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The photoactive yellow protein (PYP) from phototrophic bacterium Haloll70dospi!~t halopllila is ~l small water-

soiuble photoreceptor protein, and it has been an attractive IT]odel for studying protein structures Lmd dynamics. 

Recently PYP gained further attention as the structural prototype for the PAS and LOV domains of a large class of 

receptor proteins. This protein has the 4-hydroxycinnamyl chromophore, which is covalently linked to Cys69 

through a thiolester bond. In a dark state (PYP,j=,,k), the chromophore is stabilized in the trans configuration as a 

phenoiate anion. The phenolLute oxygen of the chromophore fbrms hydrogen bonds with the hydroxyl groL[p of Tyr42 

and the protonated carboxyl group of Glu46 (Figure IA). In zlddition, the carbonyl oxygen of the chromophore forms 

a hydrogen bond with the amide group of Cys69. Photoexcitation of PYP triggers a photocycle thal involves at least 

two intenTlediate states denoted as PYP and PYP~f (Figure 2). A Iong-Iived blue-shifted PYP intermediate is the " ' ~I 

putative slgnaling state of lhis photoreceptor protein (Fi_"*ure IB). Upon lowering the pH below 3, PYP,1'k is 
i'eversibly converted into a stabie bieached state. PYP (Fi~ure 2). H. hillophila displays negative phototaxis to *' I.J"*L -

blue lighl and PYP has' been proposed to fLinction as a pholosensor in this response. 
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Fig. 2. Photo- and pH-induced 
Fig. 1, Active site structures of (A) PYPdalk and (B) PYPh4. changes in PYP. 

Resonance Raman (RR) speclroscopy is a powerful method lo sludy lhe proteins l'unction~ Lll iln ato]nic level 

because it detects the vibrtttional t'recluencies' and the Raman intensilies of the reactive protein groups wilh high 

hensitivily in a real time. RR spectroscopy requires the excitation within an eleclronic absorption bund and result~ in 

I~tr*~:e increase ot' scattering. The inten~ity enhancement associated with the resonance phenomenon Introduces the 

possibility of' selectively observing tlle vibrationa] spectrum of' il single ch]-omophore in a system containing many 

components (e.g., a b[ological systelT]). 

The main purpose of' my ~.'tudy is' to understand at lhe atomlc level how a prolein and the chromophore interact to 

sense llght, undergo deflned conformational changes, and send a biological signal. In the preselu sludies, I have used 

reson~lnce Raman spectroscopy in combinalion with ~ite-di]'ected mLLlagene~. is to underslLlnd thc t'ollowing: 

( I ) Spectral Tuning of PhotOactive YellOw Protein 

Previous studies have shown thal either removal ot' a hydrogen bond wilh Tyr42 or addilion of chaotropes such as 

lhiocyanate produces a blue shifted species called an intermediate wavelength f'orm, in which the absorplion 

Inaximum runges from 355 to 393 nm. In order lo delermine the orlgin, the protonallon state of the chromophore is 

key intbrmation. Resonance Raman spectroscopy is ideally' sui[ed for this purpose, because sever(11 RzuT]an bands itr'e 

sensitive lo the protonalion state of lhe chromophore. 

PYP samples were exciled wilh either the 406.7 nm line h-om a krypton lon laser or the 325.0 nm line t'rom a 

heliu]n-cadmiunl laser at a 90' angle rclativc to lhe (lxis of lhe colleclion optics lo record the RR spectra. I have 

pert'onTled resonance RalT]an investigalions ol' WT PYP Ltnd Tyr'l.2 - Alfl. Tyr4.2 + phe. Glu46 ~ Gln. nnd Thl50 

-> Val mutanls in the presence and Llbsence ot~ potal~'s'ium lhiocyanille lo elucidLue lhe slructure ol' the inlermediale 

¥vLlve]ength form. The RR spectra of WT and PYP mutanlS huve sh()wn thill the chromophore ot' Ihe intenTlecliate 

wavelength form is prolonated. T]lis finding indicaleh. IllL11 Ihe prolonation ot' Ihe chromophore is responsible t'or al 

blue-shifl in the absorplion Inaximum from 446 Io 35Dr_393 nm. I halve also shown that the WT PYP conlains a 

minor component whose chromophore is protonated even al neutral pH. 

