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ABSTRACT 

PYP-Sh\WRchURPe UeOaWed (PSU) SURWeiQ abVRUbV bRWh bOXe aQd Ued OighW b\ ShRWRacWiYe \eOORZ 

SURWeiQ (PYP) aQd bacWeUiRSh\WRchURPe (BSh) OighW VeQVRU dRPaiQV, Zhich cRQWaiQV p-

cRXPaUic acid (SCA) aQd biOiYeUdiQ (BV) aV chURPRShRUeV, UeVSecWiYeO\. WhiOe Whe dXaO-OighW 

VeQVRU VeWXS eQabOeV PSU UeVSRQdV WR OighW VigQaOV ZiWh diffeUeQW ZaYeOeQgWh, Whe UROe Rf Whe dXaO 

±OighW VeQVRU V\VWeP iV VWiOO XQNQRZQ. IQ RUdeU WR XQdeUVWaQd iW, WhiV WheViV fRcXVeV RQ Whe 

iQWeUdeSeQdeQc\ Rf Whe ShRWRUeacWiRQV Rf PYP aQd BSh. I SeUfRUPed VSecWURVcRSic aQd 

VWUXcWXUaO aQaO\VeV Rf PSU XQdeU daUN aQd YaUiRXV OighW iUUadiaWiRQ cRQdiWiRQV.  

 

ThiV WheViV iV diYided iQWR WZR e[SeUiPeQWaO chaSWeUV. The fiUVW chaSWeU deVcUibeV Whe 

VSecWURVcRSic chaUacWeUi]aWiRQ Rf Whe PSU ShRWRUeacWiRQV XQdeU Ued aQd/RU bOXe OighW iUUadiaWiRQ. 

I SUeSaUed WhUee YaUiaQWV Rf PSU, Zhich aUe Whe iQWacW PSU cRQWaiQiQg bRWh Rf Whe chURPRShRUeV, 

HROR-HROR-PSU (H-H-PSU), H-A-PSU OacNiQg BV, aQd A-H-PSU OacNiQg SCA. UV-ViV abVRUSWiRQ 

VSecWUa Rf H-H-PSU XQdeU Whe daUN aQd Whe OighW cRQdiWiRQV UeYeaO WhaW Whe Ued OighW WUiggeUV Whe 

ShRWRUeacWiRQ RQO\ iQ BSh, bXW Whe bOXe OighW ViPXOWaQeRXVO\ e[ciWeV bRWh PYP aQd BSh. 

HRZeYeU, ZiWhiQ Whe fiUVW 250 VecRQdV Rf bOXe OighW iUUadiaWiRQ, VigQificaQW VSecWUXP chaQgeV 

caQ be RbVeUYed iQ Whe ZaYeOeQgWh beWZeeQ 300 aQd 500 QP, Zhich caQ be aWWUibXWed WR Whe 

ShRWRUeacWiRQ iQ PYP. CaUefXOO\ cRPSaUiQg Whe diffeUeQce VSecWUa iQ diffeUeQW WiPe dRPaiQV 

ZiWhiQ Whe 250 Vec, WheUe iV a VOighW bXW deWecWabOe diffeUeQce. WhiOe Whe begiQQiQg VWage VhRZV 

WZR bURad SRViWiYe SeaNV, Whe OaWWeU VWage RQO\ diVSOa\V RQe SURPiQeQW SeaN aW Whe ȜPa[ Rf 350 

QP. ThiV VSecWUXP chaQge caQ be XQdeUVWRRd b\ aVVXPiQg Whe WUaQViWiRQ fURP PYPL WR PYPM 

iQWeUPediaWeV. FXUWheUPRUe, XSRQ Whe fRUPaWiRQ Rf PYPM, Whe VSecWUXP Rf BSh aOVR VhRZV VOighW 

Ued-VhifW, iQdicaWiQg WhaW PYPM iQfOXeQceV Whe chURPRShRUe eQYiURQPeQW Rf BSh. FURP WheVe 

facWV, iW caQ be SRVWXOaWed WhaW PSU accRPSaQied b\ PYPM XQdeUgReV VWUXcWXUaO chaQge iQ Whe 

VSaWiaO aUUaQgePeQW Rf PYP aQd BSh, UeVXOWiQg iQ Whe aOWeUaWiRQ Rf Whe chURPRShRUe eQYiURQPeQW 
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Rf BSh. 

 

The VecRQd chaSWeU fRcXVeV RQ Whe VWUXcWXUaO chaUacWeUiVWicV Rf PSU WR cRQfiUP Whe h\SRWheViV Rf 

Whe VWUXcWXUaO chaQge WUiggeUed b\ Whe ShRWRUeacWiRQ Rf PYP. FiUVWO\, WR iQYeVWigaWe Whe VSaWiaO 

UeOaWiRQ beWZeeQ PYP aQd BSh, ab iQiWiR PROecXOaU eQYeORSe PRdeOiQg Rf Whe daUN VWaWe PSU ZaV 

caUUied RXW b\ XViQg SAXS PeaVXUePeQWV. The GXiQieU aQaO\ViV VhRZV WhaW PSU WaNeV a diPeUic 

fRUP. The eQYeORSe RffeUV aQ aUUaQgePeQW Rf each dRPaiQ iQ Whe ZhROe PROecXOe. The UeVXOWiQg 

ORZ-UeVROXWiRQ VWUXcWXUe eQYeORSe iV PaQXaOO\ VXSeUSRVed ZiWh X-Ua\ cU\VWaOORgUaShic 

VWUXcWXUeV Rf iQdiYidXaO hRPRORgRXV dRPaiQV UeSRUWed VR faU. The PRdeO dePRQVWUaWeV cORVe 

SUR[iPiW\ Rf PYP aQd BSh ZiWh each RWheU, iQdicaWiQg WhaW Whe ShRWRUeacWiRQV Rf PYP aQd BSh 

caQ be SRVVibO\ cRXSOed ZiWh each RWheU WhURXgh Whe VSaWiaO iQWeUface. The SAXS SURfiOeV aW Whe 

daUN aQd Whe bOXe OighW iUUadiaWiRQ VhRZV VXbVWaQWiaO diffeUeQce aURXQd 0.05 c-1, iQdicaWiQg Whe 

SUeVeQce Rf VWUXcWXUaO UeaUUaQgePeQW iQ PSU. TiPe-UeVROYed SAXS PeaVXUePeQWV ZeUe aOVR 

SeUfRUPed. The iQWeQViW\ aURXQd 0.05 c-1 iQcUeaVeV XS WR 250 Vec VWaUWiQg fURP Whe cRQWiQXRXV 

bOXe OighW iUUadiaWiRQ aQd VXbVeTXeQWO\ decUeaVeV afWeU 250 Vec iUUadiaWiRQ. IQ Whe WiPe dRPaiQ 

afWeU 250 Vec, Whe ShRWRSURdXcW Rf BSh (BSh*) iV accXPXOaWed, aQd Whe aPRXQW Rf PYPM 

cRQcRPiWaQWO\ decUeaVeV. FURP WheVe UeVXOWV, iW caQ be SURSRVed WhaW Whe fRUPaWiRQ Rf PYPM 

WUiggeUV VWUXcWXUaO chaQge iQ PSU, WheQ Whe VWUXcWXUaO chaQge iV VXSSUeVVed dXe WR Whe VXbVeTXeQW 

fRUPaWiRQ Rf BSh*. 

 

The ORZ-UeVROXWiRQ PRdeOiQg Rf PSU UeYeaOV Whe SUR[iPiW\ Rf PYP aQd BSh. The UV-ViV 

PeaVXUePeQWV iQdicaWe WhaW Whe ShRWRUeacWiRQV Rf PYP aQd BSh aUe WighWO\ cRXSOed WR each RWheU. 

IW VhRXOd be ePShaVi]ed WhaW PSU cRQWaiQiQg PYPM XQdeUgReV OaUge VWUXcWXUaO chaQge, aQd Whe 

acWiYaWiRQ Rf BSh VXSSUeVVeV Whe VWUXcWXUaO chaQge. IQ RWheU ZRUdV, Whe VWUXcWXUaO chaQge 

WUiggeUed b\ Whe bOXe OighW iV VXSSUeVVed b\ Whe Ued OighW RU Whe cRQWiQXRXV ORQg-WeUP bOXe OighW 
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iUUadiaWiRQ WhURXgh Whe aOWeUaWiRQ Rf Whe UeacWiRQ chaUacWeUiVWicV Rf PYP cRXSOed ZiWh Whe UeacWiRQ 

Rf BSh. The fXQcWiRQaOO\ acWiYe fRUP Rf PSU iV VWiOO XQNQRZQ. HRZeYeU, aVVXPiQg Whe RbVeUYed 

VWUXcWXUaO chaQge caQ PediaWe Whe biQdiQg affiQiW\ Rf iQWeUacWiRQ SaUWQeUV, Whe dXaO-OighW VeQVRU 

V\VWeP Rf PSU caQ be SURSRVed WR UeaOi]e Whe OQ/Off UegXOaWiRQ deSeQdiQg RQ YaUiRXV 

eQYiURQPeQWaO OighW cRQdiWiRQV VXch aV diffeUeQW iQWeQViW\, cRORUV, iUUadiaWiRQ dXUaWiRQ, aQd VR 

RQ. 
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CHAPTER 1: General InWrodXcWion 

LiYiQg RUgaQiVPV UeVSRQd WR YaUiRXV eQYiURQPeQWaO facWRUV aQd e[WeUQaO VWiPXOaWiRQ WR VXUYiYe. 

TheVe facWRUV cRXOd be chePicaO gUadieQW, WePSeUaWXUe diffeUeQce aQd OighW iQWeQViW\. DeSeQdiQg 

RQ Whe QaWXUe Rf Whe VWiPXOaWiRQ, Whe UeVSRQVe eQcRPSaVVeV UeORcaWiRQ WR faYRUabOe QXWUieQW 

VRXUceV RU eVcaSe fURP haUP¶V Za\. AW OeaVW WhUee biOOiRQ \eaUV agR, eaUO\ OiYiQg RUgaQiVPV 

XWiOi]e OighW VeQViQg SURWeiQV WR aid iQ ORcaWiQg VXQOighW. SiQce WheQ, YaUiRXV OighW VeQViQg 

SURWeiQV haYe eYROYed WR fXOfiOO diffeUeQW biRORgicaO fXQcWiRQV WhaW UeO\ RQ Whe deWecWiRQ Rf OighW 

UadiaWiRQ. OQe VXch SURWeiQ iV Whe Sh\WRchURPeV. Ph\WRchURPeV fRXQd iQ SOaQWV aUe NQRZQ WR 

abVRUb Ued OighW (PU) iQ iWV gURXQd VWaWe aQd VZiWched WR faU-Ued OighW abVRUbiQg (PfU) VWaWe ZheQ 

e[SRVed WR Ued OighW. TheVe WZR PU/PfU VWaWeV aUe UeYeUVibOe aQd acWV aV a ShRWRVZiWch. IQ Whe SaVW, 

Sh\WRchURPeV ZeUe WhRXghW WR be RQO\ fRXQd ZiWhiQ Whe SOaQWV. The e[cOXViYeQeVV Rf 

Sh\WRchURPeV WR SOaQWV QR ORQgeU hROdV WUXe ZiWh Whe adYaQce iQ geQRPe VeTXeQciQg Zhich 

UeVXOWV iQ Whe diVcRYeUieV Rf RWheU Sh\WRchURPeV VSecieV VXch aV c\aQRbacWeUiaO Sh\WRchURPe 

(CSh), fXQgaO Sh\WRchURPe (FSh) aQd bacWeUiRSh\WRchURPe iQ Whe OaWe 1990V (1±3). 

 

1.1 BacWerioph\Wochrome 

BacWeUiRSh\WRchURPe caQ be fRXQd iQ bRWh ShRWRV\QWheWic aQd QRQ-ShRWRV\QWheWic bacWeUia. 

CaQRQicaO bacWeUiRSh\WRchURPe cRQWaiQV PAS (PeU/ARNT/SiP), GAF (cGMP-VSecific 

ShRVShRdieVWeUaVe/adeQ\OaWe c\cOaVeV/FhOA) aQd PHY (Sh\WRchURPe-VSecific) dRPaiQV aW Whe 

N-WeUPiQaO eQdV Zhich cROOecWiYeO\ fRUPV Whe ShRWRVeQVRU\ dRPaiQ (2, 4±6). The C-WeUPiQaO 

eQd PRVWO\ cRQViVW Rf a hiVWidiQe NiQaVe (HK) Zhich acW aV Whe RXWSXW dRPaiQ. TRgeWheU bRWh 

ShRWRVeQVRU\ aQd HK dRPaiQV SaUWiciSaWe iQ Whe ShRVShRU\OaWiRQ UegXOaWRU\ V\VWeP deSeQdiQg 

RQ Whe OighW eQYiURQPeQW. BacWeUiRSh\WRchURPe XWiOi]eV biOiYeUdiQ (BV) aV Whe chURPRShRUe 

(FigXUe 1-1A) (7) aQd WhiV iV VWUXcWXUaOO\ cRQfiUPed b\ VWXdieV RQ DrBShP fURP DeinococcXs 

radiodXrans (FigXUe 1-2), VhRZiQg BV cRYaOeQWO\ aWWached WhURXgh a WhiReWheU OiQNage ZiWh  
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FigXre 1-1.  (A) BV chURPRShRUe iQ PU VWaWe. (B) BV chURPRShRUe iQ PfU VWaWe. 

 

FigXre 1-2.  BacWeUiRSh\WRchURPe Rf DeiQRcRccXV UadiRdXUaQV (DrBShP), PAS-GAF-PHY 

cRQfigXUaWiRQ. (PDB cRde 4Q0J) BV PROecXOe ePbedded ZiWhiQ Whe GAF dRPaiQ. 

  

A B 

PHY 

PAS 

GAF BV 
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c\VWeiQe UeVidXe iQ Whe ShRWRVeQVRU\ dRPaiQ (8). The BV chURPRShRUe iV UeVSRQVibOe fRU Whe 

Ued OighW abVRUSWiRQ SURSeUWieV Rf bacWeUiRSh\WRchURPe. T\SicaOO\, bacWeUiRSh\WRchURPe 

ShRWRcRQYeUWV beWZeeQ VWabOe PU aQd PeWaVWabOe PfU fRUPV. WhiOe RWheU bacWeUiRSh\WRchURPe 

VXch aV WhRVe fURP Brad\rhi]obiXm aQd Rhi]obiales VS. PaiQWaiQ a UeYeUVe cRQYeUViRQ ZiWh PfU 

beiQg Whe VWabOe gURXQd VWaWe fRUP (9, 10). SRPe RWheU OeVV cRPPRQ ShRWRUeacWiRQ VWaWeV aUe 

aOVR NQRZQ VXch aV Whe QeaU-Ued abVRUbiQg (PQU) fRUP (11) aQd RUaQge abVRUbiQg (PR) fRUP (12). 

SWaQdiQg RXW fURP Whe UeVW, RQe Rf Whe bacWeUiRSh\WRchURPe VSecieV cRQWaiQV WZR ShRWRVeQVRU\ 

dRPaiQV iV NQRZQ aV PYP-Sh\WRchURPe UeOaWed (PSU) SURWeiQ (FigXUe 1-3). The 

bacWeUiRSh\WRchURPe PSU caQ be fRXQd iQ RhodospirillXm centenXm. The ViPiOaU PSU 

cRQfigXUaWiRQ SURWeiQ dRPaiQV cRXOd aOVR be fRXQd iQ Meth\lobacteriXm VS. hRZeYeU QRW PXch 

iV NQRZQ abRXW Meth\lobacteriXm VS. aV Rf cXUUeQW. 

