n Referenc e e 

EscherichiaEscherichia oo//DH5a 

EscherichiaEscherichia caff S17-1 

SaccharomycesSaccharomyces cerevisiae AH109 

RhodobacterRhodobacter sphaeroldes RK1 

RhodobacterRhodobacter sphaeroióes RKPI 

RhodobacterRhodobacter sphaeroides RKB 

EctothiorhodospiraEctothiorhodospira halophila 

strainn for conjugational plasmid transfer 

Aade22 Aura3 Aleu Atrp Ahis 

wildtype e 

r-pypr-pyp knock-out mutant 

His6-R-PYPP overexpresskxi strain 

wildtype e 

Gioco o 

[28] ] 

Clontech h 

[81 1 

[8] ] 

thiss study 

Laboratoryy strain 

plasmid s s genotyp e e 

pHisp p 

pQE30:RPYP P 

pAS2 2 

PGAD10 0 

pAS2:EPYP P 

pAS2:RPYP P 

pAS2:D65Y Y 

pAS2:C69--

PGBKT7 7 

PGADT7 7 

pGBKT7:EPYP P 

pGBKT7:RPYP P 

pGBKT7:D65Y Y 

pGBK77:C69--

pGBKT7:orfA A 

pGBKT7:orfB B 

pGBKT7:orfC C 

pGBKT7:pcl l 

pGADT7:EPYP P 

pGADT7:RPYP P 

pGADT7:0rfA A 

pGADT7:orfB B 

pGADT7:orfC C 

pGADT7:pcl l 

pTDI I 

pVA3 3 

PSUP202.79 9 

pBBRIMCS-2 2 

PAH008 8 

overexpresskxii plasmid for His6-E-PYP [6] 

overexpresskxii plasmid for His6-R-PYP [26] 

Amp'' TPP1 PaDH,::GAL4BD Clontech 

Amp'' LEU2 P^ ::GAL4AD Clontech 

Amp'' TRP1 PADHI::GAL4BD::E-PYP this Study 

Amp'' TRP1 PAm,::GAL4BD::R-PYP this Study 

Amp'' TRP1 PAm,::GAL4BD::E-PYPD65Y this study 

Amp'' TRP1 Pm,::GAL4BD::E-PYPD65YAC69 this study 

Kan'' TRP1 PADH,::GAL4BD Clontech 

Amp'' LEU2 P^ ::GAL4AD Clontech 

Kan'' TRP1P^ ::GAL4BD::E-pyP this study 

Kan'' TRP1P^, ::GAL4BD::R-PYP this study 

Kan'' TRP1P^ ::GAL4BD::EPYPD65Y this Study 

Kan'' TRP1 Pwtn::GAL4BD::EPYPD65YACG9 this Study 

Kan'' TRP1 Pwm::GAL4BD::0rfA this Study 

Kan'Kan' TRPIP^ ::GAL4BD::0rfB this Study 

Kan'' 7RP/ PIDm::GAL4BD::0rfC this study 

Kan'' TRP1 PADm::GAL4BD::Pcl this study 

Amp'' LEU2 PtM,::GAL4AD:;E-PYP this study 

Amp'' LEU2 PtM,::GAL4AD::R-PYP this study 

Amp'' LEU2 Ptow::GAL4AD::0rfA this study 

Amp'' LEU2PtDH1::GAL4AD::0rfB this study 

Amp'' LEU2 Ptm::GAL4AD::0rfC this Study 

Amp'' LEU2 PUJH,::GAL4AD::Pcl this Study 

Amp',, LEU2, SV40 large T-antigen (84-708) Clontech 

Amp',, TRP1, murine p53 (72-390) Clontech 

containss 6.5 kb DNA fragment with orfA, r-pyp, orfB, [7] 

orfCorfC and pel 

broadd host range plasmid [27] 

hishisss~r~pyp~r~pyp cloned into pBBR1 MCS-2 this study 

Tablee 1 : Strains and plasmids used in this study 

,, 30 s at C and 1 min at . PCR 
productss were purified, digested with Afctel and 
SahSah and cloned into the vectors pGBKT7 

restrictedd with Afctel and Sah and p6ADT7 
digestedd with Afctel and Xhd (which is compa-
tiblee with Sah). Transformants were selected for 
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Primers s 

NPYPNCO O 

NRPYPNCO O 

CPYPPst t 

CRPYPPst t 

orfANdelF F 

OTtBNfJelF F 

orfCNdelF F 

pclNdelF F 

rpypNdelF F 

orfASallR R 

orfBSallR R 

orfCSallR R 

pclSallR R 

rpypSallR R 

RPYPNHISPST T 

RPYPCSAC C 

D65Y Y 

D65YR R 

D65Y/C69--

D65Y/C69-R R 

Specif ication n 

cloningg e-pyp 

cloningg r-pyp 

cloningg e-pyp 

cloningg r-pyp 

cloningg orfA 

cloningg orfB 

cloningg orfC 

cloningg pel 

cloningg r-pyp 

cloningg orfA 

cloningg orfB 

cloningg orfC 

cloningg pel 

cloningg r-pyp 

cloningg his6-r-pyp 

cloningg r-pw? 