The DFT calculations suppo]~t the idea lhat the chromophore-protein hydrogen bond is Importanl for controlling 

the protonation state of the chrolTlophore, where removal of the hydrogen bond between lhe phenolic oxygen and 

Tyr42 increases ApK, by a 3-6 pH unit. Another noteworthy resull ()f' the DFT ca[culalions ih that the hydrogen bond 
Llt the ca]~bonyl oxygen contribules litlle lo the stabilizalion ol' the deprolonaled chromophore in PYP. FLLrthermore, 

lhe DFT calculatlons demonstrate t]1at lhe surroundin*~: die]ectric constunt significantly affecls the proton~ltion state oi' 

lhe chromophore. I have allso examined lhe effecl of Y42A mutation on the slruclure of lhe chromopho]'e in lhe 
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PYP~l' where the weak imeractions between Ty[~42 and the chromophore in PYP a]~e suggested. ~T 

(2) Protein Structures of PhotOactive YellOw Protein 

The lhree-dimensional slructure of PYP~1 has been deLermined at (very) high re~.'olu[ion, providing important 

inf'orm~tion on the struclural change in the PYP protein lo stuciy photosensory si_~naling at the atomic level. The 

crystallographic strucILLre of PYP~I revealed that the slruclural changes are limiled to a sma]1 region in the vicinily of 
the chromophore. For example, the phen0121le oxygen ot' the chromophore becorr]es protonated, while Glu/1.6 

becornes deproronttted. In addition, the hydrogen bonding nelwork among lhe chromophore. Tyr42, zlnd Glu46 is 

broken In PYP~1 (Figure IB). In conlrast. various speclroscopic sludies in solution showed globul s'tructural changes. 

For instance. the struclural anillysis of PYP~, by IT]ultinuclear. mullidimensional NMR indicated a link between 

formation ot' the ~.'ignaling sttLte and prolein LLnfolding in PYP. 

In the present study I have used ultraviolet resonance RalnLLn (UVRR) spectroscopy lo obtaln sile speclt'ic 

informalion ttbout Lhe st['uctu[~al changes occurreci upon the formtltion of PYPll for lhe l'[rst time. The UVRR 

spec[roscopy is used to probe the protein su'ucture by monitoring both the Trp anci Tyr residues. 

PYP samples were exclted with 220-240 nm lines from OPO Iaser Llt it 90' angle relative lo the axis of the 

collection oplics to record the RR spectrLt, I have perf'onTled all the measurement with a low laser power to avoid the 

sa[uration Llndlor photochernical transtbrmation. In nddition. I perf'ormed most of lhe UVRR experiments in the 

presence of sodium perchlorate as an internLll standard, which showed no signif'icanL et'f'ect on the speclra, 

The UVRR spectra provicie informalion on lhe confor'maltion, the hydrogen bonding, aLnd the environmenlai 

hydrophobicity of' Trp (W) and Tyr (Y) residues. For exLlmple. Ihe Trp W17 and W /~ vibrations are mai'ker bands fbr 

the hydrogen bond[ng interilction and the hydrophobiclty of Trp, respectively. In lhe PYP k. these vibration modes 

have indicated that the indoly nitrogen of the Tll:)llq. js moderalely hydrogen bonded to an accepror in a hydrophobic 

environmem. In addition, the Y8b tlnd Y9a can be used as marker bands ibr the Tyr hydrogen bonding imerLlction. 

These bands have sho¥vn that some Tyr residue~.' t'orm a donor hydrogen bond to tln accepTor. Moreover. the Raman 

excilation profiles oi' the Trp W16 and the Tyr Y8a are red shifted for WT PYP .* from those of the Trp and Tyr in 

ilqueous solulion. respecti¥'ely. This red shirt is consistent wlth the hydrogen bonding inleractions Llnd the 

,^. Furthermore. I have compared the REP of' the Trp W16 and Tyr Y8a environmental hvdrophobicity of' PYP 

vibration modes in PYP,=,,~ nnd PYP~,. Excepl fol a s[lght dit'ference in the inlensities. [he ef'f'ecls are similar fbr the 

PYP*.~ and PYP stares of lhe protein. * ~l 

Upon lhe formation of PYP~1' the UVRR speclra l]ave shown large su'uclural changes. For example. the reduction 

of' the Trp W18. W16. W7, and W3 Intensities during PYP* + - PYP~1 process has indicared tllLlt the Trpl 19 becomes 

solvent exposed (hydrophilic) in PYP.,. In addition. the imensities ch2tnges oi' the Y9a. Y7Ll, and Y8a have shown 

that the part ol' the Tyr residues become solvent exposed (hydrophilic) LLpOn the t'ormation ot' PYP*,. Another 

evidence f'or lhe solvent exposure of the Tll;)ll9 and some Tyr residues is obtained by comparison with lhe UVRR 

sneclra ot' the PYP slate in which the nrotein is unfolded. 
t' +* *,=,, ~ ' r 

The UVRR spectra of WT PYP htlve shown that the Tyr Y9~l and Y8a are upslllfted upon lhe f'orlT]ation of PYP hl' 

The upshit't of those vibrillion rreqL[encies sug~:ests decreasing hydrogen bond donation or incre2ls ing hydrogen bond 
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acceptance during PYP,,.,k PYP~1 plocess. The decreasing ot' the hydrogen bond donation of the Tyr resldues in 

PYP~1 is consistent with our resonance Raman result of the PYP Y42A w]1ere very weak interactions between ~. I' 

Tyr42 and the chromophore in PYP~1 are suggested. 