 

1.2 RhodospirillXm cenWenXm and Ppr 

BaVed RQ Whe eaUOieVW SXbOiVhed UecRUd, R. centenXm (aOVR NQRZQ aV Rhodocista centenaria) ZaV 

fiUVW iVROaWed fURP VaPSOeV cROOecWed fURP TheUPRSROiV HRW SSUiQgV iQ W\RPiQg (13±15). IW iV 

a SXUSOe QRQVXOfXU bacWeUiXP WhaW XQdeUgReV aeURbic heWeURWURSh gURZWh iQ Whe daUN. UQdeU 

e[SRVXUe Rf OighW, iW XQdegReV aQaeURbic ShRWRV\QWheWic gURZWh. R. centenXm dePRQVWUaWeV Whe 

abiOiW\ WR PigUaWe WRZaUd RU aZa\ fURP OighW deSeQdiQg RQ ZaYeOeQgWh Rf e[ciWaWiRQ b\ XViQg 

iWV VXUface-iQdXced fOageOOa, chePRWa[iV aQd a ShRWRV\QWheWic aSSaUaWXV (16, 17). IQ a VWXd\ dRQe 

b\ RagaW] et al. iQ 1995, R. centenXm dePRQVWUaWed ShRWRWacWic behaYiRU Rf beiQg aWWUacWed WR 

OighW VRXUce ORQgeU WhaQ 750 QP aQd UeSXOViYe WR OighW VRXUce iQ Whe 550 QP UegiRQ. IQ Whe 

fROORZiQg \eaUV, PXWageQic VWXd\ Rf R. centenXm chePRWacWic SURWeiQV dePRQVWUaWeV a VWURQg 

UeOaWiRQ beWZeeQ chePRWacWic UeVSRQVe aQd ShRWRWacWic UeVSRQVe (18, 19). 

 

IQ Whe \eaU 1999, PSU SURWeiQ ZaV diVcRYeUed iQ SXUSOe ShRWRV\QWheWic bacWeUiXP 
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FigXre 1-3.  FXOO OeQgWh PSU cRQViVWV Rf PYP dRPaiQ, BSh dRPaiQ aQd HK dRPaiQ, aQ e[WUa 

OighW VeQViQg dRPaiQ cRPSaUed ZiWh caQRQicaO bacWeUiRSh\WRchURPe VXch aV DrBShP. Each 

PYP dRPaiQ aQd BSh dRPaiQ cRQWaiQV WheiU RZQ chURPRShRUe. 

  

3<3 3A6 + GAF + 3H< HK 

BSK 

3A6 + GAF + 3H< HK 

Tǁo phoƚoƐenƐorǇ domainƐ 
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R. centenXm (20) aQd iWV geQRPe VeTXeQce deWeUPiQed eOeYeQ \eaUV OaWeU (21) (FigXUe 1-4). 

SiPiOaU WR RWheU caQRQicaO bacWeUiRSh\WRchURPe, PSU cRQWaiQV Rf PAS-GAF-PHY ShRWRVeQVRU\ 

cRUe aQd a HK RXWSXW dRPaiQ. The ShRWRVeQVRU\ cRUe iV cROOecWiYeO\ WeUP aV BSh dRPaiQ iQ WhiV 

VWXd\. IQ addiWiRQ, PSU haV a ShRWRacWiYe \eOORZ SURWeiQ (PYP) aW iWV N-WeUPiQaO eQd (20). IQ 

WRWaO, Whe PROecXOaU ZeighW Rf PSU aYeUaged aW 95 NDa. 

 

SeWWiQg PSU aSaUW fURP RWheU cOaVVicaO bacWeUiRSh\WRchURPe, PSU iV abOe WR abVRUb bOXe 

aQd Ued OighW XViQg p-cRXPaUic acid (SCA) aQd BV acWiQg aV chURPRShRUeV UeVSecWiYeO\. SWXd\ 

VXggeVWV WhaW PSU UegXOaWeV Whe e[SUeVViRQ Rf chaOcRQe V\QWhaVe geQe (chsA) (20) aQd 

deYeORSPeQW Rf c\VW (22), dePRQVWUaWiQg higheVW e[SUeVViRQ Rf chsA XQdeU iQfUaUed OighW. 

AddiWiRQaO SUeVeQce Rf bOXe OighW VXSSUeVV chsA e[SUeVViRQ (20). IQ addiWiRQ, HK dRPaiQ Rf PSU 

iV VhRZQ WR biQd ZiWh chePRWacWic SURWeiQ CheW (23). TRgeWheU ZiWh Whe iQfRUPaWiRQ WhaW 

chePRWacWic UeVSRQVe UeOaWed WR ShRWRWacWic UeVSRQVe, WheVe fiQdiQgV VXggeVW PSU haV a UROe WR 

SOa\ iQ ShRWRWacWic UeVSRQVe iQ R. centenXm. 

 

DeVSiWe VhaUiQg a ViPiOaU PAS-GAF-PHY cRQfigXUaWiRQ ZiWh RWheU 

bacWeUiRSh\WRchURPe VSecieV Zhich XWiOi]e BV aV Whe chURPRShRUe, Ued OighW iUUadiaWed PSU 

dePRQVWUaWeV a decUeaVed BSh abVRUSWiRQ VSecWUXP iQVWead Rf beiQg Ued-VhifWed (24) (FigXUe 1-

5). IQ addiWiRQ, VWXdieV RQ RWheU bacWeUiRSh\WRchURPeV VXch aV DrBShP UeSRUWed 

bacWeUiRSh\WRchURPe iV abOe WR WRggOe iWV WeUWiaU\ VWUXcWXUe beWZeeQ PU aQd PfU VWaWeV (25, 26). 

HRZeYeU, XQWiO QRZ WheUe iV QR eYideQce Rf PSU XQdeUgReV aQ\ VXch NiQd Rf VWUXcWXUe chaQge 

ZheQ e[SRVed WR Ued OighW iUUadiaWiRQ. 

 

RegaUdiQg Whe PYP dRPaiQ, iW iV hRPRORgRXV WR a bOXe OighW VeQViQg PYP SURWeiQ fiUVW 

diVcRYeUed iQ Halorhodospira halophila (Hh-PYP) (27). OYeU Whe \eaUV, Whe ShRWRc\cOe PRdeO 
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FigXre 1-4.  PURWeiQ VeTXeQce Rf PSU ZiWh WhUee Rf iWV dRPaiQV highOighWed. 
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FigXre 1-5.  (A) UV-ViVibOe VSecWURVcRSic daWa Rf PU (Ued OiQe) aQd PfU (SXUSOe OiQe) VWaWe Rf 

DrBShP. DiffeUeQce VSecWUXP beWZeeQ PU ad PfU UeSUeVeQWed b\ bOacN OiQe. [FigXUe adaSWed fURP 

BXUgie et al., 2014] (B) UV-ViVibOe VSecWURVcRSic daWa Rf daUN VWaWe (VROid OiQe) aQd Ued OighW 

iUUadiaWed (daVh OiQe) VWaWe Rf PSU. [FigXUe adaSWed fURP K\QdW et al., 2004] 

  

A 

B 
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Rf Hh-PYP iV iQcUeaViQgO\ cRPSOe[ aV PRUe VWXdieV UeYeaO iWV XQdeUO\iQg PechaQiVPV (28±30). 

ThRXgh, Whe ShRWRc\cOe cRXOd be VXPPaUi]ed iQWR 3 VWaWeV, QaPeO\ Whe gURXQd VWaWe PYP, Whe 

Ued-VhifWed iQWeUPediaWe PYPL aQd Whe bOXe-VhifWed iQWeUPediaWe PYPM (31) (FigXUe 1-6A). BRWh 

ShRWRiQWeUPediaWeV haV iWV RZQ chaUacWeUiVWic abVRUSWiRQ diffeUeQce SeaNV, 470 QP SeaN fRU 

PYPL aQd 350 SeaN fRU PYPM (FigXUe 1-6B). CXUUeQWO\, Whe WUaQVdXceU SURWeiQ aQd biRORgicaO 

UROe fRU PYP UePaiQV OaUgeO\ XQNQRZQ. HRZeYeU iQ R. centenXm, PYP iV a SaUW Rf Whe geQeWic 

cRdiQg fRU PSU SURWeiQ WRgeWheU ZiWh BSh aQd HK dRPaiQV. ThiV geQeWic VeWXS SUeVeQW a XQiTXe 

RSSRUWXQiW\ WR VWXd\ Whe iQWeUacWiRQV Rf PYP dRPaiQ ZiWh RWheU SURWeiQ dRPaiQV. SR, WhiV NiQd 

Rf dXaO-OighW VeQVRU VeWXS iQ PSU SRVeV a QeZ TXeVWiRQ, Zh\ WZR VeQVRUV aUe Qeeded aV RSSRVed 

WR RQO\ RQe aV VeeQ iQ RWheU Sh\WRchURPe VSecieV? WhaW UROe dReV WhiV dXaO-OighW VeWXS SOa\V? 

 

AV Rf cXUUeQW gaWheUed NQRZOedge, WheUe aUe PaQ\ VWXdieV dRQe VeSaUaWeO\ RQ PYP aQd 

BSh baVed RQ RWheU bacWeUia VSecieV VXch aV Halorhodospira halophila (32), DeinococcXs 

radiodXrans (7, 25, 26, 33) aQd RhodopseXdomonas palXstris (34, 35). TheVe VWXdieV gaYe XV 

Whe iQVighW WR VRPe Rf Whe SURSeUWieV WhaW cRXOd be UeOaWed WR PSU cRQVideUiQg cORVeO\ UeOaWed 

Sh\WRchURPe VSecieV haV ZeOO cRQVeUYed SURWeiQ VWUXcWXUe YiWaO fRU PaiQWaiQiQg iWV cRUe 

fXQcWiRQaOiW\. FRU e[aPSOe, DrBShP VhRZV a diffeUeQce iQ VWUXcWXUaO cRQfRUPaWiRQ beWZeeQ PU 

VWaWe XQdeU daUN aQd PfU VWaWe XQdeU Ued OighW iUUadiaWiRQ. The 2 VeSaUaWe PRQRPeUV Rf PHY 

dRPaiQV aUe fXUWheU aSaUW iQ PfU VWaWe (25, 33) (FigXUe 1-7). IQ DrBShP, abVeQce Rf HK dRPaiQ 

fURP Whe BSh dRPaiQ VORZV dRZQ daUN UecRYeU\ WR PU VWaWe. IQ addiWiRQ, ORVV Rf GAF 

diPeUi]aWiRQ cRPSOeWeO\ dReV QRW daUN UeYeUW aW aOO (36). HRZeYeU, WheUe iV QR iQfRUPaWiRQ RQ 

hRZ BSh SRWeQWiaOO\ iQWeUacWV ZiWh PYP SURWeiQ. FXUWheUPRUe, Whe OacN Rf iQfRUPaWiRQ RQ Whe 

VROXWiRQ VWUXcWXUe Rf fXOO OeQgWh PSU SURWeiQ cRPSOe[ iQ RWheU PSU VWXdieV OiPiWV WheP fURP 

dUaZiQg a PXch deeSeU cRPSUeheQViRQ Whe ZRUNiQg PechaQiVPV Rf PSU aV SRiQWed b\ K\QdW 

(37). GaiQiQg WhiV daWa ZiOO SRWeQWiaOO\ giYe XV a beWWeU cOXe RQ Whe iQWeUacWiRQ beWZeeQ PYP aQd 
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FigXre 1-6.  (A) PhRWRc\cOe Rf PYP iQdicaWed b\ VWead\-VWaWe VSecWURVcRS\. [FigXUe adaSWed 

fURP IPaPRWR & KaWaRNa, 2007] (38) (B) CXUYe 4 UeSUeVeQW Whe diffeUeQce VSecWUXP fRU PYPL 

ShRWRVSecieV agaiQVW daUN VWaWe PYP. CXUYe 5 aSSUR[iPaWeV diffeUeQce VSecWUXP fRU PYPM 

ShRWRVSecieV agaiQVW daUN VWaWe PYP. [FigXUe adaSWed fURP IPaPRWR et al., 2004] 

  

A 

B 
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FigXre 1-7.  SWUXcWXUaO iQfRUPaWiRQ Rf DrBShP iQ iWV PU aQd PfU VWaWeV. [FigXUe adaSWed fURP 

BXUgie et al., 2016] 
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BSh Rf PSU Zhich iQ WXUQ heOS XV XQdeUVWaQd hRZ HK dRPaiQ affecWV dRZQVWUeaP UeacWiRQV. 

 

1.3 PXrpose of Whis sWXd\ 

IQ RUdeU WR VWXd\ aQd eOXcidaWe Whe iQWeUacWiRQV beWZeeQ PYP aQd BSh ZiWhiQ PSU, aQ aSSURach 

WR ShRWRcRQYeUW iQdiYidXaO chURPRShRUeV Rf each SURWeiQ dRPaiQ RQe aW a WiPe iV Qeeded. 

KQRZiQg WhaW SCA aQd BV cRUUeVSRQd ZiWh PYP dRPaiQ aQd BSh dRPaiQ UeVSecWiYeO\, PSU 

SURWeiQV iQ WhUee diffeUeQW aSR aQd hROR fRUPV ZeUe SUeSaUed: PSU cRQWaiQiQg bRWh SCA aQd BV, 

HROR-HROR-PSU (H-H-PSU); PSU cRQWaiQiQg RQO\ BV, ASR-HROR-PSU (A-H-PSU); aQd PSU 

cRQWaiQiQg RQO\ SCA, HROR-ASR-PSU (H-A-PSU). SSecWURVcRSic daWa ZaV UecRUded fRU WheVe 

YaUiaQWV Rf PSU Zhich aUe VXbjecWed WR diffeUeQW OighW iUUadiaWiRQ cRQdiWiRQV XViQg bOXe aQd Ued 

OighW WR WUiggeU diffeUeQW SaUWV Rf Whe PSU dRPaiQV. The idea ZaV WR ciUcXPYeQW Whe iVVXe Rf 

RYeUOaSSiQg OighW abVRUbiQg UegiRQ beWZeeQ PYP aQd BSh chURPRShRUeV aURXQd 400 QP 

ZaYeOeQgWh, aOORZiQg Whe RbVeUYaWiRQV Rf iQdiYidXaOO\ ShRWRacWiYaWed chURPRShRUe aQd iWV 

effecW RQ Whe aVVRciaWed dRPaiQ. WhiOe chaQgiQg Whe chURPRShRUe SUeVeQce, aPiQR acid chaiQ 

Rf PSU UePaiQed Whe VaPe fRU aOO PSU YaUiaQWV WR PiQiPi]e aQ\ SRVVibOe iQfOXeQce WR Whe 

chURPRShRUe eQYiURQPeQW dXe WR diffeUeQW aPiQR acid VeTXeQce. 

 

UQfRUWXQaWeO\, WheUe iV QR VWUXcWXUaO iQfRUPaWiRQ aYaiOabOe fRU PSU WR daWe. AV SRiQWed 

RXW b\ Bj|UOiQg (39), VSecWURVcRSic PeaVXUePeQWV haV iWV OiPiWaWiRQ WR RQO\ UeYeaOiQg Whe 

chURPRShRUe¶V ORcaO eQYiURQPeQW. CRXSOed ZiWh VSecWURVcRSic daWa, aQ addiWiRQaO VWUXcWXUaO 

iQfRUPaWiRQ Rf PSU ZRXOd SURYide beWWeU XQdeUVWaQdiQg WR Whe VigQaOiQg PechaQiVPV Rf PSU. IQ 

addiWiRQ WR Whe VSecWURVcRSic PeaVXUePeQWV, Ze caUUied RXW VPaOO aQgOe X-Ua\ VcaWWeUiQg 

(SAXS) PeaVXUePeQW RQ H-H-PSU XQdeU Ued RU bOXe OighW iUUadiaWiRQ cRQdiWiRQV WR SURbe Whe 

WeUWiaU\ VWUXcWXUe Rf PSU agaiQVW gURXQd VWaWe PSU. ThiV e[SeUiPeQW SURYide XV a YaOXabOe 

iQfRUPaWiRQ iQ Zhich cRQdiWiRQ Whe PSU XQdeUgReV aQ\ OaUge VWUXcWXUaO chaQgeV, Zhich giYeV XV 
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a cOXe WR Whe PSU cRQfigXUaWiRQ UeVSRQVibOe fRU iWV SRWeQWiaO VigQaOiQg VWaWe. HeUe, Whe aXWhRU 

ZRXOd OiNe WR highOighW Whe XQXVXaO SURSeUWieV VeeQ iQ PSU XQdeU bOXe OighW iUUadiaWiRQ, Zhich 

PYP SOa\V aQ acWiYe UROe ZiWh BSh iQ RUdeU WR bUiQg RXW cRQfRUPaWiRQ chaQge iQ PSU. 
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CHAPTER 2: UV-Visible SpecWroscopic CharacWeri]aWion of Ppr 

2.1 BackgroXnd 

GiYeQ WhaW PSU iV a OighW VeQViWiYe SURWeiQ, UV-ViVibOe VSecWURVcRSic WechQiTXe caQ be XWiOi]ed 

WR SURbe Whe OighW abVRUSWiRQ SURSeUW\ Rf Whe PSU SURWeiQ iQ iWV diffeUeQW PROecXOaU cRQfRUPaWiRQ. 