SDM22 e-pyp 

SDMM e-pyp 

SDMM e-pyp 

SDMM e-pyp 

Restriction n 

site e 

Ned Ned 

Ned Ned 

Psi Psi 

Pst\ Pst\ 

Ndd Ndd 

Ndd Ndd 

NOe\ NOe\ 

We\ We\ 

Nde\ Nde\ 

Sat Sat 

Sak Sak 

Sak Sak 

San San 

Salt Salt 

Pst Pst 

Sad Sad 

SnsB SnsB 

SnaB\ SnaB\ 

SnaBi SnaBi 

SnaB\ SnaB\ 

Sequence1 1 

5'-- QacaatoacaccATGGAACACGTAGCCTTCGGTAGC 

5' -- aaQacacacaccATGGAAATCATTCCCTTTGGCAGC 

5' -- acocctocaaCTAGACGCGCTTGACGAAGACCC 

5' -- gcgcfitflcajïTCAGACCCGTTTGACGAAGAGCC 

5' -- cgcgcalAIQCTCAGCACCTCGGAGC 

5'-- cgcgcalMÜACCCGGGGCAGTGC 

5 ' -- cacocatATGAACGTAATGAATGCGGCC 

5 ' -- COCQCatATGACAGCCGAGGGGCC 

5 ' -- cgcgeatAieGAAATCATTCCCrTTGGCAGC 

5 ' -- CQcaQtcaacTTACTTCTCGGAAGTCTCGACG 

5'-- CQCQQtcaacTCATGAGTGTCCTCCGTCG 

5 -- CQCQQtcaacCTAGGCTGCGGCGTCC 

51-- CQCQatcaacCTACCAGTCCGCCAATTTCC 

5 ' -- cgcgglcflafiTCAGACCCGTTTGACGMGAG 

5'' QcaccctacaGAATTCAnAAAGAGGAG 

5'' ocacoaactcTCAGACCCGTTTGACG 

5'-GGCAAGAACnCnCAAGTACGTAGCCCCGTGCACTGACAGCCC C 

5'-GGGCTGTCAGTGCACGGGGCTACGTACnGAAGAAGTTCnGCC C 

5'-GAACnCTTCAAGIA£GTAGCCCCGACTGACAGCCCGGAGnCTACG G 

5'-CGTAGAACTCCGGGCTGTCAGTCGGGGCIACGIACnGAAGAAGnC C 

Tablee 2 : Primers used in this study. ( DrW-sequence of the primers: capitals Indicate homologous sequences, restriction sites are 

underlined,, letters printed In bold Indicate mutations. SOM: Site-directed mutagenesis) 

resistancee against kanamycin (for pGBKT7:orfA, 
pGBKT7:orfB,, pGBKT7:orfC and pGBKT7:pcl) or 
ampiciilinn (for pGADT7:orfA, pGADT7:orfB, 
pGADT7:orfC,, pGADT7:pcl and pGADT7:RPYP). 
Thee insert sequence and the correct frame, for 
alll constructed plasmids, were confirmed by 
commerciall sequencing (BaseClear, Leiden, The 
Netherlands). . 

Constructio nn o f genomi c librarie s 

Genomicc libraries from both Rb. sphaeroides 
RK1RK1 and E. halophila were constructed by 
essentiallyy following methods described earlier 
[21,22]. . 
Briefly:: chromosomal DNA from Rb. sphaeroides 
andd E halophila was isolated and purified on a 
CsCI-gradient,, The DNA was partially digested 
usingg SaiBA (New England Biolabs, Beverly, MA) 
underr optimised conditions and size-fractionated 
onn a sucrose gradient by ultra-centrifugation at 

CC for 18 h at 100.000 x g. The gradient was 
preparedd by rapidly freezing a 17.5 % (wA/) 
sucrosee solution in 10 mM Tris pH 8, 10 mM 
NaCII and 1 mM EDTA at C and subse-
quentlyy slowly thawing at . A linear gradient 
fromm 9 to 24 % sucrose was obtained (as deter-
minedd by measuring the refraction index). After 
ultracentrifugation,, fractions were analysed and 
pooledd to obtain DNA fragments with a size 
rangingg from 1 to 7 kb. Sucrose solution was 
substitutedd by TE buffer through repeated 
centrifugationn in a Centricon 30 tube (Amicon, 
Beverly,, MA). The DNA was concentrated and 
ligatedd into the YTH vector pGAD10 (Clontech, 
Paloo Alto, CA), which was digested with Banti\ 
(Neww England Biolabs) and dephosphorylated 
usingg shrimp alkaline phosphatase (LaRoche, 
Basel,, Switzerland). 

Finally,, ligation reactions were performed at 
CC using T4 ligase (New England Biolabs) with 

optimisedd amounts of vector and insert DNA. 
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Subsequently,, DNA was precipitated and trans-
formedd into £ coli DH5a using electroporation. 
Cellss were plated on 150 mm selective plates. 
Thee size of the libraries was determined in solu-
tionn series. Transformants (1 x 106 colonies for 
Rb.Rb. sphaeroides and 1.3 x 106 colonies for £ 
halophila)halophila) were scraped from the plates and 
grownn for 2 generations in pre-warmed LB 
mediumm supplemented with ampicillin. Cells 
weree harvested and plasm id DNA was isolated 
usingg Qiagen mega prep kit (Qiagen, Hilden, 
Germany).. Plasmid DNA from 20 independent 
coloniess was isolated and analysed for insert 
size. . 

Yeas tt  Transformatio n 

Plasmm ids were transformed into S. cerivisiae 
AMM 09 using the LiAc high-efficiency method as 
describedd [23]. Finally, yeast cells were plated 
onn selective SC plates; colonies appeared after 3 
too 5 days. Colonies were selected for the 
presencee of plasm ids pAS2 (or pGBKT7) for 
restorationn of tryptophan auxotrophy. For 
plasmidsplasmids pGADIO (or pGADT7), colonies were 
selectedd for growth on plates lacking leucine. To 
testt the interaction of the cloned proteins, 
coloniess were grown on plates lacking adenine 
andd histidine. 

Lac ZZ filte r lif t assa y 

Cellss to be tested for 0-galactosidase activity 
weree streaked on selective plates and grown for 
22 to 3 days. A Whatman filter was shortly placed 
onn the colonies and subsequently carefully 
removed.. The filter was frozen 2 times in liquid 
nitrogenn before placing it on a second filter pre-
soakedd with Z-buffer supplemented with 1 mg 
ml '' X-gal (see also: [24]). Both filters were 
incubatedd at C in a sealed petridish and 
monitoredd regularly for blue-colouring. 

Librar yy scree n 

Thee library plasmids were transformed into yeast 
AH1099 containing vector pAS2 with the 
appropriatee bait and plated on SC-leu-trp plates 
too determine the transformation efficiency and 
onn SC-leu-trp-his-ade (SC-4) plates to select for 

positivee interaction. Growth of colonies was 
monitoredd each day and upcoming colonies 
weree re-streaked on fresh SC-4 plates. A lacZ 
filterr lift assay was performed and DNA was 
isolatedd from ade+ his+ lacZ+ yeast colonies 
usingg a protocol modified from [25], 
AA PCR reaction was performed on DNA isolated 
fromm ade+ his+ lacZ+ yeast colonies to 
determinee the insert size of the obtained library 
plasmids.. The PCR reaction had to be optimised 
sincee the amplification of larger inserts (> 1 kb) 
turnedd out to be problematic, probably due to 
thee high GC content of the DNA. Finally, a hot-
startt PCR was carried out using about 0.5 ng 
plasmidd template DNA isolated from yeast, 25 
pmoll of each of the primers PGAD10F and 
PGAD10R,, 0.4 jaM dNTP's, 1.5 mM MgCI, and 
1MM betaine in TaqPolymerase reaction buffer 
togetherr with 1 U TaqPolymerase in a final 
volumee of 50 JJJ. The reaction was performed for 
300 cycles, with 1 min at , 1 min at C 
andd 4 min at , preceded by an incubation 
att C for 5 min and followed by a final poly-
merisationn step of 5 min at . Two controls 
weree used, pGAD10:RPYP and pGADIO 
resultingg in PCR products of 460 and 100 bp, 
respectively.. PCR products were analysed by 
agarosee gel electrophoresis and plasmids were 
selectedd (with inserts larger than 200 bp), which 
weree transformed into £ coli DH5a. Usually 
plasmidd DNA was isolated from 5 to 6 colonies 
perr transformation and analysed by restriction 
withh HindW to verify the PCR results and to 
selectt the plasmid with the desired insert, 
becausee it is possible that one yeast cell 
harbourss more than one library plasmid. 
Subsequently,, selected plasmids were re-
transformedd into yeast AH 109 together with 
pAS22 expressing the corresponding PYP bait 
proteinn and selected for interaction on SC-4 
plates. . 