In o]'de]' to examine the contrlbutlon of the Tyr42 to the observed structural changes during PYP~.,k -PYP~l 

process. I have used T50V mutant In which the hydrogen bond between the OH group of Tyr42 and Thr50 side chain 

is removed. The vibration modes of Tyr42 are perturbed by the inulation and the UVRR spectra of the T50V mutant 

have indicated the environment of Tyr42 is altered during the PYPd=,,k -PYP~,. In addilion. the hydrogen bond 

between the OH group of Tyr42 and side-chain oxygen of Thr50 is prese]'ved during the PYPd.,,' - PYP~1 process. 

[Summary] 

(1) RR investigatlons have shown that the chromophore in the intermediate wavelength form is protonated. 

(2) Both the low dieleciric constant in the vicinity of the chromophore and the hydrogen bonds at the phenolic 

oxygen are key factors lhat lower the chrorr]ophore pK in PYP,..L. 

(3) Very weak interactions between Tyr42 and the chromophore in PYP,i were suggested. 

(4) The UVRR investigations have shown that theTrpll9 and part ot' Tyr res'idues beco]ne hydrophilic (solvent 

exposed) upon the formation of PYP ~'. 

(or) By use of the T50V rr]utant il was indicated that Tyr42 undergoes environmenlal changes in PYP~l' 

(6) The hydrogen bond belween Tyr42 and Thr50 was preserved during the PYPJ=,,k - PYP~1 process. 
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 論文審査の結果の要旨

 エルマシュトーリーサミール提出の論文では,近年活発な研究が展開されている光センサータンパク質

 の一つの光活性イエロープロテイン(PYP)について,共鳴ラマン分光法を用いて,光サイクル中間体の構

 造,特にタンパク構造の変化が明らかにされた。共鳴ラマン分光法ではラマン散乱の励起波長を選ぶこと

 で特定の化学種の振動スペクトルを選択的に得ることができる。例えば,PYPでは,励起波長として可視

 光を使うと,可視部に吸収帯を持つ発色団(クマール酸)の振動スペクトルが選択的に得られる。また,

 励起波長が220～25011mの紫外共鳴ラマン分光法を使うと,芳香族アミノ酸残基の振動スペクトルが選択

 的に観測できる。波長によりアミノ酸残基の種類を選択することも可能である。本研究ではこの共鳴ラマ

 ン分光法がもつ特徴を最大限に利用して光活性イエロープロテインにおける吸収波長の制御(色の制御)

 および光によって引き起こされる中間体構造変化のうち主にタンパク構造の変化についての研究を行っ

 た。

 得られた結果は次のようにまとめられる。

 (1)光活性イエロープロテインの吸収極大は,活性部位のアミノ酸残基を他のアミノ酸で置換したり,

 溶液の塩基性度を変えることで大きく変化することが知られている。そこで吸収波長が変化したいくつか

 の成分のラマンスペクトルを測定し,発色団周りの構造決定を行った。その結果,発色団の構造変化やプ

 ロトン状態の変化が明らかになった。このことから発色団とタンパク問の相互作用,特に発色団のプロト

 ン化状態の変化がPYPの吸収波長制御(色の制御)に重要なことを見いだした。

 (2)光による変化は,反応中心の発色団の構造変化だけでなく,タンパク部分の構造変化を伴うと考え

 られる。本研究ではタンパク構造の変化を追跡するために,紫外共鳴ラマン分光法による測定・解析を行

 った。その結果,発色団の構造変化に伴なって,種々の部位のアミノ酸構造も変化していることがわかっ

 た。特に,信号伝達に関与すると考えられているM中間体において,発色団周りだけでなく,活性部位か

 ら10A離れた部位のタンパク構造にも変化が及んでいることを見いだした。

 これらの成果は本人が自立して研究を行うに必要な能力と学識を持つことを示している。よって,エル

 マシュトーリーサミール提出の論文は理学博士の学位論文として合格と認める。
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