IW iV ZeOO NQRZQ WhaW chURPRShRUeV, PROecXOeV caSabOe Rf OighW abVRUSWiRQ dXe WR iWV eOecWURQic 

cRQjXgaWiRQ V\VWeP, aUe caSabOe Rf iQdXciQg VWUXcWXUaO chaQge iQ SURWeiQ cRQWaiQiQg iW XSRQ OighW 

e[ciWaWiRQ. ThiV SURceVV iQYROYeV Whe chURPRShRUe chaQgeV iWV PROecXOaU VWUXcWXUe XSRQ OighW 

eQeUg\ abVRUSWiRQ, fRU e[aPSOe a trans-cis iVRPeUi]aWiRQ cRQfRUPaWiRQ chaQge, Zhich iQ WXUQ 

affecWV iWV PROecXOaU iQWeUacWiRQ RU bRQdiQg ZiWh VXUURXQdiQg aPiQR acid. ThiV VPaOO aOWeUaWiRQ 

haV Whe SRWeQWiaO WR WUiggeU a VWUiQg Rf chaQgeV WhaW cRXOd XOWiPaWeO\ diVWRUW Whe SURWeiQ VWUXcWXUe 

aV a ZhROe. AV Whe eQYiURQPeQW Rf Whe chURPRShRUe chaQgeV, VR dReV iWV eQeUg\ VWaWe aQd iWV 

OighW abVRUSWiRQ ZaYeOeQgWh caSabiOiWieV. UV-ViVibOe VSecWURVcRSic WechQiTXe abOe WR deWecW 

WheVe chaQgeV iQ Whe chURPRShRUe Zhich Pa\ heOS cOaUif\ Whe PechaQiVPV iQYROYed behiQd 

WheVe chaQgeV. 

 

SSecificaOO\ iQ WhiV VWXd\, Whe aiP iV WR SURbe Whe ShRWRUeacWiRQV Rf PSU chURPRShRUeV, 

QaPeO\ Whe SCA iQ PYP dRPaiQ aQd BV iQ BSh dRPaiQ ZhiOe VXbjecWiQg WheP WR diffeUeQW 

e[ciWaWiRQ OighW. TheVe ShRWRUeacWiRQV ZRXOd UeYeaO Whe UeOaWiYe PROecXOaU cRQdiWiRQV Rf Whe 

chURPRShRUe aORQg ZiWh iWV eQYiURQPeQW SRcNeW, Zhich cRXOd SRWeQWiaOO\ WUaQVOaWe iQWR 

aOWeUaWiRQ e[SeUieQced b\ iWV SURWeiQ dRPaiQ hRVW. HRZeYeU, dXe WR Whe SaUWiaO RYeUOaSSiQg Rf 

abVRUbiQg ZaYeOeQgWh aURXQd Whe bOXe OighW UegiRQ fRU bRWh SCA aQd BV iQ WheiU UeVSecWiYe 

SURWeiQ dRPaiQV, a VOighW PRdificaWiRQ WR PSU iV Qeeded WR aOORZ e[ciWaWiRQ Rf a ViQgOe 

chURPRShRUe. 

 

TR UecWif\ Whe iVVXe VWaWed abRYe, PSU SURWeiQV iQ WhUee diffeUeQW aSR aQd hROR fRUPV ZeUe 
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SUeSaUed: PSU cRQWaiQiQg bRWh SCA aQd BV, HROR-HROR-PSU (H-H-PSU); PSU cRQWaiQiQg RQO\ BV, 

ASR-HROR-PSU (A-H-PSU); aQd PSU cRQWaiQiQg RQO\ SCA, HROR-ASR-PSU (H-A-PSU). 

SSecWURVcRSic daWa ZaV UecRUded fRU WheVe YaUiaQWV Rf PSU Zhich aUe VXbjecWed WR diffeUeQW OighW 

iUUadiaWiRQ cRQdiWiRQV XViQg bOXe aQd Ued OighW WR WUiggeU diffeUeQW SaUWV Rf Whe PSU dRPaiQV. 

 

2.2 E[perimenWs 

2.2.1 PURWeiQ e[SUeVViRQ aQd SXUificaWiRQ 

DRXbOe SOaVPidV H-A-PSU e[SUeVViRQ V\VWeP ZaV cRQVWUXcWed aQd WUaQVfRUPed iQWR Escherichia 

coli BL21(DE3) aV SUeYiRXVO\ UeSRUWed (40). The Rhodobacter capsXlatXs TAL aQd SCL geQeV ZeUe 

iQ Whe SACYCDXeW1 YecWRU (NRYageQ) aQd Whe PSU geQe Rf R. centenXm ZaV iQ Whe SET16b YecWRU. 

CXOWXUe ZaV gURZQ iQ 800 PL LB PediXP ZiWh aPSiciOOiQ (50 �g/PL) aQd chORUaPSheQicRO (10 

�g/PL). AW OD600 Rf 0.4 - 0.7, IPTG ZaV added WR 1 PM cRQceQWUaWiRQ. IQdXcWiRQ ZaV caUUied RXW 

aW 20 �C, 120 USP fRU 16 hRXUV. CeOO SeOOeWV ZeUe UeVXVSeQded iQ 50 PM NaH2PO4, 40 PM NaCO, 

2% gO\ceURO aQd 1 PM DTT (SH 7.4) aQd diVUXSWed RQ ice ZiWh VRQicaWRU (40% dXW\ c\cOe, 2 

PiQXWeV fRU 5 WiPeV). SXVSeQViRQ ZaV ceQWUifXged aW 30,000 g fRU 1 hRXU aW 4 �C. ReVXOWiQg 

VXSeUQaWaQW ZaV SURceeded WR SXUificaWiRQ VWeSV fRU H-A-PSU SUeSaUaWiRQ. AddiWiRQaO SURcedXUe Rf 

iQWURdXciQg BV iQ e[ceVV ZaV dRQe fRU H-H-PSU SUeSaUaWiRQ. SXSeUQaWaQW ZaV SXUified WhURXgh Ni 

SeShaURVeTM 6 FaVW FORZ cROXPQ (GE HeaOWhcaUe) iQ fiQaO bXffeU cRQWaiQiQg 500 PM iPida]ROe. 

ThiV iV fROORZed b\ HiLRad 16/60 SXSeUde[ 200 Sg Vi]e e[cOXViRQ chURPaWRgUaSh\ (SEC) ZiWh 

bKTA E[SORUeU iQ fiQaO bXffeU 25 PM TUiV-HCO, 50 PM NaCO, 2% gO\ceURO, 5 PM EDTA aQd 1 

PM DTT (SH 8.2). ReVXOWaQW SXUified hiVWidiQe-Wagged PSU iV WUeaWed ZiWh FacWRU Xa (NRYageQ) WR 

UePRYe hiVWidiQe-OiQNeU. PXUified PSU (ZiWhRXW hiVWidiQe-Wag) iV RbWaiQed WhURXgh Whe VaPe PeWhRd 

aV PeQWiRQed abRYe, Whe diffeUeQce beiQg WhaW 50 PM iPida]ROe ZaV XVed iQVWead iQ Ni SeShaURVeTM 

6 FaVW FORZ cROXPQ eOXWiRQ. 
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The SXUified H-H-PSU ZaV WUeaWed ZiWh h\dUR[\OaPiQe WR RbWaiQ A-H-PSU. PUiRU WR h\dUR[\OaPiQe 

WUeaWPeQW, Whe SURceVV iQYROYe UePRYaO Rf DTT b\ diaO\ViV ZiWh 25 PM TUiV-HCO, 50 PM NaCO, 

2% gO\ceURO, 5 PM EDTA (SH 8.2). AfWeU WhaW, h\dUR[\OaPiQe ZaV added WR Whe fiQaO cRQceQWUaWiRQ 

Rf 500 PM. The VaPSOe Pi[WXUe ZaV iQcXbaWed aW 20 �C aQd PRQiWRUed ZiWh UV-ViVibOe 

VSecWURShRWRPeWeU XQWiO Whe abVRUbaQce SeaN aW 430 QP ZaV cRPSOeWeO\ diVaSSeaUed. BOeached PSU 

ZaV diaO\]ed iQ 25 PM TUiV-HCO, 50 PM NaCO, 2% gO\ceURO, 5 PM EDTA aQd 1 PM DTT (SH 

8.2) WR UePRYe h\dUR[\OaPiQe. 

 

2.2.2 UV-ViVibOe VSecWURVcRS\ 

UV-YiVibOe VSecWUa ZeUe UecRUded XViQg QE65000 VSecWURPeWeU (OceaQ OSWicV, USA). BXffeU 

cRQdiWiRQ XVed ZaV 25 PM TUiV-HCO, 50 PM NaCO, 2% gO\ceURO aQd 5 PM EDTA (SH 7.0). A-H-

PSU aQd H-A-PSU cRQWaiQV addiWiRQaO 1 PM DTT WR VWabiOi]e Whe VaPSOe. TePSeUaWXUe Rf Whe ceOO 

hROdeU iV PaiQWaiQed aW 20 �C. SaPSOe iUUadiaWiRQ OighW VRXUce iV bOXe LED (ȜPa[ = 470 QP) aQd Ued 

LED (ȜPa[ = 630 QP). BefRUe abVRUSWiRQ VSecWUXP PeaVXUePeQWV ZeUe caUUied RXW, PSU VaPSOe ZaV 

SUe-iUUadiaWed ZiWh Ued OighW fRU 30 PiQXWeV aQd aOORZed WR UecRYeU WR daUN VWaWe fRU 7 hRXUV. ThiV 

ZaV caUUied RXW WR eQVXUe Whe PeaVXUed VaPSOeV ZeUe iQ Whe aSSURSUiaWe daUN adaSWed fRUP. 

 

IQ RUdeU WR fXUWheU eOiPiQaWe aQ\ cRQWUibXWiRQ fURP fOXRUeVceQce aQd VWUa\ VcaWWeUed OighW 

fURP LED VRXUce, ePiVViRQ VSecWUa ZeUe PeaVXUed ZiWh ideQWicaO SaUaPeWeUV aV abVRUSWiRQ VSecWUa 

PeaVXUePeQWV. RecRUded ePiVViRQ VSecWUa ZeUe VXbWUacWed fURP Whe UecRUded abVRUSWiRQ VSecWUa WR 

RbWaiQ PXch PRUe accXUaWe UeSUeVeQWaWiRQ Rf PSU abVRUSWiRQ VSecWUa. 

 

2.3 ResXlWs and DiscXssions 

2.3.1 SpecWroscopic properWies of dark sWaWe Ppr 

FigXUe 2-1 dePRQVWUaWeV Whe daUN VWaWe abVRUbaQce VSecWUXP fRU H-H-PSU, A-H-PSU aQd 
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FigXre 2-1.  AbVRUSWiRQ VSecWUa Rf daUN VWaWe HROR-HROR-PSU (bOacN), ASR-HROR-PSU (gUeeQ) 

aQd HROR-ASR-PSU (bOXe). CRQYROXWed abVRUSWiRQ VSecWUXP Rf ASR-HROR-PSU aQd HROR-ASR-

PSU UeSUeVeQWed b\ Ued cXUYe. 
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H-A-PSU. A-H-PSU Zhich iV UecRQVWiWXWed ZiWh BV chURPRShRUe VhRZV chaUacWeUiVWic SeaNV aW 

700 QP aQd 390 QP, ZhiOe H-A-PSU ZiWh RQO\ SCA chURPRShRUe diVSOa\V iWV chaUacWeUiVWic 

SeaN aW 430 QP. TaNiQg Whe abVRUSWiRQ ZaYeOeQgWh UegiRQ iQWR cRQVideUaWiRQ, Ued OighW (ȜPa[ = 

630 QP) iV abVRUbed b\ Whe PajRU abVRUSWiRQ SeaN Rf BSh dRPaiQ. BOXe OighW iUUadiaWiRQ (ȜPa[ 

= 470 QP) iV abVRUbed b\ bRWh PYP aQd BSh dRPaiQV, WhRXgh Whe bOXe OighW abVRUSWiRQ 

efficieQc\ iV VPaOO fRU BSh dRPaiQ cRPSaUed WR PYP dRPaiQ. AOWhRXgh Whe VaPe PSU SURWeiQ 

ZaV XVed fRU aOO WheVe WhUee chURPRShRUe UecRQVWiWXWiRQ cRQdiWiRQV, Whe RbVeUYaWiRQ VhRZV gRRd 

agUeePeQW ZiWh Whe RWheU VWXd\ Rf ViPiOaU VeWXS (e[ceSW fRU Whe XVage Rf H-A-PSU) (37) ZheUe 

H-H-PSU daUN VWaWe VSecWUXP iV a cRPbiQaWiRQ Rf Whe A-H-PSU aQd H-A-PSU iQdiYidXaO daUN VWaWe 

VSecWUa UeVSecWiYeO\. ThiV cRPbiQaWiRQ iV PRVW QRWabO\ RbVeUYed aURXQd 400 QP SeaN ZiWh a 

430 QP VhRXOdeU iQ H-H-PSU. BaVed RQ WheVe iQfRUPaWiRQ, Whe PYP aQd BSh dRPaiQV iQ WheiU 

daUN VWaWe fRUPV (heUeb\ WeUPed BShD aQd PYPD) dR QRW affecW each RWheU ZiWhiQ PSU. 

 

2.3.2 SpecWroscopic properWies of single chromophore Ppr YarianWs, Holo-Apo-Ppr and 

Apo-Holo-Ppr 

FigXUe 2-2A VhRZV abVRUSWiRQ VSecWUa Rf H-A-PSU iQ Whe daUN aQd XQdeU bOXe OighW iUUadiaWiRQ. 

USRQ bOXe OighW iUUadiaWiRQ, abVRUSWiRQ VSecWUXP decUeaVe aURXQd 430 QP. MiQRU iQcUeaVe Rf 

abVRUSWiRQ cRXOd be RbVeUYed aURXQd 350 QP aQd 470 QP. The H-A-PSU bOXe/daUN diffeUeQce 

abVRUbaQce VSecWUXP feaWXUeV (FigXUe 2-2B) UeVePbOeV cORVeO\ WR Whe PYPL/daUN diffeUeQce 

VSecWUXP Rf Hh-PYP (41). The PRVW VigQificaQW feaWXUe iQ Whe diffeUeQce VSecWUXP iV Whe 

abVRUSWiRQ SeaN URXQd 470 QP, Zhich cRUUeVSRQdV WR Whe fRUPaWiRQ Rf PYPL ShRWRiQWeUPediaWe. 

ThiV VigQifieV WhaW H-A-PSU Zhich RQO\ cRQWaiQV SCA chURPRShRUe ShRWRcRQYeUWV fURP PYPD 

WR PYPL XQdeU cRQWiQXRXV bOXe OighW iUUadiaWiRQ. 

 

FigXUe 2-3A dePRQVWUaWeV Whe abVRUSWiRQ VSecWUa Rf A-H-PSU iQ Whe daUN aQd XQdeU Ued 
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FigXre 2-2.  (A) AbVRUSWiRQ VSecWUa Rf HROR-ASR-PSU XQdeU daUN aQd bOXe OighW iUUadiaWiRQ. (B) 

BOXe/daUN diffeUeQce abVRUSWiRQ VSecWUXP Rf HROR-ASR-PSU. [DeWaiOed UeSUeVeQWaWiRQ iQ 

ASSeQdi[ VecWiRQ, FigXUe S1 aQd S2]  

B 

A 
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FigXre 2-3.  (A) AbVRUSWiRQ VSecWUa Rf ASR-HROR-PSU XQdeU daUN, Ued OighW iUUadiaWiRQ aQd bOXe 

OighW iUUadiaWiRQ. (B) Red/daUN diffeUeQce abVRUSWiRQ VSecWUXP (Ued) aQd bOXe/daUN diffeUeQce 

abVRUSWiRQ VSecWUXP (bOXe) Rf ASR-HROR-PSU. Red VSecWUXP QRUPaOi]ed WR bOXe VSecWUXP. 