Wester nn Blottin g 

Twoo different antisera were used for probing the 
expressionn of PYP, antibodies raised against E-
PYPP [17] or R-PYP (this study). For preparation 
off the latter serum, R-PYP was over-expressed 
inn £ coli and purified as described [26]. The 
proteinn was further purified by size exclusion 
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chromatography,, yielding a single band on a 
silver-stainedd SDS-PAGE gel. A rabbit was 
immunisedimmunised twice with 100 \xg of purified protein 
andd serum was obtained as described [17]. 
Cell-freee extracts of yeast strains expressing 
PYP-Gal4-BDD fusion proteins were prepared 
usingg the Urea/SDS protein extraction procedure 
ass described in the Yeast Protocols Handbook 
[24].. Proteins were blotted onto PVDF 
membraness (Biorad, Hercules, CA) using Towbin 
transfertransfer buffer {25 mM Tris, 192 mM glycine, 
20%% methanol, pH 8.3, Towbin et at., 1979). 
Thee membranes were probed either with 
antibodiess raised against R-PYP or against E-
PYPP (see above) diluted 500 and 200 times, 
respectively.. Signals were detected using Pierce 
SuperSignall chemiluminescence detection kit 
(Piercee Biotechnology Inc., Rockford, IL). 
Forr the preparation of cell-free extracts of Rb. 
sphaeroides,sphaeroides, cells were harvested by centri-
fugation,, and the pellet was resuspended in 
loadingg buffer and boiled for 10 min. The 
suspensionn was centrifuged again and soluble 
proteinss were used for SDS-PAGE. Proteins were 
loadedd corresponding to 0.5 ml of a culture with 
OD^^ of 1.0. Blots were prepared as described 
above,, except that the Towbin transfer buffer 
wass supplemented with 0.1 % SDS to facilitate 
transfertransfer of R-PYP with a high pi of about 10. For 
detectionn the ECL bioluminescence detection kit 
(Amershamm Pharmacia Biotech, Uppsala, 
Sweden)) was used. 

Expressio nn o f His e-R-PYP in Rb. 
sphaeroides sphaeroides 

Thee broad-host range plasmid pBBR1MCS-2 
[27]] was used to generate the His-R-PYP 
overexpressionn strain RKB of Rb. sphaeroides. 
Thee transcription is achieved from the £ coli P^ 
promotor,, which activity in Rhodobacter is about 
50%% of the uninduced activity in E.coli. His-
taggedd r-pyp was amplified from template 
pQE30:rpypp by PCR using the primers 
RPYPNHISPSTT and RPYPCSAC. The 450 bp PCR 
productt was restricted with PsA/Sac\, while the 
vectorr was restricted with NsMSad, with Afed 
providingg compatible ends with Pst. The PCR 
productt was ligated into the vector fragment, 
yieldingg plasmid pAH008, and transformed into 

competentt £ coli DH5a, selecting for 
kanamycinn resistance. The sequence of the 
insertt his6-r-pyp was confirmed by commercial 
sequencingg (BaseClear, Leiden, The Nether-
lands).. Subsequently, pAH008 containing the 
correctt insert was transformed into £ coliS^ 7-1 
[28]] and conjugated with Rb. sphaeroides RK1. 
Conjugants,, Rb. sphaeroides RKB, were selected 
onn M22-plates containing kanamycin. The 
presencee of plasmid pAH008 in Rb. sphaeroides 
RKBB was verified by colony-PCR using the 
primerss described above. 

Result s s 

YTHH librar y scree n 

Forr the identification of a possible interaction 
partnerr for PYP, the Gal4-based yeast two-
hybridd system was applied (for a schematic 
representationn see Fig. 1). This system makes 
usee of the yeast transcriptional activator Gal 4 
[10].. Its two essential domains, the DNA binding 
domainn (DB) and the transcription activation 
domainn (AD) have to be in mutual proximity to 
initiatee transcription of controlled genes. In the 
YTHS,, two hybrid- proteins are expressed in 
yeast,, containing two proteins of interest fused 
too either the DB or the AD of Gal4. Upon 
interactionn of those two proteins of interest, a 
protein-proteinn complex is formed, reconstituting 
proximityy of the two Gal4 domains and activating 
thee transcription of reporter genes. This system 
cann also be used for screening an expression 
libraryy to search for interaction partners of a 
protein.. It has been reported that protein inter-
actionss with dissociation constants (KJ above 
-700 uM can be detected using a Gal 4-based 
two-hybridd assay [29]. 

Forr the experiments presented in this study, the 
yeastt strain AH109 was used, which contains 
twoo nutritional markers (auxotrophy for adenine 
andd histidine) and one enzymatic reporter (LacZ), 
eachh under the control of a heterologous Gal4-
responsivee promotor. Genomic libraries of Rb. 
sphaeroidessphaeroides RK1 and E. haiophila were 
screenedd for interaction with R-PYP or E-PYP. 
Twoo expression libraries were constructed in the 
YTHH vector pGAD10, where the insert is 
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Gal44 DNA-binding domain 
fusedd to bait protein 

0 0 

GAL44 activation domain 
fusedd to prey protein or library 

-g^mnmiL L 
UAS S *r r UAS S tr r 

noo expression of reporter genes expressionn of reporter genes 

i.e.:i.e.: ade, his, lacZ 

Fig .. 1 : Schemati c representatio n of th e yeas t two-hybri d system . The bait vectors pAS2 or pGBKT7 contain a fusion of the Gal4 
DNA-bindingg domain with the gene of the baft protein (here r-pyp, e-pyp, orfA-C, pel). The prey vectors pGADIO or pGADT7 encode the Gal4 
actn/ationn domain, which is fused to the gene of the prey protein (r-pyp, orfA-C, pel) or a genomic library (here from Rb. sphaeroldes or £. 
halophll$.halophll$. The fusion proteins are expressed In yeast AH109 and transported into the nucleus. Upon interaction of bait and prey protein, the 
transcriptionn of the reporter genes Is activated. Posttive colonies are restored in adenine and histidine auxotrophy and express p-galactosidase. 