[DeWaiOed UeSUeVeQWaWiRQ iQ ASSeQdi[ VecWiRQ, FigXUe S3 aQd S4]  

Red 

BlXe 

B 

A 
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OighW RU bOXe OighW iUUadiaWiRQ. UQdeU OighW iUUadiaWiRQ, H-H-PSU VhRZed WhaW BSh VSecWUXP 

aURXQd 700 QP decUeaVeV ZiWh a VOighW iQcUeaVe iQ Whe VRUeW baQd UegiRQ. ThiV abVRUSWiRQ 

decUeaVe aURXQd 700 QP iV Whe chaUacWeUiVWic feaWXUe Rf Whe BV iQ BSh dRPaiQ beiQg 

ShRWRcRQYeUWed. IW iV heUeb\ WeUP aV BSh* WR UeSUeVeQW VXch chaQge. A-H-PSU VhRZV Whe 

VWURQgeVW abVRUSWiRQ decUeaVe aURXQd 700 QP XQdeU Ued OighW. ThiV iV PRVW OiNeO\ dXe WR Whe 

higheU abVRUSWiRQ efficieQc\ b\ Whe biOiYeUdiQ fRU Ued OighW cRPSaUed WR bOXe OighW. AOWhRXgh 

bRWh Ued aQd bOXe OighW iUUadiaWiRQ cRQdiWiRQV UeVXOWV iQ diffeUeQW aPRXQW Rf BSh*, cRPSaUiQg 

bRWh VSecWUa iQdicaWeV WhaW ShRWRSURdXcWV fURP bRWh iUUadiaWiRQ cRQdiWiRQV aUe ViPiOaU (FigXUe 

2-3B). DiffeUeQW iUUadiaWiRQ cRQdiWiRQ dReV QRW UeVXOWV iQ diffeUeQW BSh ShRWRSURdXcW. 

 

2.3.3 SpecWroscopic properWies of Ppr ZiWh fXll\ reconsWiWXWed chromophores, Holo-Holo-

Ppr 

UQdeU cRQWiQXRXV Ued OighW iUUadiaWiRQ, H-H-PSU VhRZV a ViPiOaU VSecWUXP chaQge WR A-H-PSU. 

BSh abVRUSWiRQ VSecWUXP aURXQd 700 QP decUeaVeV ZiWh a VOighW iQcUeaVe iQ Whe VRUeW baQd 

UegiRQ (FigXUe 2-4A). The ViPiOaUiW\ iV dePRQVWUaWed iQ FigXUe 2-4B Zhich iQdicaWeV A-H-PSU 

XQdeU OighW iUUadiaWiRQ aQd H-H-PSU XQdeU Ued OighW iUUadiaWiRQ haYe Whe VaPe BSh* 

ShRWRSURdXcWV. ThiV iQfRUPaWiRQ VXggeVWV WhaW Whe SUeVeQce Rf daUN VWaWe SCA chURPRShRUe iQ 

H-H-PSU dReV QRW iQfOXeQce Whe ShRWRUeacWiRQ Rf BSh. 

 

UQdeU Whe aVVXPSWiRQ WhaW bRWh SCA aQd BV chURPRShRUeV dR QRW iQWeUfeUe ZiWh each 

RWheU, iW ZaV cRPSeOOiQg WR WhiQN WhaW Whe cRQYROXWed diffeUeQce VSecWUa Rf bRWh bOXe/daUN Rf H-

A-PSU (FigXUe 2-2B) aQd Ued/daUN Rf A-H-PSU (FigXUe 2-3B) ZRXOd be ViPiOaU WR Ued-bOXe/daUN 

Rf H-H-PSU. HRZeYeU, e[SeUiPeQWaO PeaVXUePeQWV dePRQVWUaWed diffeUeQceV e[iVW beWZeeQ 

cRQYROXWed diffeUeQce VSecWUXP aQd PeaVXUed Ued-bOXe/daUN diffeUeQce VSecWUXP (FigXUe 2-5). 

The diffeUeQce beWZeeQ WZR VSecWUa iV PRVW SURPiQeQW aURXQd 400 QP aQd 700 QP, aWWUibXWed 
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FigXre 2-4.  (A) AbVRUSWiRQ VSecWUa Rf HROR-HROR-PSU XQdeU daUN aQd Ued OighW iUUadiaWiRQ. (B) 

Red/daUN diffeUeQce abVRUSWiRQ VSecWUXP Rf HROR-HROR-PSU (bOacN), Ued/daUN diffeUeQce 

abVRUSWiRQ VSecWUXP Rf ASR-HROR-PSU (Ued) aQd bOXe/daUN diffeUeQce abVRUSWiRQ VSecWUXP 

(bOXe) Rf ASR-HROR-PSU. BOacN aQd Ued VSecWUXP QRUPaOi]ed WR bOXe VSecWUXP.  

HRlR-HRlR-PSU 
(Red) 

ASR-HRlR-PSU 
(Red) 

ASR-HRlR-PSU 
(BlXe) 

B 

A 
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FigXre 2-5.  Red-BOXe/daUN diffeUeQce abVRUSWiRQ VSecWUXP Rf HROR-HROR-PSU UeSUeVeQWed b\ 

bOacN cXUYe. CRQYROXWed diffeUeQce VSecWUa Rf bRWh bOXe/daUN Rf H-A-PSU (FigXUe 2-2B) aQd 

Ued/daUN Rf A-H-PSU (FigXUe 2-3B) UeSUeVeQWed b\ gUeeQ cXUYe. ReVidXaO diffeUeQce beWZeeQ 

WZR cXUYeV UeSUeVeQWed b\ Ued VcaWWeU PaUNV abRYe. 

  

MeaVXUed 

CRQYRlXWed 
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WR PYP dRPaiQ aQd BSh dRPaiQ UeVSecWiYeO\. ThiV iQdicaWeV WhaW OighW VWaWe H-H-PSU ZheUe bRWh 

chURPRShRUeV aUe ShRWRacWiYaWed XQdeUgReV diffeUeQW ShRWRUeacWiRQV cRPSaUed WR Whe ViQgOe 

chURPRShRUe PSU YaUiaQWV. 

 

UQdeU cRQWiQXRXV bOXe OighW iUUadiaWiRQ, H-H-PSU VhRZV aQ iQcUeaVe Rf abVRUbaQce 

aURXQd 350 QP aQd a decUeaVe Rf abVRUbaQce aURXQd 434 QP (FigXUe 2-6A). ThiV chaQgeV iV 

PaiQO\ dXe WR Whe ShRWRcRQYeUViRQ Rf SCA iQ PYP dRPaiQ (PYP*). IQ addiWiRQ, ViPiOaU 

decUeaViQg Rf abVRUSWiRQ VSecWUXP aURXQd 700 QP cRXOd be RbVeUYed. ThiV VSecWUXP chaQge 

aURXQd 700 QP iV aWWUibXWed WR Whe ShRWRacWiYaWiRQ Rf BSh dRPaiQ aV Whe bOXe OighW aOVR 

ShRWRacWiYaWeV BSh WhURXgh Whe VRUeW SeaN abVRUbaQce. CRPSaUiQg Whe diffeUeQce VSecWUa Rf H-

H-PSU XQdeU bOXe OighW iUUadiaWiRQ iQ FigXUe 2-6B WR WhRVe Rf Whe ViQgOe chURPRShRUe PSU 

YaUiaQWV, Whe PRVW RbYiRXV diffeUeQce caQ be VeeQ aURXQd 400 QP. ThiV iQdicaWeV a diffeUeQW 

ShRWRUeacWiRQ iQYROYed iQ PYP dRPaiQ iQ H-H-PSU cRPSaUed WR H-A-PSU XQdeU bOXe OighW 

iUUadiaWiRQ. 

 

USRQ cORVeU iQVSecWiRQ, Whe diffeUeQce abVRUbaQce VSecWUa XQdeU bOXe OighW iUUadiaWiRQ 

dePRQVWUaWe Whe abVRUbaQce iQiWiaOO\ decUeaVe aW 434 QP fROORZed b\ a VOighW iQcUeaVe. ThiV iV 

cOeaUO\ VhRZQ iQ FigXUe 2-7 ZheUe Whe WiPe cRXUVe Rf abVRUbaQce chaQgeV Rf 434 QP haV a 

ORZeVW SeaN aURXQd 5 PiQXWeV. The abVRUbaQce chaQgeV RYeU WiPe caQ be VXfficieQWO\ fiWWed b\ 

a dRXbOe e[SRQeQWiaO fXQcWiRQ ZiWh Whe WiPe cRQVWaQW VhRZQ iQ TabOe 2-1. ThiV iQdicaWeV WhaW aW 

OeaVW WZR ShRWRUeacWiRQV aUe iQYROYed XQdeU cRQWiQXRXV bOXe OighW iUUadiaWiRQ. UViQg Whe 5 

PiQXWe PaUN aV Whe WUaQViWiRQ SRiQW Rf UefeUeQce (FigXUe 2-8A), bOXe OighW iUUadiaWiRQ WiPe 

dRPaiQ caQ be caWegRUi]ed iQWR eaUO\ ShaVe aQd OaWe ShaVe. BaVed RQ WheVe WZR WiPe dRPaiQV, 

WZR diVWiQcW diffeUeQce abVRUSWiRQ VSecWUa cRXOd be RbWaiQed aV VhRZQ iQ FigXUe 2-8B aQd 
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FigXre 2-6.  (A) AbVRUSWiRQ VSecWUa Rf HROR-HROR-PSU XQdeU bOXe OighW iUUadiaWiRQ. (B) 

BOXe/daUN diffeUeQce abVRUSWiRQ VSecWUa Rf HROR-HROR-PSU.   

B 

A BlXe iUUadiaWiRQ 
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FigXre 2-7.  TiPe-UeVROYed abVRUbaQce Rf HROR-HROR-PSU XQdeU bOXe OighW iUUadiaWiRQ aW VeOecWed 

ZaYeOeQgWh 700 QP aQd 434 QP fURP SaQeO A aW eYeU\ 5 VecRQdV iQWeUYaO. 

 

Table 2-1.  KiQeWic UaWe cRQVWaQWV fRU HROR-HROR-PSU XQdeU bOXe OighW iUUadiaWiRQ aW VeOecWed 

ZaYeOeQgWhV. 

WaYeOeQgWh KiQeWic UaWe cRQVWaQW 1 
(PiQ-1) 

KiQeWic UaWe cRQVWaQW 2 
(PiQ-1) 

434 QP 1.085 � 0.005 0.0629 � 0.0008 

700 QP 0.205 � 0.002 0.0901 � 0.0004 
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FigXre 2-8.  (A) TiPe-UeVROYed abVRUbaQce Rf HROR-HROR-PSU aW 434 QP. SeSaUaWed iQWR eaUO\ 

ShaVe aQd OaWe ShaVe WiPe dRPaiQV b\ Whe 5Wh PiQXWe WiPe SRiQW aURXQd Whe PiQiPXP abVRUbaQce 

YaOXe Rf 433 QP. TiPe a[iV UeSUeVeQWed iQ ORgaUiWhPic VcaOe WR UeVROYe eaUO\ ShaVe WiPe dRPaiQ. 

(B) EaUO\ ShaVe diffeUeQce abVRUSWiRQ VSecWUXP Rf HROR-HROR-PSU XQdeU bOXe OighW iUUadiaWiRQ 

beWZeeQ iQiWiaO PeaVXUePeQW aQd 5Wh PiQXWe PeaVXUePeQW. (C) LaWe ShaVe diffeUeQce abVRUSWiRQ 

VSecWUXP Rf HROR-HROR-PSU XQdeU bOXe OighW iUUadiaWiRQ beWZeeQ 5Wh PiQXWe PeaVXUePeQW aQd 

fiQaO PeaVXUePeQW aW 90Wh PiQXWe. 

  

Earl\ Phase LaWe Phase 

A 

B C 
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FigXUe 2-8C. IQ Whe eaUO\ ShaVe, VSecWUXP chaQgeV aWWUibXWed WR PYP aQd BSh dRPaiQV cRXOd be 

RbVeUYed. IQ Whe OaWe ShaVe, VSecWUXP chaQge iV PaiQO\ aWWUibXWed WR BSh dRPaiQ Zhich iV 

ViPiOaU WR Whe diffeUeQce VSecWUXP feaWXUeV VeeQ XQdeU Ued OighW iUUadiaWiRQ. ThiV cOeaUO\ VhRZV 

WhaW PYP aQd BSh haYe diffeUeQW UaWe Rf ShRWRUeacWiRQV XQdeU bOXe OighW, ZiWh Whe ShRWRUeacWiRQV 

Rf PYP UeachiQg ShRWRVWaWiRQaU\ VWaWe (PSS) fROORZed b\ ShRWRUeacWiRQ Rf BSh. IQ addiWiRQ, a 

deWaiO cRPSaUiVRQ Rf Whe SeaN diffeUeQce abVRUbaQce aURXQd 700 QP VhRZV a diffeUeQW SeaN 

YaOXe. IQ Whe eaUO\ ShaVe, Whe SeaN VhifWed WR 695 QP cRPSaUed WR Whe OaWe ShaVe RU Ued OighW 

iUUadiaWiRQ Zhich haV Whe SeaN VSecWUXP aW 700 QP. IW VhRZV a VigQ Rf chURPRShRUe eQYiURQPeQW 

chaQge Rf BSh dRPaiQ RccXUV ZiWhiQ eaUO\ ShaVe Rf bOXe OighW iUUadiaWiRQ. 

 

2.3.4 Holo-Holo-Ppr in earl\ phase blXe lighW irradiaWion 

AV Whe ShRWRUeacWiRQ iQ Whe eaUO\ ShaVe bOXe OighW iUUadiaWiRQ Rf H-H-PSU iV VeePiQgO\ cRPSOe[ 

iQYROYiQg aW OeaVW WZR ShRWRUeacWiRQV ZiWh diffeUeQW NiQeWicV, a YaUiaWiRQ Rf WiPe-deSeQdeQW 

diffeUeQce VSecWUa ZaV SeUfRUPed WR beWWeU aQaO\]e Whe eaUO\ ShRWRUeacWiRQ ShaVe (FigXUe 2-9A). 

DiffeUeQce VSecWUa beWZeeQ each PeaVXUePeQWV RYeU WiPe ZeUe SORWWed WR aOORZ a cOeaU 

YiVXaOi]aWiRQ RQ Whe chaQgeV Rf diffeUeQce VSecWUXP dXUiQg Whe cRXUVe Rf bOXe OighW iUUadiaWiRQ. 

The WiPe iQWeUYaO ZaV chRVeQ aW 5 VecRQdV Zhich haV VXfficieQW WiPe UeVROXWiRQ ZhiOe 

PaiQWaiQiQg a gRRd VigQaO-WR-QRiVe UaWiR. 

 

IW iV diVcRYeUed WhaW iQ Whe iQiWiaO 10 VecRQdV Rf bOXe OighW iUUadiaWiRQ (FigXUe 2-9B), Whe 

diffeUeQce VSecWUXP cORVeO\ UeVePbOeV WR WhaW Rf Whe H-A-PSU XQdeU bOXe OighW iUUadiaWiRQ. The 

VSecWUXP feaWXUe aURXQd 400 QP iV aOVR ViPiOaU WR PSU-PYP (WUXQcaWed PSU ZiWh RQO\ PYP 

dRPaiQ) aQd HiV-PSU (hiVWidiQe-Wagged HROR-ASR-PSU cRQfigXUaWiRQ) XQdeU cRQWiQXRXV bOXe 

OighW iUUadiaWiRQ UeSRUWed iQ Whe SUeYiRXV VWXd\ (40). The abVRUbaQce SeaN aURXQd 470 QP 

diPiQiVheV ZiWhiQ 30 VecRQdV Rf cRQWiQXRXV bOXe OighW iUUadiaWiRQ (FigXUe 2-9C). FXUWheUPRUe, 
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FigXre 2-9.  (A) AbVRUSWiRQ diffeUeQce VSecWUXP Rf HROR-HROR-PSU aW 5 VecRQdV diffeUeQce 

iQWeUYaO XQdeU bOXe OighW iUUadiaWiRQ (5 Vec ± 60 Vec, Ued WR bOXe cXUYeV). TZR diVWiQcW PYP UeOaWed 

VSecWUa VhRZQ iQ 5 ± 10 Vec diffeUeQce (B) aQd 25 - 30 Vec diffeUeQce (C). 