translationallyy fused to the Gal4-AD. Hence, 
fragmentss of partially digested genomic DNA 
fromm £ halophila and Rb. sphaeroides were size 
fractionatedd and ligated into pGADIO. The ex-
pressionn library constructed from chromosomal 
DNAA of £ halophila was isolated from 1.3 x 106 

independentt colonies, and about 88% of the 
constructedd library plasmids contained an insert, 
withh an average size of 1.0 kb. For Rb. 
sphaeroidessphaeroides a library was prepared from 1.0 x 
1066 independent clones, with about 50% of the 
constructedd library plasmids containing an 
insert,, with an average size of 1.8 kb. The actual 
presencee of five Rhodobacter genes in the geno-
micc library was experimentally confirmed: a PCR 
wass successfully performed using corresponding 
primerss for the amplification of orfA, orfB, orfC, 
r-pypr-pyp and pel, generating fragments of the ex-
pectedd size for all reactions (results not shown). 
Withh the two constructed YTH-libraries the 
followingg screens were carried out: R-PYP was 
usedd as bait and screened against a genomic 
libraryy from Rb. sphaeroides and E-PYP as bait 

againstt a genomic library from £ halophila. 
First,, the expression of the bait proteins R-PYP 
andd E-PYP in yeast was confirmed. Western 
blotss were carried out on cell-free extracts of 
yeastt AH109 containing the bait plasmids 
pAS2:RPYPP or pAS2:EPYP in a background of 
thee empty pGAD10 plasmid. As shown in Fig. 2, 
cross-reactingg bands with a molecular weight of 
aboutt 36 kDa can be detected in the strains 
harbouringg the bait plasmids. Antibodies 
preparedd against purified E-PYP were used for 
detectionn in Fig. 2A, a signal was only obtained 
inn the strain expressing E-PYP (lane 4). On the 
otherr hand, antiserum raised against R-PYP 
cross-reactedd only with cell-free extracts from 
yeastt expressing R-PYP (Fig. 2B, lane 3). The 
strainss containing no or the empty pAS2 plasmid 
didd not show any cross-reaction (lanes 1 and 2). 
Thee approximate size of the detected signals 
correspondss with the expected size of the fusion 
proteinss of about 36 kDa (Gal4-DB: 22 kDa and 
PYP:: 14 kDa). Clearly, the fusion proteins PYP-
Gal4-BDD are expressed in yeast AH109. 
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Forr R-PYP a number of 1.7 x 106 transformants 
wass screened and after 5 days 5 ade+ his+ 
coloniescolonies were obtained. A LacZ filter lift-assay 
confirmedd the activation of the third reporter 
systemm for all 5 colonies. Analyses of the insert 
sizee revealed 4 colonies containing inserts larger 
thann 2 kb; one colony did not contain a 
detectablee insert. As a control experiment, the 
plasmidss were re-transformed into yeast AH109 
togetherr with bait plasmid pAS2:RPYP, but 
surprisinglyy no growth could be detected in the 
absencee of adenine and histidine. Colonies from 
aa control transformation with plasmids pVA3 and 
pDT1,, encoding two known interacting proteins, 
weree able to grow on the selective plates. 
However,, also a repeated transformation could 
nott confirm the initially found positive inter-
action,, characterising the originally isolated colo-
niess as false positives. 

AA similar situation was found in the screen of the 
E.E. halophila library against the bait E-PYP. Here 
aa much higher number of initially positive clones 
weree obtained, 133 ade-i- his-t- lacZ+ positives 
fromm 2.1 x 106 screened colonies. From those 
1333 positives only 66 contained inserts larger 
thann 200 bp, from which only 40 had inserts 
largerr than 400 bp, as determined by PCR and 
restrictionn analyses. Approximately the same 
numberr of clones (67) contained plasmids with 
noo or very small inserts. Initially, plasmids with 
ann insert size larger than 400 bp were isolated 
andd re-transformed together with bait plasmid 
pAS2:EPYPP into yeast AH109, but no confir-
mationn of the initial interaction could be found. 
Alsoo an extended analysis of the plasmids with 
smallerr inserts (200-400 bp) did not yield true 
positives.. Moreover, the screens were repeated 

bai t t 
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pGBKT7:RPYP P 
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Fig.. 2: Expression of E-PYP and R-PYP fusion proteins 
fromm the Yeast Two-hybrid vector pAS2. Western blots of 
cell-freee extracts from yeast strain AH109 harbouring the following 
plasmidss (1) no plasmid, (2) pAS2 and pGAD10, (3) pAS2:RPYP and 
PGAD100 and (4) pAS2:EPYP and pGAD10. The blots were probed 
withh antibodies against E-PYP (A) and R-PYP (B). The cross-reacting 
bandss (indicated by the arrow) migrate at a posftion that corresponds 
too the molecular weight of the fusion proteins (i.e. PYP (14 kDa) fused 
too the Gal4 DNA-binding domain (22 kDa)). 

Subsequently,, the libraries were transformed in-
too yeast strain AH109 containing the bait vector 
pAS2:RPYPP or pAS2:EPYP and interaction positi-
vess were selected on plates lacking adenine and 
histidine.. An overview of the results ob-tained in 
thee different screens is shown in Table 3. 

Tablee 3: Summary of YTH library screens. 
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usingg alternative vectors for the expression of 
thee bait proteins R-PYP and E-PYP. This plasmid 
(pGBKT7),, which is present in high copy 
numberss and ensures high-level protein expres-
sion,, did reveal less (initially) positive clones, but 
againn the interaction could not be verified (see 
Tablee 3). 

Thee inserts of a number of plasmids isolated 
fromm initially positive colonies were sequenced. 
Amongg the clones picked up in the PYP screens, 
wee have found sequences encoding heat shock 
proteins,, DNA polymerase subunits, DNA recom-
binase,, alcohol dehydrogenase, NADH dehydro-
genase,, protein kinase, and others. 

SDMM mutant s mimickin g th e correc t 
PASS fol d 

Forr  many proteins the correct folding of the 
interactingg partner protein is a requirement for a 
detectablee interaction. It is possible that the 
properr folding of apo-PYP is hampered in the 
yeastt cell, since this protein is a photoreceptor 
withh the co-factor 4-hydroxy-cinnamic acid 
boundd to its protein moiety. To overcome this 
problemm a YTH screen was performed with the 
E.E. halophila library against two site-directed 

mutantss of E-PYP as bait. These mutants, D65Y 
andd D65Y/C69-, were constructed based on the 
propositionn that the 3D-structure of PYP 
providess the prototype for the so-called PAS-fold 
[30].. A multiple sequence alignment of a 
numberr of PAS proteins shows the presence of 
ann aromatic residue at position 65 in most of 
thesee proteins [30]. In contrast, E-PYP contains 
ann aspartate at this position, which is in the 
vicinityy of the chromophore-binding residue C69. 
Thee aromatic amino acid present in many PAS 
domainss at position 65 could possibly fill the 
cavityy created by the absence of the E-PYP 
chromophore,, 4-hydroxy-cinnamic acid. Fig. 3 
showss that in the PAS domain of the human K*-
channell HERG, this cavity is indeed filled by a 
phenylalanine.. In the mentioned sequence 
alignmentt [30] only PYP contains Cys69, all 
otherr PAS domains show a gap at this position. 
Too mimic the PAS-fold in the absence of the 
chromophore,, screens were performed with two 
E-PYPP mutants, D65Y and D65Y/C69-. Only a 
smalll number of positive ade+ his+ lacZ+ 
cloness was obtained. Again these clones turned 
outt to be false positives; the initially obtained 
interactionn could not be confirmed upon re-
transformation. . 

Fig .. 3: The cavit y fille d in E-PYP wit h th e chromophor e is in th e PAS domai n of HERG fille d wit h an aromati c amin o 
acid .. The 3D-structures of E-PYP [3], (panel A) and the PAS domain of the human potassium channel HERG [42], (panel B) are shown. The 
chromophoree of PYP, 4-hydroxy-cinnamlc acid, is highlighted in ball-stick view. In the HERG PAS domain, where this co-factor Is absent, the 
correspondingg cavity is filled by an aromatic amino add (phenylalanine), shown as ball-stick. 
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Interactio nn betwee n protein s fro m th e 
r-pypr-pyp opero n 

Sincee no protein interacting with R-PYP, E-PYP 
orr mutant variants could be identified in a library 
screen,, another attempt was undertaken to 
investigatee a possible interaction between 
proteinss encoded in the putative r-pyp operon 
(seee also Discussion). 
Thee genes orfA, orfB, orfC, r-pyp and pel were 
clonedd into the vectors pGBKT7 and pGADT7. 
Coloniess containing both plasmids with different 
combinationss of bait and prey proteins were 
testedd for growth on plates lacking adenine and 
histidinee and for expression of the lacZ gene. 
Indicationss for the ability to form homo-dimers 
weree found for OrfA and OrfC, where growth of 
yeastt colonies expressing OrfA/OrfA and 
OrfC/OrfCC (cloned in the two YTH vectors) was 
observedd after 3 days. The results from the lacZ 
filterr lift assay confirmed the detected interaction 
betweenn orfA/orfA and orfC/orfC. No indication 
wass obtained for the ability of proteins encoded 
inn the operon to form dimers with R-PYP. 

Homologou ss overexpressio n of 
histidine-tagge dd R-PYP 

Soo far, we were not able to establish a biological 
functionn of PYP in Rb. sphaeroides (see [20] and 
Chapterr 5 of this thesis). The assays were, 
generally,, carried out with blue light. However, 
biochemicall analysis of heterologously 
expressedd R-PYP, reconstituted with 4-hydroxy-
cinnamicc acid, revealed that this protein consists 
off a blue-light absorbing form like all other 
knownn PYPs, but additionally of a UV-absorbing 
species.. To estimate the biological relevance of 
thiss latter form we decided to purify and study 
nativee R-PYP expressed in Rb. sphaeroides cells. 
Too do so, we first investigated the abundance of 
R-PYPP in the cell, and the conditions under 
whichh the protein is expressed. Therefore we 
analysedd Rb. sphaeroides RK1 cultures grown 
anaerobicallyy in the light or aerobically in the 
dark.. As a control, cultures of a r-pyp knock-out 
mutant,, Rb. sphaeroides RK1PI [8], were grown 
underr the same conditions. We carried out 
Westernn blots using antibodies raised against R-
PYP;; results are shown in Fig. 4. For both 

Fig .. 4: Expressio n of R-PYP in Rb. sphaeroides, as 
probe dd wit h a polyclona l seru m raise d agains t R-PYP. 
Solublee proteins from Rb. sphaeroides RK1 cells grown (A) 
anaerobicallyy in the light (ligth intensity -130 mE m-2 s-1) or (B) 
aerobicallyy in the dark were separated on a SDS-PAGE and probed 
withh antiserum against R-PYP. As a posttn/e control, 3 ng of purified 
R-PYPP was loaded in lane 1. Cell-free extracts of the r-pyp knock-out 
strainn Rb. sphaeroides PI were used as negative control, grown 
anaerobicallyy (A: lane 5 and 6) or aerobically (B: lane 6). Each lane 
containss the same amount of protein from cultures harvested at the 
followingg OD660: 0.2, 0.9, 5.5. 0.2 and 0.7 (blot A -lane 2-6) and 
0.2,, 0.4, 1.0, 1.7 and 0.2 (blot B lane 2-6). Note that the maximal 
OD6600 that can be attained at the two growth conditions differs. 

growthh conditions cross-reacting bands can be 
observed.. One band with an apparent molecular 
weightt of about 14 kDa can be assigned to 
cross-reactionn with R-PYP, since it co-migrates 
withh the band obtained from purified R-PYP (lane 
1)) and is absent in the r-pyp knock-out mutant. 
Thee other band at about 40 kDa is attributed to 
aa non-specific cross-reaction of the R-PYP 
antiserumm with a protein from Rb. sphaeroides. 
Forr both cultures, grown anaerobically in the 
lightt and aerobically in the dark, a signal for R-
PYPP is observed, indicating that the 
presence/absencee of light or oxygen is not 
requiredd for the production of R-PYP. On the 
otherr hand, the expression level of R-PYP seems 
too be dependent on the growth phase of the 
culture.. Whereas cells growing exponentially 
(ODggdd 0.2 to 1) show a clear signal in the 
Westernn blot, cultures harvested in the 
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Fig .. 5: Wester n blo t of cell-fre e extract s of Rb. 
sphaeroidessphaeroides RKB expressin g His-RPY P probe d wit h 
antiseru mm agains t R-PYP. Cultures were harvested at OD 0.6 
(1),, 1.5 (2) and 2.6 (3). Lane 4 shows cell-free extract of r-pyp 
knock-outt strain Rb. sphaeroides PI not expressing His-RPYP, lane 5 
containss purified His-RPYP overexpressed in £ coll. 