  

A 

5 ± 10 Vec 

470 QP 
PYP

L
-OiNe 

B 

25 ± 30 Vec 

a350 QP PYP
M

-OiNe 

C 



2ϵ 
 

Whe abVRUbaQce UaWiR Rf 350/434 QP iQcUeaVeV RYeU Whe cRXUVe Rf bOXe OighW iUUadiaWiRQ. AOO WheVe 

chaQgeV caQ be cOeaUO\ VeeQ iQ Whe VeUieV Rf iPageV iQ FigXUe 2-10. The abVRUbaQce chaQgeV iQ 

Whe eaUO\ ShaVe Rf bOXe OighW iUUadiaWiRQ iQdicaWeV Whe fRUPaWiRQ Rf PYPL aQd PYPM 

ShRWRiQWeUPediaWeV, aQaORgRXV WR Whe chaQgeV iQ Hh-PYP (31). AQRWheU UefeUeQce ZiWh ViPiOaU 

RbVeUYaWiRQV caQ be fRXQd iQ Whe VWXd\ Rf PSU-PYP (40). 

 

The VSecWUaO chaQgeV aURXQd 400 QP iQ FigXUe 2-9 dReV QRW accXUaWeO\ UeSUeVeQW Whe 

ShRWRUeacWiRQV iQYROYed iQ PYP cRQVideUiQg Whe eaUO\ bOXe OighW iUUadiaWiRQ ShaVe iQcOXdeV 

VSecWUaO cRQWUibXWiRQ fURP BSh (UefeU FigXUe 2-4B). IQ RUdeU WR aOORZ a PRUe SUeciVe aQaO\ViV, 

Whe VSecWUaO cRQWUibXWiRQ Rf BSh QeedV WR be UePRYed. The abVRUSWiRQ diffeUeQce VSecWUXP Rf 

H-H-PSU aW 700 QP XQdeU cRQWiQXRXV bOXe OighW iUUadiaWiRQ be\RQd 5 PiQXWeV haV ViPiOaU 

diffeUeQce VSecWUXP WR WhaW Rf XQdeU cRQWiQXRXV Ued OighW iUUadiaWiRQ (FigXUe 2-8C), ZiWh SeaN 

diffeUeQce VSecWUXP aW ȜPa[ = 700 QP. AVVXPiQg Whe diffeUeQce VSecWUXP fURP BSh 

ShRWRUeacWiRQ iV aOVR ViPiOaU aURXQd 400 QP UegiRQ, Whe H-H-PSU Ued/daUN diffeUeQce VSecWUXP 

fURP Ued OighW iUUadiaWiRQ iV XVed aV Whe baViV WR VXbWUacW Whe BSh VSecWUXP cRQWUibXWiRQ fURP 

Whe bOXe OighW iUUadiaWiRQ diffeUeQce VSecWUXP, RbWaiQiQg a diffeUeQce VSecWUXP Zhich 

aSSUR[iPaWe cORVeO\ WR ShRWRUeacWiRQ Rf PYP dRPaiQ (FigXUe 2-11A & FigXUe 2-12A). The BSh 

VXbWUacWed diffeUeQce VSecWUa aUe cRPSaUed ZiWh Whe diffeUeQce VSecWUXP Rf H-A-PSU XQdeU 

cRQWiQXRXV bOXe OighW iUUadiaWiRQ.  

 

A cRPSaUiVRQ Rf Whe BSh VXbWUacWed diffeUeQce VSecWUXP Rf H-H-PSU (5 - 10 VecRQdV) 

aQd H-A-PSU aW bOXe OighW PSS (FigXUe 2-11B) VhRZV a gRRd agUeePeQW beWZeeQ 2 diffeUeQce 

VSecWUa aURXQd 434 QP aQd 470 QP. IQ a ViPiOaU cRPSaUiVRQ, diffeUeQce VSecWUXP Rf H-H-PSU 

(25 ± 250 VecRQdV) VhRZV a higheU abVRUbaQce aW 350 QP aQd abVeQce Rf abVRUbaQce SeaN aW 

470 QP (FigXUe 2-12B). ThiV VigQifieV WhaW fRU H-H-PSU XQdeU bOXe OighW iUUadiaWiRQ, Whe iQiWiaO 
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FigXre 2-10.  TiPe UeVROYed diffeUeQce VSecWUa Rf HROR-HROR-PSU aW eYeU\ 5 VecRQdV diffeUeQce 

iQWeUYaO XQdeU bOXe OighW iUUadiaWiRQ (0 Vec ± 30 Vec). SPaOO SeaN iQdicaWed b\ bOXe aUURZ aW 470 

QP RQO\ RbVeUYabOe fRU Whe iQiWiaO 20 VecRQdV Rf bOXe OighW iUUadiaWiRQ. 
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FigXre 2-11.  (A) CXUYe 1 UeSUeVeQWV Whe abVRUSWiRQ diffeUeQce VSecWUa beWZeeQ 5 aQd 10 

VecRQdV bOXe OighW iUUadiaWiRQ Rf HROR-HROR-PSU, ViPiOaU WR Fig. 2-10B. Red/daUN diffeUeQce 

VSecWUXP Rf HROR-HROR-PSU afWeU 30 PiQXWeV Ued OighW iUUadiaWiRQ (Fig. 2-4B) iV QRUPaOi]ed aQd 

VXbWUacWed fURP cXUYe 1, UeVXOWiQg iQ cXUYe 2. (B) BOXe/daUN diffeUeQce VSecWUXP Rf HROR-ASR-

PSU iV QRUPaOi]ed aQd VXSeUSRVed ZiWh cXUYe 2.  

A 

B 
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FigXre 2-12.  (A) CXUYe 3 UeSUeVeQWV Whe abVRUSWiRQ diffeUeQce VSecWUa beWZeeQ 25 aQd 250 

VecRQdV bOXe OighW iUUadiaWiRQ Rf HROR-HROR-PSU Red/daUN diffeUeQce VSecWUXP Rf BSh afWeU 30 

PiQXWeV Ued OighW iUUadiaWiRQ (Fig. 2-4B) iV QRUPaOi]ed aQd VXbWUacWed fURP cXUYe 3, UeVXOWiQg iQ 

cXUYe 4. (B) BOXe/daUN diffeUeQce VSecWUXP Rf HROR-ASR-PSU iV QRUPaOi]ed aQd VXSeUSRVed ZiWh 

cXUYe 4. 

A 

B 
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ShRWRUeacWiRQ iV ViPiOaU WR H-A-PSU. ThiV iQiWiaO ShRWRUeacWiRQ ZiWhiQ Whe fiUVW 10 VecRQdV Rf 

bOXe OighW iQYROYeV fRUPaWiRQ Rf PYPL ShRWRiQWeUPediaWe. HRZeYeU, Whe SUeVeQce Rf BV iQ H-

H-PSU VeePV WR VWabiOi]e Whe fRUPaWiRQ Rf PYPM ShRWRiQWeUPediaWe. ThiV UeVXOWV iQ PYPM beiQg 

accXPXOaWed ZheQ H-H-PSU e[SRVed WR ORQgeU dXUaWiRQ Rf bOXe OighW iUUadiaWiRQ. IW iV aOVR 

RbVeUYed WhaW VSecWUXP VhifW aURXQd 700 QP iV UeYeaOed ZheQ BSh VSecWUaO cRQWUibXWiRQ iV 

UePRYed. IQ FigXUe 2-13, iW iV cOeaUO\ VhRZQ WhaW Whe BSh VSecWUXP VhifW iV OaUgeU aW Whe OaWeU SaUW 

Rf eaUO\ ShaVe bOXe OighW iUUadiaWiRQ, Whe WiPe dRPaiQ ZheUe PYPM iV accXPXOaWed. ThiV VXggeVWV 

fRUPaWiRQ Rf PYPM iQfOXeQce Whe BSh dRPaiQ, SRVVibO\ Whe chURPRShRUe eQYiURQPeQW Rf BV. 

IQ RUdeU WR YeUif\ Whe iQfOXeQce iV iQdeed fURP PYPM, diffeUeQce abVRUbaQce chaQgeV fURP 

YaUiRXV WiPe SRiQWV WhaW UeSUeVeQWV PYPM fRUPaWiRQ (350 QP) aQd BSh ZaYeOeQgWh VhifW (710 

QP) aUe VaPSOed (FigXUe 2-14A) aQd cRPSaUed. FigXUe 2-14B dePRQVWUaWeV Whe NiQeWic UaWe 

beWZeeQ PYPM fRUPaWiRQ aQd BSh ZaYeOeQgWh VhifW aUe cRPSaUabOe WR each RWheU. IQ cRQWUaVW 

WR Whe NiQeWic UaWe Rf Whe BSh* fRUPaWiRQ XQdeU bOXe OighW iUUadiaWiRQ Zhich iV QRWiceabO\ VORZeU. 

ThiV VhRZV WhaW BSh dRPaiQ dR iQdeed iQfOXeQced b\ fRUPaWiRQ Rf PYPM. 

 

2.3.5 SXmmar\ 

FigXUe 2-15 VXPPaUi]e Whe ShRWRUeacWiRQ VchePeV iQ WhiV chaSWeU. ThiV VWXd\ fRXQd WhaW daUN 

VWaWe chURPRShRUeV dReV QRW iQfOXeQce each RWheU iQ H-H-PSU (S1). IQ addiWiRQ, SUeVeQce RU 

abVeQce Rf daUN VWaWe SCA chURPRShRUe dReV QRW UeVXOWV iQ aQ\ chaQgeV WR ShRWRUeacWiRQ Rf BSh 

(S2). HRZeYeU, bOXe OighW iUUadiaWiRQ Zhich ShRWRacWiYaWeV bRWh SCA aQd BV UeVXOWV iQ diffeUeQW 

ShRWRUeacWiRQV iQ H-H-PSU cRPSaUed WR Whe ViQgOe chURPRShRUe PSU YaUiaQWV (S3). MRVW 

iPSRUWaQWO\ iQ Whe eaUO\ ShaVe Rf bOXe OighW iUUadiaWiRQ, iW iV UeYeaOed WhaW PYP dRPaiQ aQd BSh 

dRPaiQ PXWXaOO\ iQfOXeQce WR each RWheU. The SUeVeQce Rf BV chURPRShRUe iQ H-H-PSU 

SURPRWeV fRUPaWiRQ Rf PYPM iQ addiWiRQ WR PYPL. ThiV iV eYideQW b\ Whe iQiWiaO ShRWRUeacWiRQ iV 

ViPiOaU WR WhaW Rf H-A-PSU iQ PYPL fRUPaWiRQ, aQd fXUWheU bOXe OighW iUUadiaWiRQ iQdicaWeV 



34 
 

 

 

 

 

 

 

 

FigXre 2-13.  AbVRUSWiRQ diffeUeQce VSecWUa HROR-HROR-PSU XQdeU bOXe OighW iUUadiaWiRQ beWZeeQ 

5-10 VecRQdV iUUadiaWiRQ (bURZQ) aQd 25-250 VecRQdV iUUadiaWiRQ (gUeeQ). BSh VSecWUaO 

cRQWUibXWiRQ UePRYed fURP bRWh VSecWUa. 
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FigXre 2-14.  (A) AbVRUSWiRQ diffeUeQce VSecWUa HROR-HROR-PSU XQdeU bOXe OighW iUUadiaWiRQ 

VaPSOed aW diffeUeQW WiPe diffeUeQce. BOacN aUURZ iQdicaWeV Whe 350 QP aQd 710 QP ZaYeOeQgWh 

SRiQWV XVed fRU diffeUeQce abVRUbaQce YV WiPe iQ SaQeO B. (B) DiffeUeQce abVRUbaQce YV WiPe Rf 

VeOecWed ZaYeOeQgWh aW 350 QP, 710 QP aQd 700 QP. DiffeUeQce abVRUbaQce YaOXe Rf 700 QP 

VaPSOed fURP BSh* diffeUeQce VSecWUXP XVed fRU BSh VSecWUaO cRQWUibXWiRQ UePRYaO. 

A 

B 

350 nm 

710 nm 

700 nm 
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FigXre 2-15.  PhRWRUeacWiRQ VchePeV Rf PSU 

PYPD・BphApo +   PYPApo・BphD =   PYPD・BphD

PYPApo・Bph* =   PYPD・Bph*

PYPL・BphApo +   PYPApo・Bph* =   [PYP・Bph]LighW

PYPD・ BphD ĺ   PYPL・BphD ⇌ PYPM・BphD¶

PYPM・BphD¶    ĺ   PYPM・Bph*

(10 Vec) (5 PiQ)

(5 PiQ) (90 PiQ)

S1

S2

S3

S4

S5
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accXPXOaWiRQ Rf PYPM ShRWRSURdXcW. IW iV VSecXOaWed Whe BV chURPRShRUe heOSV WR VWabiOi]e 

Whe ShRWRSURdXcW Rf PYPM. AV Whe PYPM ShRWRSURdXcW iV accXPXOaWed, BSh dRPaiQ iV 

iQfOXeQced b\ e[SeUieQciQg VSecWUXP VhifW aURXQd 700 QP. ThiV SheQRPeQRQ cRXOd be 

iQWeUSUeWed aV a VigQ Rf BV chURPRShRUe eQYiURQPeQW beiQg SeUWXUbed. WhiOe aOO Whe 

ShRWRUeacWiRQV VXUURXQdiQg PYP dRPaiQ XQfROd, BSh dRPaiQ Zhich iV aOVR caSabOe Rf 

abVRUbiQg bOXe OighW XQdeUgReV ShRWRUeacWiRQ iQ SaUaOOeO aW a VORZeU NiQeWic UaWe. ThiV UeVXOWV iQ 

Whe OaWe ShaVe Rf bOXe OighW iUUadiaWiRQ, RQO\ ShRWRUeacWiRQ Rf BSh iV RbVeUYed. IQ Whe OaWe ShaVe 

WiPe dRPaiQ, PYP dRPaiQ haV aOUead\ achieYed PSS. IQ bUief, Whe eaUO\ ShaVe Rf bOXe OighW 

iUUadiaWiRQ VeeV a PajRU iQcUeaVe iQ PYPM ShRWRSURdXcW (S4). The OaWe ShaVe Rf bOXe OighW 

iUUadiaWiRQ PRVWO\ iQYROYeV Whe iQcUeaVe iQ BSh* ShRWRSURdXcW (S5). 