stationaryy phase (OD^ 5.5 and 1.7 for 
anaerobicallyy and aerobically grown cultures, 
respectively)) show no cross-reacting band at 14 
kDa. . 
Fromm these experiments the abundance of R-
PYPP in the cell was estimated as about 300 
moleculess per cell, by comparing the intensity of 
thee cross-reacting bands from purified R-PYP 
andd cell-free extracts from Rb. sphaeroides 
(aboutt 6 ng per ml cells with an OD^ of 1). This 
resultt correlates with an estimation of a few 
hundredd molecules per cell for E-PYP [1], 
However,, for the purification of substantial 
quantitiess of native R-PYP the cultivation of 
enormouss amounts of cells would be necessary. 
Too circumvent this problem, we developed an 
expressionn system for R-PYP fused to a 
histidine-tagg for subsequent specific purification 
viaa affinity-chromatography. Therefore, his6-r-
pyppyp was cloned into the broad-host range vector 
pBBR11 MCS-2, yielding plasmid pAH008 (see 
Materialss and Methods). This plasmid was 
introducedd into Rb. sphaeroides via 
conjugationall gene transfer, yielding strain Rb. 
sphaeroidessphaeroides RKB. This strain was grown under 
differentt conditions and tested for the expression 
off His-R-PYP. 

Thee presence of the protein was monitored 
usingg Western blotting and is evidently achieved 
ass shown in Fig. 5. Cell-free extracts of Rb. 
sphaeroidessphaeroides RKB show a clear cross-reacting 
bandd with the same apparent size as His-R-PYP 
purifiedd from £ coli, indicating the expression of 
nativee His-R-PYP. A strong signal is obtained 
alreadyy at an OD^ of 0.6, but the amount of 
expressedd protein was increased at OD660 1.5 
andd 2.6. The expression level was estimated as 
maximallyy -100 jxg per litre anaerobically grown 

culture,, corresponding to an approximately 15-
foldd overexpression of His-R-PYP, compared to 
wildtypewildtype R-PYP. Now, the his-tagged protein has 
too be purified to investigate its biophysical 
properties.. Those experiments are currently 
ongoing. . 

Discussio n n 

Inn the presented study we attempted to identify 
proteins,, transmitting a signal, sensed by the 
blue-lightt photoreceptor PYP, to other 
componentss of a putative signal transduction 
pathway.. Therefore we applied the YTHS, a 
techniquee proven to be successful in discovering 
interactingg partners of PAS proteins (e.g. [15]). 
However,, screening genomic expression libraries 
off Rb. sphaeroides and £ halophila against R-
PYPP and E-PYP failed in the identification of an 
interactingg transducer protein. 
Inn most of the reported cases, the YTHS has 
beenn applied to eukaryotic systems, making use 
off constructed cDNA libraries, representing the 
populationn of expressed proteins of a cell. Even 
iff this approach has some disadvantages, as 
rarelyy expressed proteins might be missed 
whereass others can be overrepresented, it has 
beenn successfully and extensively used for 
eukaryoticc proteins (e.g. [15, 31, 32]). In 
addition,, YTH screens have been successfully 
performedd for prokaryotic systems, using 
expressionn libraries, constructed from genomic 
DNAA (e.g. [33-35]). The size or coverage is a 
veryy important parameter for a constructed 
(genomic)) library, indicating the probability for 
thee representation of every single gene. The 
numberr of independent clones N necessary to 
guaranteee the presence of a particular sequence 
withh the probability Pcan be calculated with the 
formulaa N = ln(1-f)/ln[1-(^G)], where / is the 
averagee size of the cloned fragments and G is 
thee size of the genome [21 ]. For Rb. sphaeroides 
withh a genome size of approximately 4 x 106 bp 
(forr £ halophila the size of the genome is not 
known,, but we assume that it is in the same 
range),, about 9200 independent clones are 
necessaryy to represent a fragment of 2 kb with a 
probabilityy of 99%; for a fragment size of 1 kb 
thiss number should be about 18400. For an 
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expressionn library, the number of required 
cloness increases at least six-fold, due to the 
threee possible reading frames and two different 
insertt orientations, yielding numbers of about 
5.55.5 x 104 for 2 kb average fragment size and 
1.11 x 105 for 1 kb average fragment size. The 
Rb.Rb. sphaeroides library used in this study was 
preparedd from 1.0 x 106 independent clones, 
withh about 50% of the constructed library 
plasmidss containing an insert with an average 
sizee of 1.8 kb. For E. halophila, 88% of the 
libraryy plasmids contained an insert with an 
averagee size of 1.0 kb, prepared from 1.3 x 106 

independentt colonies. These values, achieved in 
thee two constructed libraries, are much larger 
thann the theoretical values for the number of 
independentt clones necessary to represent a 
fragmentt of 2 kb or 1 kb. Moreover, to confirm 
thee presence of several genes in the genomic 
libraryy from Rb. sphaeroides, five genes, orfA, 
orfB,orfB, orfC, r-pyp and pel, were successfully 
amplifiedd in a PCR reaction. 
Consequently,, the quality of the constructed 

genomicc libraries can almost certainly be 
excludedd as reason for the failure of the screens. 
Anotherr reason which can be excluded is a 
lackingg expression of the bait proteins R-PYP 
andd E-PYP. We could clearly show by Western 
blottingg that both bait proteins are expressed in 
yeastt (see Fig. 2). Nevertheless, we can not 
assuree a proper folding of these proteins in the 
yeastt cell, especially in the background of a 
missingg chromophore. There are no indications 
thatt 4-hydroxy-cinnamic acid is synthesised in 
yeastt cells, nor are there hints for the presence 
off a pel homologue, involved in the attachment 
off the chromophore to the protein (see also 
furtherr below). We aimed to circumvent this 
potentiall problem by constructing two site-
directedd mutants, based on a sequence 
alignmentt of a number of PAS domains [30]. We 
replacedd D65 of the E-PYP sequence by the 
aromaticc amino acid tyrosine and additionally 
eliminatedeliminated C69, mimicking a correct PAS-fold 
(Fig.. 3). Unfortunately, also this approach did not 
deliverr true positives in the screen. A reason 

o r f FF GGK32GI» V ^ K A G M ^ A F B A A A K Ê W P W L S A P L P H S R H R K I ^ — C S I Q l B s j f f i l l S P P W E S G A A V Pg 2 05 
PgsA_BACSUU FDLSJPAJJ M y i ï ' I ISgEFflfflTGLgJiVLA GTGgWgANMÏi-GKÏKTV^QïggWSgLLBHNLPFELV 158 
c o n s _ P r odd A Y A § G T X T L S I J S l . i G I A g E F i a i A A S 5 ^ S Y I R A R A ^ V G G E OT 1 19 

orf FF SAASLAHLH S F G R D VA llflR S 227 
PgsA_BACSUU i F P Ï A D g A H v A V F F T W S G W E Y F S K N p g L i g T SN 1 93 
c o nss P r od GA 1 21 