 

CRQVideUiQg PYPM iQfOXeQce chURPRShRUe eQYiURQPeQW Rf BSh iQ eaUO\ ShaVe Rf bOXe OighW 

iUUadiaWiRQ, iW caQ be WhRXghW WhaW VWUXcWXUaO chaQge iV iQYROYed beWZeeQ daUN VWaWe aQd bOXe OighW 

VWaWe PSU. OQe Rf Whe SRVVibiOiW\ iQYROYeV Whe VSaWiaO ORcaWiRQ chaQgeV beWZeeQ PYP aQd BSh 

dRPaiQ WhaW affecWV Whe chURPRShRUe eQYiURQPeQW Rf BSh. ThiV VWUXcWXUaO iQfRUPaWiRQ Rf PSU iV 

WR be iQYeVWigaWed iQ Whe fROORZiQg chaSWeU. 
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CHAPTER 3: SWrXcWXral AspecWs of Ppr 

3.1 BackgroXnd 

IQ Whe SURWeiQ VigQaOiQg SaWhZa\, aQ acWiYaWed SURWeiQ WhaW WUiggeUV dRZQVWUeaP UeacWiRQV iV 

aOPRVW aOZa\V accRPSaQied b\ a VWUXcWXUaO chaQge iQ Whe SURWeiQ WeUWiaU\ VWUXcWXUe. AQ e[aPSOe 

Rf WhiV iV RbVeUYed iQ Hh-PYP XQdeU bOXe OighW iUUadiaWiRQ. IQ Whe SUeYiRXV chaSWeU, iW iV VhRZQ 

WhaW PSU SURdXceV VeYeUaO diffeUeQW ShRWRiQWeUPediaWeV deSeQdiQg RQ Whe W\SeV Rf OighW 

iUUadiaWiRQ VXch aV BSh* ZiWh Ued OighW; PYPM aQd BSh* ZiWh bOXe OighW. HRZeYeU, VSecWURVcRSic 

PeaVXUePeQWV RQO\ UeYeaOV Whe chURPRShRUe¶V ORcaO eQYiURQPeQW. IQ RUdeU WR iQYeVWigaWe Zhich 

ShRWRiQWeUPediaWeV cRXOd be Whe acWiYe fRUP Rf PSU, VWUXcWXUaO iQfRUPaWiRQ Rf PSU 

ShRWRiQWeUPediaWeV iV Qeeded. HeUe, XViQg SAXS PeaVXUePeQWV cRXOd RffeU WR eOXcidaWe Whe 

RYeUaOO VWUXcWXUaO cRQfRUPaWiRQ Rf PSU iQ WeUPV Rf Vi]e aQd VhaSe. 

 

SPaOO aQgOe X-Ua\ VcaWWeUiQg (SAXS) iV a WechQiTXe XWiOi]ed WR SURbe Whe VWUXcWXUaO 

iQfRUPaWiRQ Rf a VWXdied VaPSOe. IW haV beeQ XVed iQ VWXd\iQg biRORgicaO VaPSOeV aV eaUO\ aV iQ 

Whe 1950V aQd PXch iPSURYePeQW WR Whe WechQiTXe haV beeQ deYeORSed eYeU ViQce WheQ. SAXS 

iV aWWUacWiYe iQ WeUPV Rf iWV UeOaWiYe ViPSOiciW\ iQ VaPSOe SUeSaUaWiRQ cRPSaUed WR RWheU RSWicaO 

baVed PicURVcRS\ WechQiTXeV. AOO WhaW iV Qeeded iQ VaPSOe SUeSaUaWiRQ iV a highO\ SXUified 

SURWeiQ VaPSOe aQd a VXiWabOe bXffeU WR SURYide VXfficieQW VaPSOe WR bXffeU cRQWUaVW UaWiR (42, 

43). 

 

US XQWiO QRZ, WheUe iV QR diUecW VWUXcWXUaO iQfRUPaWiRQ Rf PSU. The cORVeVW UefeUeQce 

ZRXOd be iQdeSeQdeQW X-Ua\ cU\VWaOORgUaSh\ VWUXcWXUaO iQfRUPaWiRQ Rf PYP, BSh RU HK dRPaiQV 

baVed fURP RWheU bacWeUiXP VSecieV (33, 44, 45). IQ Whe fiUVW SaUW Rf Whe VWXd\, Whe aiP iV WR RbWaiQ 

a ORZ-UeVROXWiRQ VROXWiRQ VWUXcWXUaO daWa Rf PSU. The UeVXOWiQg PROecXOaU eQYeORSe ZRXOd be 

XVed aV a UefeUeQce WR PaQXaOO\ fiW aQd eVWiPaWe Whe UeOaWiYe VSaWiaO ORcaWiRQ Rf each dRPaiQV. 
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CRXSOed ZiWh Whe aYaiOabOe VSecWURVcRSic daWa aV UefeUeQce, VROXWiRQ SAXS PeaVXUePeQW ZaV 

caUUied RXW RQ YaUiaQWV Rf PSU XQdeU Ued RU bOXe OighW iUUadiaWiRQ cRQdiWiRQV WR SURbe Whe WeUWiaU\ 

VWUXcWXUe Rf OighW iUUadiaWed PSU agaiQVW daUN VWaWe PSU. The VecRQd SaUW Rf Whe e[SeUiPeQW aiPV 

WR SURYide YaOXabOe iQfRUPaWiRQ iQ Zhich cRQdiWiRQ Whe PSU XQdeUgReV aQ\ OaUge WeUWiaU\ 

VWUXcWXUaO chaQgeV, RffeUiQg cOXeV WR Whe PSU cRQfigXUaWiRQ UeVSRQVibOe fRU iWV VigQaOiQg VWaWe. 

 

3.2 E[perimenWs 

3.2.1 DaWa cROOecWiRQ 

Photon Factor\. SAXS daWa Rf Whe H-H-PSU SURWeiQ ZeUe cROOecWed aW beaPOiQe BL-10C iQ Whe 

PhRWRQ FacWRU\. X-Ua\ diffUacWiRQ SaWWeUQV ZeUe UecRUded XViQg PILATUS3 2M (DecWUiV) 

deWecWRU aW ZaYeOeQgWh Rf 1.488 c. SaPSOe-deWecWRU diVWaQce ZaV VeW aW 931.2 PP. CeOO 

WePSeUaWXUe ZaV PaiQWaiQed aW 19.5 �C. SaPSOe bXffeU cRQdiWiRQ ZaV 25 PM TUiV-HCO, 50 PM 

NaCO, 2% GO\ceURO, 5 PM DTT aQd 5 PM EDTA. The e[SRVXUe WiPe ZaV 5 PiQXWeV ZiWh each 

iQdiYidXaO PeaVXUePeQWV aW 10 VecRQdV iQWeUYaO. PXUified PSU SURWeiQ cRQceQWUaWiRQ XVed ZeUe 

8.4 Pg/PL, 5.6 Pg/PL aQd 2.8 Pg/PL. 

 

Lab SAXS. SAXS daWa Rf Whe A-H-PSU aQd H-A-PSU SURWeiQV ZeUe cROOecWed ZiWhiQ NAIST 

faciOiW\. X-Ua\ VRXUce ZaV geQeUaWed b\ XOWUaX 18 (RIGAKU) geQeUaWRU aQd diffUacWiRQ SaWWeUQV 

ZeUe UecRUded XViQg XII-CCD (HAMAMATSU). CeOO WePSeUaWXUe ZaV PaiQWaiQed aW 20 �C. 

SaPSOe bXffeU cRQdiWiRQ ZaV 25 PM TUiV-HCO, 50 PM NaCO, 2% GO\ceURO, 1 PM DTT aQd 5 

PM EDTA fRU bRWh A-H-PSU aQd H-A-PSU. PXUified PSU SURWeiQ cRQceQWUaWiRQ XVed fRU A-H-

PSU ZeUe 5.6 Pg/PL, 3.7 Pg/PL aQd 1.9 Pg/PL; H-A-PSU ZaV 1.3 Pg/PL. 

 

3.2.2 DaWa SURceVViQg 

DaWa iV SURceVVed aQd aQaO\]ed XViQg IgRU VRfWZaUe (WaYeMeWUicV). SaPSOe PeaVXUePeQWV ZeUe 
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VcUeeQ fRU UadiaWiRQ daPage WR deWeUPiQe Whe UaQge Rf XVabOe daWa. KUaWN\ SORW iV SUeSaUed WR 

ideQWif\ ³fROdedQeVV´ Rf Whe VaPSOe SURWeiQ. GXiQieU aQaO\ViV ZaV SeUfRUPed WR RbWaiQ WZR 

SAXS iQYaUiaQWV, Whe UadiXV Rf g\UaWiRQ (Rg) aQd e[WUaSROaWed iQWeQViW\ aW ]eUR VcaWWeUiQg aQgOe 

[I(0)]. GXiQieU fiWWiQg caQ be aSSUR[iPaWed ZiWh Whe fROORZiQg fRUPXOa: 

 OQ I(T) = OQ I(0) ± (Rg
2/3) T2 

PRURd YROXPe, P(U) diVWUibXWiRQ fXQcWiRQV aQd DMa[ ZeUe eVWiPaWed XViQg PRIMUS SURgUaP 

fURP Whe ATSAS VXiWe. BaVed RQ Whe I(0) YaOXeV RbWaiQed fURP GXiQieU fiWWiQg aQd P(U) 

diVWUibXWiRQ fXQcWiRQ, PROecXOaU ZeighW Rf Whe PSU VaPSOe ZaV eVWiPaWed b\ XViQg I(0) Rf 

RYaObXPiQ aV Whe VWaQdaUd UefeUeQce. EVWiPaWed PROecXOaU ZeighW YaOXeV ZaV XVed WR cRQfiUP 

Whe ROigePeUic VWaWXV Rf PSU iQ VROXWiRQ. 

 

3.2.3 Ab initio PRdeOiQg 

The ORZ-UeVROXWiRQ ab iQiWiR PRdeOiQg caQ be dRQe XViQg DAMMIN SURgUaP (46). IW UeTXiUeV 

aQ iQSXW daWa ZiWh UeaO VSace iQfRUPaWiRQ Zhich iV FRXUieU WUaQVfRUPed fURP Whe UeciSURcaO VSace 

daWa RbWaiQed fURP SAXS PeaVXUePeQWV. DAMMIN SURgUaP VeUYeV WR UecRQVWUXcW a ORZ-

UeVROXWiRQ VhaSe fiOOed ZiWh dXPP\ aWRPV aQd fiQd a cRQfigXUaWiRQ WhaW cORVeO\ fiWV Whe RUigiQaO 

iQSXW daWa. IQ geQeUaO, aSSUR[iPaWeO\ WeQ WR WZeQW\ PRdeOV aUe ViPXOaWed WR RbWaiQ eQRXgh 

SRSXOaWiRQ Rf UaQdRPO\ geQeUaWed PRdeOV WhaW fiWV Whe e[SeUiPeQWaO iQSXW daWa. A ViQgOe P(U) 

diVWUibXWiRQ fXQcWiRQ cXUYe cRXOd be eTXaOO\ fiWWed b\ PXOWiSOe diffeUeQW PRdeO VhaSe dXe WR 

ORcaO PiQiPXP fiW. TR aVViVW iQ deWeUPiQiQg Zhich Rf Whe PRdeO haV Whe higheVW OiNeOihRRd Rf 

beiQg Whe cRUUecW aYeUage VWUXcWXUe, RQe PeWhRd iV WR gURXS PRdeOV Rf ViPiOaU RYeUaOO VhaSe iQWR 

WheiU RZQ cOXVWeUV. DAMCLUST SURgUaP UXQV aQ aOgRUiWhP WhaW gURXSV ViPiOaU PRdeOV iQWR 

cOXVWeUV aQd cRPSaUeV beWZeeQ WheP WR aOORZ aVVeVVPeQW WR Whe aPbigXiW\ Rf PRdeOiQg UeVXOW 

(47). The cOXVWeU ZiWh Whe PRVW SRSXOaWiRQ PePbeUV aQd a VRXQd gRRdQeVV-Rf-fiW iV gURXQd 

eQRXgh WR be chRVeQ aV Whe UeSUeVeQWaWiYe fRU Ue-ViPXOaWiRQ XViQg DAMMIN. The PRdeOV Rf Whe 
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chRVeQ cOXVWeU aUe VXbjecWed WR DAMAVER SURgUaP WR geQeUaWe aQ aYeUaged SURbabiOiW\ PaS 

(48). A DAMSTART fiOe iV WheQ geQeUaWed baVed RQ Whe aYeUaged DAMAVER PRdeO ZiWh a 

PRdificaWiRQ WR iQcOXde a fi[ed cRUe fRU Whe DAMMIN SURgUaP WR UefeU aV iQiWiaO gXeVV. NeZ 

PRdeOV geQeUaWed fURP DAMMIN ZiWh DAMSTART fiOe aV iQiWiaO aSSUR[iPaWiRQ aUe VXbjecWed 

WR eYaOXaWiRQ befRUe beiQg XWiOi]e aV Whe fiQaO eQYeORSe PRdeO. AOO 3D PRdeOV ZeUe YiVXaOi]ed 

XViQg ChiPeUa Y1.13. 

 

3.3 ResXlWs and DiscXssions 

3.3.1 Ab iniWio modeling of Ppr 

KUaWN\ SORW aQaO\ViV, aV VhRZQ iQ FigXUe 3-1, iQdicaWeV daUN VWaWe H-H-PSU aVVXPeV a 

PXOWidRPaiQ VWUXcWXUe aV eYideQW b\ Whe SUeVeQce Rf PXOWiSOe SURQRXQced SeaNV aURXQd ORZ Q 

UegiRQ. IQ addiWiRQ, YaOXe iQ Whe high Q UegiRQ aSSURachiQg WRZaUdV Q-a[iV iQdicaWeV H-H-PSU 

iV ZeOO fROded. GXiQieU aQaO\ViV iQ FigXUe 3-2 iQdicaWeV Whe H-H-PSU XVed iQ Whe SAXS 

PeaVXUePeQW haV PiQiPaO WR QR SUeVeQce Rf PROecXOaU aggUegaWiRQ RU UeSXOViRQ. P(U) 

diVWUibXWiRQ fXQcWiRQ Rf H-H-PSU eVWiPaWeV Whe PSU Pa[iPXP Vi]e aW 245 c (FigXUe 3-3). 

MROecXOaU ZeighW eVWiPaWiRQ baVed RQ Whe daWa fURP GXiQieU fiWWiQg aQd P(U) SORW cRQfiUPV WhaW 

Whe VROXWiRQ VWUXcWXUe PeaVXUed b\ SAXS iV iQ diPeUic fRUP (TabOe 3-1). 

 

IQ WRWaO Rf WZeQW\ PRdeOV ZeUe ViPXOaWed XViQg DAMMIN SURgUaP. The ViPXOaWiRQ iV 

dRQe iQ VORZ PRde, XViQg SaUaPeWeUV aV VhRZQ iQ TabOe 3-3. HRZeYeU QRW aOO Rf Whe ViPXOaWed 

PRdeOV ViPiOaU WR each RWheU. DAMCLUST SURgUaP VXcceVVfXOO\ gURXS Whe 20 PRdeOV iQWR 8 

cOXVWeUV (FigXUe 3-4) Rf ViPiOaU VhaSeV, e[ceSW WhRVe ZiWh QR ViPiOaU SaUWQeUV iQ WheiU RZQ 

iQdiYidXaO iVROaWed cOXVWeU. CRQVideUiQg WhaW PRdeO VhaSe fURP cOXVWeU 7 haV Whe PRVW QXPbeU 

Rf PePbeUV WhaW fiWV Whe PeaVXUed SAXS daWa, WhiV gURXS iV cRQVideUed WR haYe Whe beVW 

aSSUR[iPaWiRQ WR PSU VROXWiRQ VWUXcWXUe. AddiWiRQaO 3 QeZ PRdeOV ZeUe ViPXOaWed baVe RQ Whe 
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FigXre 3-1.  KUaWN\ SORW Rf HROR-HROR-PSU, iQdicaWiQg a fROded SURWeiQ ZiWh PXOWidRPaiQ 

VWUXcWXUe (PXOWiSOe SURQRXQced SeaNV) aQd UeOaWiYeO\ ZeOO fROded (cORVe WR [-a[iV aW high Q 

UegiRQ). 
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FigXre 3-2.  GXiQieU SORW fRU daUN VWaWe H-H-PSU aW 1.85 Pg/PL. 

 
 
FigXre 3-3.  The OefW figXUe VhRZV Whe iQWeQViW\ cXUYe Rf e[SeUiPeQWaO SAXS daWa fURP daUN 

VWaWe H-H-PSU aQd a fiWWiQg cXUYe caOcXOaWed fURP P(U) diVWUibXWiRQ fXQcWiRQ. FigXUe RQ Whe UighW 

iV Whe FRXUieU WUaQVfRUP Rf SAXS PeaVXUePeQW WR P(U) diVWUibXWiRQ fXQcWiRQ 

ZiWh DMa[ = 245 (PRIMUS SURgUaP). 
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 Rg (c) I(0)/conc. MW (kDa) Oligomeric 
XniWs* 

GXinier ploW 

(Igor) 
54.3 � 0.02 288 � 1 240.9 2.5 

P(r) ploW 

(PRIMUS) 
60.6 307.5 257.0 2.7 

*H-H-PSU PRQRPeU MW: 95 NDa 

Table 3-1.  The UadiXV Rf g\UaWiRQ aQd fRUZaUd VcaWWeUiQg iQWeQViW\ Rf daUN VWaWe H-H-PSU fURP 

WiWUaWed SAXS PeaVXUePeQW. MROecXOaU ZeighW eVWiPaWiRQ iQdicaWeV VROXWiRQ VWUXcWXUe Rf H-H-

PSU iV a diPeUic fRUP. 