Fig .. 6: The putativ e r-pyp operon . A - 6.5 kb DNA fragment from Rb. sphaeroides RK1 containing the putative r-pyp operon, wtth orfA-C 
andd the genes pel and r-pyp, and genes homologous to cyl b (replacing formerly assigned orfD) and pgsA (former^ orfF), as well as orfE. B -
Multiplee sequence alignment of the deduced amino acid sequences from orfF, pgsA from Bacillus subtilis and the consensus sequence of the 
Prodomm protein family CDP-diacylgtycerol-gtycerol-3-phosphate 3-phosphatidyftransferase. The conserved sequence motive (D-G-X(2)-A-R-X(8)-
G-X(3)-D-X(3)-D)) is shown above the alignment. Identical residues between orfF and pgsA (and the Prodom sequence) are indicated in black, 
homologouss amino acids in grey. The alignment was performed using ClustalW and matrix Blosum62. 
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Fig .. 7: Phylogenti c tre e of all know n PYPs. The 
phylogeneticc tree of all known PYP sequences is shown: Rsph -
RhodobacterRhodobacter sphaeroides (EMBL AJ002398), Reap - Rhddobaclei 
capsulatuscapsulatus (EMBL AF064095), Ehal - Ectothiorhodosplra halophila 
(EMBLL X98887), Csal - Chromatlumsalexlgens(EMBL X98888), Rsal 
-- Rhodospirillum salexigens (EMBL X98888), Rcen - Rhodosprillum 
centenumcentenum (PYP domain) (AF064527). The numbers represent 
calculatedd PAM distances, • indicates the weighted centroid of the 
tree.. The tree was constructed using the program AIIAII: Related 
peptidee (http://cbrg.inf.ethz.ch). 

couldd be that the mutant proteins were not able 
too emulate the correct PAS fold; a definitive 
controll would be the determination of their 
crystall structure. 
Thee presence of the chromophore is possibly 
necessaryy for a correct folding of PYP, but the 
chromophoree is most likely essential for the 
formationn of the signalling state under moderate 
physiologicall conditions. A possible explanation 
forr the failure of identifying partner proteins of 
PYPP could be that the formation of the proposed 
signallingg state, upon illumination with blue light, 
iss required to establish a (transient) interaction of 
PYPP with its transducer protein. Due to the lack 
off the chromophore, which is the carrier of the 
photocycle,, the formation of pB is impossible. 
Too summarise, the lack of the chromophore 
leadingg to either an incorrect folding of the 
proteinn or preventing the formation of the 
signallingg state is the most likely reason for the 
failuree of the YTH approach to identify an 
interactingg partner of PYP. 
Thee occurrence of false positives (see Table 3) is 

aa common feature in YTH experiments [36]. 
Mostt of the reported false positives are proteins 
involvedd in stress responses, energy metabolism 
andd DNA and RNA synthesis, changing the 
metabolismm of the yeast cells and initiating 
growthh on selective plates. Examples are: heat 
shockk proteins, ribosomal proteins, ferritin, 
ubiquitin,, cytochrome oxidase, mitochondrial 
proteins,, proteasome subunits, tRNA synthase, 
zincc finger proteins, inorganic pyrophosphatase, 
elongationn factors, NADH-reductase, NADH 
dehydrogenasee ([37] and see also 
www.fccc.edu/research/labs/golemis/lnteraction n 
TraplnWork.html).. Among the clones picked up 
inn the PYP screens, we have found examples for 
mostt of those classes of proteins, confirming the 
abovee described picture. 

Anotherr approach to find possible interaction 
partnerss of R-PYP is based on the observation 
thatt many prokaryotic genes are located in the 
neighbourhoodd of functionally related genes in 
thee genome. For r-pyp the analysis of the 
flankingg regions revealed the presence of 7 open 
readingg frames [7], Only one orf showed 
significantt sequence homology with known 
geness from the public databases. This gene, pel 
-- a homologue of CoA ligase, is presumably 
involvedd in the synthesis of an activated form of 
thee chromophore by adding CoA to 4-hydroxy-
cinnamicc acid [6]. The other 6 orf's, orfA-F, did 
nott show significant homology to known genes. 
However,, re-analysis of the DNA-sequence led 
too a change in the former operon designation 
(forr an updated picture see Fig. 6A): i) The de
ducedd amino acid sequence of orfF, with 5 to 8 
predictedd transmembrane domains, shows 40% 
similarityy to CDP-diacylglycerol-glycerol-3-
phosphatee 3-phosphatidyltransferase (PgsA) 
fromm Bacillus subtilis. This protein is an integral 
membranee protein involved in the biosynthesis of 
acidicc phospholipids [38] and is a member of a 
largee protein family. The conserved motive of 
thiss protein family, the phosphatidyl-transferase 
signature:: D-G-X(2)-A-R-X(8)-G-X(3)-D-X(3)-D, 
iss also present in orfF. OrfF shares 38% 
similarityy at the amino acid level with another 
PgsAA homologue present in the genome of Rb. 
sphaeroides.sphaeroides. ii) In a recently published study 
[39],, a new orf was detected in the downstream 
sequencee of r-pyp, with a different orientation as 

http://cbrg.inf.ethz.ch
http://www.fccc.edu/research/labs/golemis/lnteraction
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formerlyy assigned. The deduced amino acid 
sequencee of this orf shows high homology to 
bacteriall ö-type cytochromes, but no phenotype 
forr a knock-out mutant could be found for Rb. 
sphaeroides. sphaeroides. 
Withh this new knowledge we propose a putative 
r-pypr-pyp operon, consisting of orfA, r-pyp, orfB, 
orfCorfC and pel, followed by the probably functio
nallyy unrelated genes cyt b and pgsA. This hypo
thesiss is supported by an analogous gene 
arrangementt in the genome of Rb, capsulatus 
{Rb.{Rb. capsulatus genome project: www. integrated 
genomics.com;; and see Fig. 8). All proteins 
encodedd in the putative operon are potentially 
cytoplasmicc since the analysis of the hydropho-
bicityy profile did not predict hydrophobic regions 
andd also no signal sequences could be detected. 
Nevertheless,, an interaction between different 
proteinss encoded in this operon could not be 
establishedd through YTH experiments. Only the 
formationn of homo-dimers of OrfA and OrfC 
proteinss could be shown; none of the proteins 
waswas found to interact with R-PYP. 
Altogether,, the strategy to obtain indications 

aboutt a possible biological function of PYP 
throughh the identification of interacting proteins 
wass not successful. So far, the only example of 
aa PYP-like protein with a proven function is Ppr 
fromm Rhodospirillum centenum [9], Ppr is 
involvedd in the light dependent regulation of the 
expressionn of chalcone synthase, an enzyme 
playingg a role in flavonoid biosynthesis [9]. This 
protein,, however, is a hybrid protein, bearing a 
N-terminall PYP-like domain, a central 
phytochrome-likee domain and a C-terminal 
histidinee kinase domain. 