 

DAMMIN ParameWers DeWails 

CompXWaWion mode SORZ 

Ma[imXm diameWer 245.0 c 

RadiXs of g\raWion 60.46 

S\mmeWr\ P2 

E[pecWed parWicle shape UQNQRZQ 

 

Table 3-2.  PaUaPeWeUV XVed iQ DAMMIN ViPXOaWiRQ WhaW UeTXiUeV PaQXaO iQSXW. DefaXOW 

SURgUaP YaOXeV aUe XVed fRU RWheU SaUaPeWeUV. 
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*FigXUeV cRQWiQXed RQ Qe[W Sage 

  

Cluster 1 

(3 members) 

Cluster 2 

(isolated) 

Cluster 3 

(isolated) 

Cluster 4 

(2 members) 

AYeraged models FilWered models 
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FigXre 3-4.  8 cOXVWeU gURXSiQg fURP 20 ViPXOaWed PRdeOV. COXVWeU 7 haV Whe PRVW QXPbeU Rf 

PePbeUV ZiWh ViPiOaU ViPXOaWed PRdeO. 

  

Cluster ϱ 

(2 members) 

Cluster ϲ 

(2 members) 

Cluster ϳ 

(ϳ members) 

Cluster ϴ 

(2 members) 

AYeraged models FilWered models 
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aYeUaged PRdeOV Rf cOXVWeU 7 aV iQiWiaO gXeVV WR fiW Whe SAXS PeaVXUePeQW. The WhUee QeZ 

PRdeOV VhRZ gRRd agUeePeQW ZiWh each RWheU, WaNiQg RQ aQ RSeQ Y-VWUXcWXUe (FigXUe 3-5). 

 

X-Ua\ cU\VWaOORgUaShic daWa Rf SURWeiQ dRPaiQV hRPRORgRXV WR PSU ZeUe RbWaiQed fURP 

SURWeiQ daWa baQN iQ RUdeU WR PaQXaOO\ VXSeUSRVe ZiWh Whe SURWeiQ eQYeORSe acTXiUed fURP ab 

initio PRdeOiQg. The UefeUeQce dRPaiQV XVed aUe PYP fURP Halorhodospira halophila (PDB 

cRde: 2ZOI), BSh fURP DeinococcXs radiodXrans (PDB cRde: 4Q0J) aQd HK fURP Thermotoga 

maritama (PDB cRde: 2C2A). FiOWeUed PRdeO Rf cOXVWeU VeYeQ fURP FigXUe 3-4 iV XVed aV a 

gXidaQce WR YiVXaOO\ deWeUPiQe Whe UeOaWiYe VSaWiaO ORcaWiRQ Rf Whe cRUe VWUXcWXUeV. HiVWidiQe 

NiQaVe SURWeiQ faPiO\ iV geQeUaOO\ a diPeUic SURWeiQ. BaVed RQ WhiV iQfRUPaWiRQ, Whe dRPaiQ 

UecRQVWUXcWiRQ SUiQciSOe iV Whe HK dRPaiQ SURYideV Whe diPeUi]aWiRQ dRPaiQ ZiWh iWV aOSha heOi[ 

chaiQV hROdiQg WZR PSU PRQRPeUV WRgeWheU aW Whe ceQWeU. The BSh dRPaiQ fiOOV Whe UePaiQiQg 

VSace Rf Whe RXWeU RSeQ eQd Rf Whe eQYeORSe. AV fRU PYP dRPaiQ, Whe ORcaWiRQ UePaiQV 

XQdeWeUPiQed aV WheUe aUe PXOWiSOe aYaiOabOe ePSW\ SRcNeWV WR accRPPRdaWe iW. HRZeYeU, fURP 

Whe SURWeiQ VeTXeQce iW iV OiQN WR N-WeUPiQaO Rf BSh dRPaiQ Yia a chaiQ Rf 24 aPiQR acid SURWeiQ 

OiQNeU. 

 

BaVed RQ Whe abRYe PeQWiRQed PRdeO cRQfigXUaWiRQ (FigXUe 3-6), iW iV VSecXOaWed WhaW 

bRWh BSh aQd PYP dRPaiQV aUe iQ cORVe SUR[iPiW\. ThiV iQ WXUQ bUiQgV bRWh chURPRShRUe 

SRcNeWV cORVe WR each RWheU, WhURXgh WhiV VSaWiaO iQWeUface iW SRWeQWiaOO\ SURPRWeV cRXSOed 

ShRWRUeacWiRQV beWZeeQ PYP aQd BSh dRPaiQV aV RbVeUYed iQ UV-ViVibOe PeaVXUePeQWV XQdeU 

bOXe OighW iUUadiaWiRQ iQ Whe SUeYiRXV chaSWeU. HRZeYeU, jXVW baVed RQ daUN VWaWe VWUXcWXUaO PRdeO 

Rf PSU iV iQadeTXaWe WR e[SOaiQ Whe cRXSOed ShRWRUeacWiRQ VeeQ XQdeU bOXe OighW iUUadiaWiRQ. 

AQRWheU e[SeUiPeQW Rf SAXS PeaVXUePeQWV ZiWh PSU VXbjecWed WR diffeUeQW OighW cRQdiWiRQV 

aiPV WR fXUWheU cOaUif\ WhiV cRXSOed ShRWRUeacWiRQ SheQRPeQRQ.  
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FigXre 3-5.  SiPXOaWed PRdeOV Rf daUN VWaWe H-H-PSU baVed RQ cOXVWeU 7 fURP Fig. 3-4 aV iQiWiaO 

gXeVV. 
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FigXre 3-6.  MaQXaO fiWWiQg Rf X-Ua\ cU\VWaOORgUaShic daWa fURP SURWeiQ daWa baQN fRU each 

dRPaiQV iQWR ab initio PRdeOiQg eQYeORSe. BSh fURP DeinococcXs radiodXrans (PDB cRde: 

4Q0J) ; HK fURP Thermotoga maritama (PDB cRde: 2C2A). PYP dRPaiQ iV VXVSecWed WR be 

ORcaWed ZiWhiQ Whe \eOORZ ]RQe.  

PYP Vi]e iQ UeOaWiYe: 

LiNeO\ 

ORcaWiRQ aUea Rf PYP 

EVWiPaWed SURWeiQ OiQNeU OeQgWh beWZeeQ 
PYP aQd BSh dRPaiQV 

(24 aPiQR acidV) 

HK 

Bph 

FronW 

Side 

Top 
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3.3.2 TerWiar\ sWrXcWXre eYalXaWion of Ppr based on SAXS 

IQ RUdeU WR iQYeVWigaWe Whe WeUWiaU\ VWUXcWXUe diffeUeQce beWZeeQ PSU Rf diffeUeQW OighW iUUadiaWiRQ 

VWaWeV, TXaOiWaWiYe iQfRUPaWiRQ RQ Whe ³fROdedQeVV´ Rf PSU iV acceVVed WhURXgh KUaWN\ aQaO\ViV. 

SAXS PeaVXUePeQW H-A-PSU aQd A-H-PSU ZeUe SeUfRUPed iQ Whe daUN aQd XQdeU Ued RU bOXe 

OighW iUUadiaWiRQ. MeaVXUed daWa iV UeSUeVeQWed b\ KUaWN\ SORW aV dePRQVWUaWed iQ FigXUe 3-7A 

aQd FigXUe 3-7B. SigQaO WR QRiVe UaWiR fRU H-A-PSU iV ORZ dXe WR ORZ VaPSOe cRQceQWUaWiRQ ZaV 

XVed aV higheU cRQceQWUaWiRQ UeVXOWV iQ VaPSOe aggUegaWiRQV. FURP KUaWN\ aQaO\ViV Rf Whe H-A-

PSU aQd A-H-PSU, QR WeUWiaU\ VWUXcWXUe diffeUeQce iV RbVeUYed beWZeeQ WheiU UeVSecWiYe daUN VWaWe 

aQd OighW iUUadiaWed VWaWeV. TRgeWheU ZiWh Whe RbVeUYaWiRQV fURP ChaSWeU 2, PYPL fURP H-A-PSU 

aQd BSh* fURP A-H-PSU dReV QRW WUiggeU aQ\ OaUge WeUWiaU\ VWUXcWXUe chaQge WR PSU. 

 

CRPSaUiQg beWZeeQ daUN VWaWe aQd Ued OighW iUUadiaWed H-H-PSU, KUaWN\ SORW VhRZV QeaU 

ideQWicaO cXUYeV (FigXUe 3-8). SiPiOaU WR A-H-PSU XQdeU OighW iUUadiaWiRQ, H-H-PSU XQdeU Ued 

OighW iUUadiaWiRQ RQO\ UeVXOWV iQ BSh* ShRWRSURdXcW. IQ VhRUW, WhiV VigQifieV QR OaUge WeUWiaU\ 

VWUXcWXUe diffeUeQce beWZeeQ daUN VWaWe aQd Ued OighW iUUadiaWed H-H-PSU. HRZeYeU, iW VhRXOd QRW 

be UXOed RXW WhaW PiQRU SURWeiQ VWUXcWXUe chaQgeV PighW be SUeVeQW beWZeeQ WheVe iUUadiaWiRQ 

cRQdiWiRQV. ChaQgeV WR Whe chURPRShRUe eQYiURQPeQW aV iQdicaWed b\ UV-ViVibOe 

PeaVXUePeQWV Pa\ VWiOO affecW Whe iQWeUacWiRQV ZiWh QeighbRUiQg aPiQR acid chaiQV, SRVVibO\ 

iQdXciQg iQWUadRPaiQ chaQgeV be\RQd Whe UeVROYiQg SRZeU Rf Whe cXUUeQW PeaVXUiQg PeWhRd. 

 

AV fRU H-H-PSU XQdeU bOXe OighW iUUadiaWiRQ, KUaWN\ SORW iQ FigXUe 3-9A iQdicaWeV a 

VXbVWaQWiaO diffeUeQce aURXQd Q = 0.05 c-1 beWZeeQ daUN VWaWe H-H-PSU aQd bOXe OighW iUUadiaWed 

H-H-PSU. MRUeRYeU, ZheQ adRSWiQg Whe eaUO\ aQd OaWe ShaVe bOXe OighW iUUadiaWiRQ cRQceSW aV 

dePRQVWUaWed iQ ChaSWeU 2, iW iV RbVeUYed WhaW Whe diffeUeQce beWZeeQ daUN aQd bOXe OighW 

iUUadiaWed H-H-PSU iV OaUgeU iQ Whe eaUO\ ShaVe Rf bOXe OighW iUUadiaWiRQ (FigXUe 3-9B). The 
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FigXre 3-7.  (A) KUaWN\ SORW Rf daUN VWaWe HROR-ASR-PSU (bOacN) aQd bOXe OighW iUUadiaWed HROR-

ASR-PSU (bOXe). (B) KUaWN\ SORW Rf daUN VWaWe ASR-HROR-PSU (bOacN), Ued OighW iUUadiaWed ASR-

HROR-PSU (Ued) aQd bOXe OighW iUUadiaWed ASR-HROR-PSU (bOXe). 

 

  

Blue 

Dark state 

A 

Blue 

Dark state 

Red 

B 
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FigXre 3-8.  KUaWN\ SORW Rf daUN VWaWe HROR-HROR-PSU (bOacN) aQd Ued OighW iUUadiaWed HROR-

HROR-PSU (Ued). 
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aPRXQW Rf diffeUeQce RYeU WiPe iV cOeaUO\ dePRQVWUaWed iQ FigXUe 3-10 ZheUe Whe iQWegUaWed aUea 

diffeUeQce beWZeeQ 0.025 < Q < 0.07 aW diffeUeQW WiPe iV SORWWed RYeU WiPe VcaOe [-a[iV. IW iV 

cOeaUO\ VhRZQ WhaW Whe aPRXQW Rf diffeUeQce iQcUeaVeV RYeU WiPe iQ Whe eaUO\ ShaVe Rf bOXe OighW 

iUUadiaWiRQ (iQiWiaO 250 VecRQdV). IQ Whe OaWe ShaVe (be\RQd 250 VecRQdV), Whe aUea Rf diffeUeQce 

SaUWiaOO\ decUeaVe RYeU WiPe. 

 

DiUecW RbVeUYaWiRQV iQdicaWe WhaW bOXe OighW iUUadiaWiRQ RQ H-H-PSU iQiWiaOO\ caXVeV a 

OaUge WeUWiaU\ VWUXcWXUe chaQge WR PSU. AV PSU iV VXbjecWed WR ORQgeU e[SRVXUe WR bOXe OighW, Whe 

VWUXcWXUe diffeUeQce iV VXSSUeVVed aQd SRVVibO\ UeWXUQ WR iWV RUigiQaO cRQfRUPaWiRQ iQ SaUWiaO. 

TRgeWheU ZiWh Whe iQfRUPaWiRQ fURP ChaSWeU 2 cRQceUQiQg Whe SURSRVed ShRWRUeacWiRQV XQdeU 

bOXe OighW, Whe iQcUeaVe aQd decUeaVe Rf VWUXcWXUe diffeUeQce cRUUeVSRQdV WR Whe chaQgeV Rf Whe 

cRXSOed ShRWRUeacWiRQV beWZeeQ PYPM aQd BSh. OQ WRS Rf WhaW, Whe WiPe VcaOe Rf Whe chaQgeV 

cORVeO\ PaWcheV ZiWh each RWheU, Whe WXUQiQg SRiQW aURXQd 250 VecRQdV Rf bOXe OighW iUUadiaWiRQ. 

ThiV cRUUeOaWiRQ VXggeVWV WhaW PYPM iQWeUPediaWe iV aQ iPSRUWaQW facWRU iQ WUiggeUiQg VWUXcWXUaO 

chaQgeV VeeQ iQ PSU. ThRXgh, iW iV ZRUWh QRWiQg WhaW Whe VXSSUeVVed VWUXcWXUe diffeUeQce aW Whe 

OaWe ShaVe RQO\ VXggeVWV VWUXcWXUe chaQge VXSSUeVVed b\ BSh* fRUPaWiRQ. IW iV VWiOO XQNQRZQ Whe 

PSU UecRYeUV WR Zhich e[acW VWUXcWXUe fRUP, cRXOd be WRZaUdV Whe RUigiQaO daUN VWaWe 

cRQfRUPaWiRQ RU RWheU iQWeUPediaWe fRUP. RadiXV Rf g\UaWiRQ Rf H-H-PSU iQ each OighW cRQdiWiRQ 

UePaiQV ViPiOaU (TabOe 3-3). ThiV cRXOd PeaQ aOWhRXgh WheUe iV a chaQge iQ Whe VhaSe Rf Whe 

SURWeiQ, Whe RYeUaOO Vi]e Rf PSU iV QRW affecWed. 

 

OQe SRVVibOe VWUXcWXUaO chaQgeV ZRXOd be Whe UeORcaWiRQ Rf PYP dRPaiQ. TR dePRQVWUaWe 

WhiV, Whe aSSUR[iPaWed PRdeO fURP FigXUe 3-6 iV XVed aV Whe UefeUeQce WR iQfeU aQd adjXVW Whe 

SRViWiRQ Rf PYP dRPaiQ. ScaWWeUiQg iQWeQViW\ cXUYeV cRXOd WheQ be ViPXOaWed fURP WheVe Uigid 

PRdeOV XViQg CRYSOL aOgRUiWhP (49). The ViPXOaWed iQWeQViW\ cXUYeV SORWWed aV KUaWN\ SORWV 
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FigXre 3-9.  KUaWN\ SORW Rf daUN VWaWe HROR-HROR-PSU (bOacN) aQd bOXe OighW iUUadiaWed HROR-

HROR-PSU (Ued). PaQeO A cRPSaUeV beWZeeQ daUN VWaWe aQd bOXe OighW VWaWe aW 100 PiQXWeV. PaQeO 

B cRPSaUeV beWZeeQ daUN VWaWe aQd bOXe OighW VWaWe aW 2.5 PiQXWeV. CiUcOe aUea iQdicaWeV Whe 

UegiRQ ZiWh VXbVWaQWiaO diffeUeQce beWZeeQ daUN aQd OighW iUUadiaWed VWaWe. BOXe UecWaQgOe aUea 

iQdicaWeV Whe aUea XVed fRU iQWegUaWiRQ caOcXOaWiRQ iQ FigXUe 3-10.  