Analysiss of the primary amino acid sequences of 
alll known PYP's reveal the existence of possible 
sub-groupss in the Xanthopsin protein family (Fig. 
7).. PYP from the halophilic bacteria E. halophila, 
RhodospirillumRhodospirillum salexigens and Chromatium 
salexigenssalexigens share a very high sequence similarity, 
ass well as PYP from Rb. sphaeroides and Rb. 
capsulatus.capsulatus. The PYP-like domain of the hybrid 
proteinn Ppr from Rsp. centenum takes a 
somewhatt intermediate position within the 
Xanthopsins;; it has no high sequence similarity 
withh either of the two other groups. The 

dadadada pyp pel 

E.halophila E.halophila 

10000 bp 

orfAorfA pyp orfB orfC pel cytb orfE pgsA 

Rb.sphaeroidesRb.sphaeroides RK1 O^ O O 
Rb.Rb. capsulatus <?<^ <?<^ 

orfAorfA pyp orfB orfC pel gvpK gvpS gvpGgvpG gvpF/L gvpj gvpO 

0OKX^K>X» » 
Rsp.Rsp. centenum nmm nmm 

orforf 346 orf 190 orfX 

Rsp.Rsp. salexigens UU^O UU^O 
oriXoriX pyp orfY pel 

Rb.capsuhtusRb.capsuhtus SB1003 

Fig .. 8: Structur e of all know n pyp operons . A schematic overview of all known pyp genes and their flanking regions Is presented. OrfX 
andd orfYfrom Rb. capsulatusSB1003 are homologous to orfAanA orfC, respectively, (pyp- Photoactrve yellow protein, pel- putative CoA-ligase, 
dadadada - putative oxidoreductase, cyto - putatrve cytochrome b, pgsA - homologous to pgsA from Bacillus subtllls, gvp - gas vesicle protein, tal-
putativee tyrosine ammonia-ryase, ppr -phytochrome and pyp related (hybrid of pyp and cyanobacterial phytochrome-like protein)) 

http://genomics.com
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assignmentt of sub-groups within the 
Xanthopsinss is supported by the different genetic 
arrangementt of the putative pyp operons. Fig. 8 
showss a schematic representation of all known 
pyppyp genes together with their flanking regions. 
Remarkably,, the operon structure of both 
RhodobacterRhodobacter species is similar, consisting of 
orfA-C,orfA-C, pyp and pet, sequences flanking both 
operonss share no similarity, making it unlikely 
thatt genes encoded there are functionally 
relatedd to pyp. The gene arrangement in the 
otherr organisms is very different. Only the gene 
encodingg a CoenzymeA ligase homologue {pet) 
cann also be found downstream of pyp from E. 
halophila.halophila. The DNA sequence more downstream 
off pyp from Rsp. salexigens has not yet been 
determined.. Furthermore, it is clear that a pel 
homologuee is not present in Rsp. centenum, 
underliningg again the somewhat distant position 
off this protein within the Xanthopsins. 
Thee members of the three different sub-groups 
appearr also to have different biophysical 
properties:: PYP from E. halophila and from Rsp. 
salexigenssalexigens share over 70% sequence identity 
andd their absorption spectrum (with maximuma 
att 446 and 445 nm, respectively), as well as 
theirr photocycle kinetics, are virtually identical 
[40,, 41]. In contrast, heterologously expressed 
Ppr,, reconstituted in vitro with 4-hydroxy-
cinnamicc acid, shows a blue-shifted absorption 
spectrumm with a maximum at 434 nm, and large 
differencess in the photocycle kinetics with a dark 
recoveryy 300 times slower as in the above 
describedd proteins [9]. A member of the third 
sub-group,, PYP from Rb. sphaeroides, was also 
studiedd after expression in E. coli and 
subsequentt in vitro reconstitution with 4-
hydroxy-cinnamicc acid. Here the absorption 
spectrumm showed two maxima, at 446 nm and 
3600 nm (Chapter 2 of this thesis). Moreover, the 
photocyclee of R-PYP is very fast with recovery 
ratess 100 and 23.000 times faster than E-PYP 
andd Ppr, respectively. 

Thee physiological relevance of these findings is 
nott clear. 
However,, R-PYP has been investigated only as in 
vitrovitro reconstituted protein, assuming that the 
samee chromophore as in E-PYP would be 
presentt in this protein. In an earlier study we 
weree able to extract 4-hydroxy-cinnamic acid 

fromm anaerobically grown cells [7], but the 
chromophoree has never directly been isolated 
fromm PYP other than E-PYP. Additionally we 
couldd show that R-PYP is not only expressed 
underr anaerobic conditions, but also when cells 
aree grown aerobically in the dark (Fig. 4). These 
resultss confirm that R-PYP was indeed 
expressedd in experiments aimed to resolve the 
biologicall role of PYP, e.g. the involvement in 
phototaxiss or blue-light dependent methylation 
responsess (see Chapter 5 of this thesis). 
However,, the biochemical and biophysical 
characterisationn of native R-PYP is hampered by 
thee very low expression level of the protein in 
Rb.Rb. sphaeroides. This low abundance, about 
3000 copies per cell, means that the isolation of 
R-PYPP directly from Rhodobacter cells would be 
aa very laborious approach, especially in the 
backgroundd of an isolation procedure which has 
stilll to be developed. Consequently, we started 
too set-up an expression system for a histidine-
taggedd version of R-PYP in Rb. sphaeroides, 
usingg the broad host range vector pBBR1 MCS-1 
[27].. So far we were able to overproduce His-R-
PYPP up to 15-fold compared to the wildtype 
expressionn level and experiments to purify the 
proteinn by affinity-chromatography are currently 
ongoing. . 
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