A 

B 
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aUe cRPSaUed ZiWh each RWheU (FigXUe 3-11). WiWh Whe PYP dRPaiQ UeORcaWe fURP RXWeU eQd 

WRZaUdV Whe iQQeU UegiRQ Qe[W WR BSh dRPaiQ, Whe diffeUeQce beWZeeQ WZR iQWeQViW\ cXUYeV 

dePRQVWUaWeV a hRPRORgRXV diffeUeQce feaWXUe VeeQ beWZeeQ daUN VWaWe aQd bOXe OighW VWaWe Rf 

H-H-PSU iQ FigXUe 3-9. ThRXgh WhiV iV b\ QR PeaQV Whe defiQiWe SaWhZa\ Rf VWUXcWXUaO chaQgeV 

adRSWed b\ PSU. ThiV cRPSaUiVRQ VeUYeV aV aQ iQVighW WR RQe Rf Whe Za\ WR aSSUR[iPaWe YaUiRXV 

VWUXcWXUe chaQgeV ZheQ a PRUe defiQiWe SURWeiQ cU\VWaOORgUaSh\ iQfRUPaWiRQ fRU each PSU 

dRPaiQ iV aYaiOabOe iQ Whe fXWXUe. 

 

IQ a bUief cRQcOXViRQ UePaUN fRU ChaSWeU 3, H-H-PSU iQ VROXWiRQ aVVXPeV a diPeUic 

VWUXcWXUe. MRdeOiQg ViPXOaWiRQ baVed RQ daUN VWaWe H-H-PSU dePRQVWUaWe aQ RSeQ Y VhaSe 

VWUXcWXUe, RQe PRQRPeU RQ each Vide. BRWh PRQRPeUV aUe heOd WRgeWheU b\ HK dRPaiQV aW Whe 

ceQWeU. BRWh BSh aQd PYP dRPaiQV RccXS\ Whe RXWeU VWUXcWXUe, aVVXPed WR be iQ UeOaWiYe cORVe 

SUR[iPiW\. ThiV QeighbRUiQg cRQfigXUaWiRQ beWZeeQ PYP aQd BSh SRVVibO\ SURPRWeV cRXSOiQg 

UeacWiRQ beWZeeQ WheVe WZR dRPaiQV. WheQ VXbjecWed WR bOXe OighW iUUadiaWiRQ, H-H-PSU iV 

RbVeUYed WR aOWeU iWV WeUWiaU\ VWUXcWXUe. ThiV chaQgeV iV OiQNed WR Whe fRUPaWiRQ Rf PYPM aV 

eYideQW b\ Whe iQcUeaVed aPRXQW Rf PYPM iQ Whe iQiWiaO 250 Vec Rf bOXe OighW iUUadiaWiRQ iQ 

ChaSWeU 2. OQ Whe RWheU haQd, VWUXcWXUe chaQge iV VXSSUeVVed b\ BSh* accXPXOaWiRQ aW ORQgeU 

bOXe OighW iUUadiaWiRQ SeUiRd. TRgeWheU ZiWh Whe ORZ-UeVROXWiRQ 3D PRdeOiQg Rf daUN VWaWe H-H-

PSU, giYeQ Whe UeOaWiYe cORVe SUR[iPiW\ Rf PYP aQd BSh dRPaiQV WR each RWheU, iVRPeUi]aWiRQ Rf 

SCA chURPRShRUe iQ iWV e[ciWed VWaWe fRUPiQg PYPM ZRXOd SeUWXUbed Whe PYP dRPaiQ VWUXcWXUe 

Zhich iQ WXUQ affecWV iWV QeighbRUiQg BSh dRPaiQ. E[acWO\ hRZ Whe WZR dRPaiQV chaQgeV WheiU 

VWUXcWXUe VWiOO VXbjecW WR fXUWheU iQYeVWigaWiRQ. CXUUeQW OiPiWaWiRQ iV bOXe OighW iUUadiaWiRQ Rf H-

H-PSU SURdXceV a Pi[WXUe Rf VeYeUaO ShRWRVSecieV aW PSS, SUeVeQWiQg a chaOOeQge Rf VeSaUaWiQg 

WheVe ShRWRVSecieV fRU PRdeOiQg ViPXOaWiRQ. 

  



ϱϲ 
 

 

 

FigXre 3-10.  The aUea Rf iQWeQViW\ beWZeeQ 0.025 < Q < 0.07 Rf HROR-HROR-PSU XQdeU bOXe 

OighW iUUadiaWiRQ. 

 

 

Table 3-3.  The UadiXV Rf g\UaWiRQ aQd fRUZaUd VcaWWeUiQg iQWeQViW\ Rf HROR-HROR-PSU fURP VWaWic 

SAXS PeaVXUePeQW. 

 Rg (c) I(0)/conc. 

Dark 59.7 � 1.6 66.5 � 1.5 

Red irradiaWion 59.1 � 1.8 65.4 � 1.6 

BlXe irradiaWion 58.7 � 1.5 66.5 � 1.3 

 

 

 

 

 

 

Time (min) 
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FigXre 3-11.  ScaWWeUiQg iQWeQViW\ ViPXOaWiRQ iQ SXUe ZaWeU eQYiURQPeQW Yia CRYSOL aOgRUiWhP. 

(PRIMUS SURgUaP) 
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CHAPTER 4: General ConclXsion 

The SURSeUWieV Rf PSU XQdeU diffeUeQW OighW iUUadiaWiRQ haV beeQ VXcceVVfXOO\ chaUacWeUi]ed iQ WhiV 

VWXd\. CRQVROidaWiQg Whe RbVeUYaWiRQV fURP bRWh e[SeUiPeQWaO chaSWeUV, PSU caQ be caWegRUi]ed 

iQWR VWUXcWXUaOO\ ViOeQW aQd acWiYe fRUP WR e[SOaiQ Whe UeacWiRQV iQYROYed iQ diffeUeQW VaPSOe aQd 

OighW cRQdiWiRQV. FigXUe 4-1 VXPPaUi]eV Whe cRQdiWiRQV WhaW UeVXOWV iQ a VWUXcWXUaOO\ ViOeQW PSU. 

H-A-PSU cRQWaiQV SCA chURPRShRUe aQd abVRUbV RQO\ bOXe OighW. H-A-PSU e[SRVed WR bOXe OighW 

iUUadiaWiRQ PaiQO\ fRUPV PYPL ShRWRSURdXcW. ThiV OighW acWiYaWed H-A-PSU dReV QRW e[SeUieQce 

aQ\ OaUge WeUWiaU\ VWUXcWXUe chaQge. A-H-PSU cRQWaiQV BV chURPRShRUe aQd abVRUbV bRWh bOXe 

aQd Ued OighW. UQdeU bRWh W\Se Rf OighW iUUadiaWiRQ VeSaUaWeO\ iQdXce Whe VaPe BSh* ShRWRSURdXcW. 

H-H-PSU cRQWaiQV bRWh SCA aQd BV chURPRShRUe abVRUbV bRWh bOXe aQd Ued OighW. ThRXgh, Ued 

OighW iUUadiaWiRQ RQO\ ShRWRcRQYeUWV BSh dRPaiQ, UeVXOWiQg iQ BSh* ShRWRSURdXcW. IQ bRWh A-H-

PSU aQd H-H-PSU ZheUe WheUe iV RQO\ BSh* accXPXOaWiRQ, PSU dReV QRW XQdeUgReV aQ\ OaUge 

WeUWiaU\ VWUXcWXUe chaQge. 

 

 FigXUe 4-2 VXPPaUi]eV Whe cRQdiWiRQV ZheUe PSU dePRQVWUaWeV WeUWiaU\ VWUXcWXUe chaQge. 

PSU VWUXcWXUe chaQge RccXUV iQ Whe cRQdiWiRQ Rf H-H-PSU e[SRVed WR bOXe OighW iUUadiaWiRQ. 

ChaSWeU 2 haV deVcUibed Whe WZR WiPe dRPaiQV Rf bOXe OighW iUUadiaWiRQ, eaUO\ ShaVe fRU Whe iQiWiaO 

5 PiQXWeV Rf iUUadiaWiRQ, OaWe ShaVe fRU be\RQd 5 PiQXWeV Rf iUUadiaWiRQ. IQ Whe eaUO\ ShaVe Rf 

bOXe OighW iUUadiaWiRQ, Whe PajRU ShRWRUeacWiRQ iQYROYeV Whe accXPXOaWiRQ Rf PYPM. FRUPaWiRQ 

Rf PYPM iV RQO\ RbVeUYed iQ H-H-PSU aQd OaUgeO\ abVeQW iQ H-A-PSU. IW iV SURbabO\ dXe WR Whe 

cORVe SUR[iPiW\ Rf PYP dRPaiQ WR BSh dRPaiQ, bUiQgiQg bRWh BV aQd SCA chURPRShRUe cORVe 

WR each RWheU. ThURXgh a \eW XQcOeaU PechaQiVP, SUeVeQce Rf BV iQ H-H-PSU iV WhRXghW WR 

SURPRWe aQd VWabiOi]e Whe fRUPaWiRQ Rf PYPM. FURP RWheU VWXdieV RQ Hh-PYP, PYPM iV 

UeVSRQVibOe fRU Whe SaUWiaO XQfROdiQg Rf Whe Hh-PYP SURWeiQ (38). AVVXPiQg PYP dRPaiQ Rf PSU 

XQdeUgReV ViPiOaU XQfROdiQg, WhiV ZRXOd iQ WXUQ affecW Whe VWUXcWXUaO cRQfRUPaWiRQ Rf Whe BSh 
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FigXre 4-1.  ReacWiRQ VchePe Rf VWUXcWXUaOO\ ViOeQW PSU.  
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FigXre 4-2.  ReacWiRQ VchePe Rf VWUXcWXUaOO\ acWiYe PSU.  

CaWaO\Wic dRPaiQ 

+ 
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dRPaiQ WhURXgh cORVe SUR[iPiW\ iQWeUacWiRQ. SXch chaQgeV ZRXOd e[SOaiQ Whe UV-ViV 

abVRUbaQce ZaYeOeQgWh VhifW Rf BSh Zhich iQdicaWeV Whe BV chURPRShRUe eQYiURQPeQW beiQg 

SeUWXUbed. IQ Whe eYeQW WhaW BSh dRPaiQ iV VWUXcWXUaOO\ affecWed, iW iV cRPSeOOiQg WR UeaVRQ WhaW 

HK dRPaiQ ZRXOd aOVR e[SeUieQce VRPe VRUW Rf chaQgeV. GiYeQ WhaW C-WeUPiQaO eQd Rf BSh 

dRPaiQ iV ORcaWed cORVe WR Whe caWaO\Wic dRPaiQ Rf HK, WhiV UegiRQ ZiOO e[SeUieQce Whe PRVW 

effecW. IQ HK, caWaO\Wic dRPaiQ iV UeVSRQVibOe iQ Whe ShRVShRU\OaWiRQ acWiYiW\ Yia adeQRViQe 

WUiShRVShaWe (ATP) PROecXOe bRXQd ZiWhiQ iW. IQ RYeUaOO, WhiV VWXd\ VXggeVWV WhaW XQdeU bOXe 

OighW iUUadiaWiRQ, fRUPaWiRQ Rf PYPM iQ H-H-PSU ZiOO affecW Whe eQ]\PaWic acWiYiW\ Rf HK dRPaiQ. 

HRZeYeU, fXUWheU VWXd\ iV Qeeded WR cOaUif\ if Whe chaQgeV iV aQ XSUegXOaWiRQ RU dRZQUegXOaWiRQ 

RQ HK acWiYiW\. 

 

 AV fRU Whe OaWe ShaVe WiPe dRPaiQ Rf bOXe OighW iUUadiaWiRQ, UV-ViV PeaVXUePeQWV iQ 

ChaSWeU 2 iQdicaWeV Whe ShRWRUeacWiRQ iQYROYeV Whe accXPXOaWiRQ Rf BSh*. WiWhiQ WhiV WiPe 

dRPaiQ, ChaSWeU 3 UeYeaOV Whe VWUXcWXUaO diffeUeQce Rf OighW VWaWe H-H-PSU cRPSaUed WR daUN 

VWaWe iV VXSSUeVVed. The cXUUeQW iQWeUSUeWaWiRQ SRiQWV WR H-H-PSU SaUWiaOO\ UecRYeUV WR iWV QaWiYe 

cRQfRUPaWiRQ. HRZeYeU, iQVWead Rf UecRYeUV WR QaWiYe VWUXcWXUe, Whe SRVVibiOiW\ Rf H-H-PSU WaNeV 

RQ aQ eQWiUeO\ diffeUeQW VWUXcWXUaO cRQfRUPaWiRQ cRXOd QRW be e[cOXded. NeYeUWheOeVV, HK 

acWiYiW\ chaQgeV WUiggeUed b\ PYPM ZRXOd be VXSSUeVVed ZheQ BSh* iV accXPXOaWed. 

CRQVideUiQg Whe SRiQW WhaW accXPXOaWiRQ Rf BSh* VXSSUeVVed Whe VWUXcWXUaO chaQgeV, RWheU OighW 

cRQdiWiRQV WhaW SURPRWeV fRUPaWiRQ Rf BSh* VhRXOd SURdXce ViPiOaU UeVXOW. ThiV iQcOXdeV aQ 

addiWiRQ Rf Ued OighW iUUadiaWiRQ RU XViQg ZhiWe OighW iUUadiaWiRQ. FXUWheU VWXd\ iV UeTXiUed WR 

eOXcidaWe Whe SUeciVe VWUXcWXUaO diffeUeQce beWZeeQ PYPM・BShD¶ aQd PYPM・BSh*. 

 

CRQVideUiQg PSU SURWeiQ iV fRXQd iQ R. centenXm, a PRWiOe ShRWRV\QWheWic bacWeUiXP, iW 

iV cRQceiYabOe WhaW WhiV SURWeiQ cRXOd be SaUW Rf Whe UegXOaWiRQ SaWhZa\ WhaW cRQWUROV Whe 
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PRYePeQW Rf bacWeUiXP deSeQdiQg RQ OighW eQYiURQPeQW. FiQdiQgV fURP KUeXWeO iQdicaWe Whe 

WUXQcaWed hiVWidiQe NiQaVe dRPaiQ Rf PSU haV a fXQcWiRQaO UROe iQ CheW biQdiQg, iQ Zhich CheW 

iV a W\Se Rf SURWeiQ WhaW heOSV UegXOaWe chePRWa[iV (23). OQe Rf Whe Za\ WR e[aPiQe fRU Whe 

iQYROYePeQW Rf PSU iQ biRORgicaO fXQcWiRQ iV WR aQaO\]e iWV NiQaVe acWiYiW\. SR faU, WheUe aUe WZR 

VWXdieV WhaW diUecWO\ UeSRUW Whe NiQaVe acWiYiW\ Rf PSU (20, 37). JiaQg UeSRUWV RQ Whe PYP dRPaiQ 

VeePV WR VXSSUeVV Whe NiQaVe acWiYiW\ b\ cRPSaUiQg Whe diffeUeQce beWZeeQ ASR-ASR-PSU aQd 

HROR-ASR-PSU, ZiWh NiQaVe acWiYiW\ iQ HROR-ASR-PSU fXUWheU VXSSUeVVed XQdeU OighW cRQdiWiRQ. 

OQ Whe RWheU haQd, K\QdW¶V gURXS VhRZQ Whe NiQaVe acWiYiW\ Rf PSU, ZhiOe PiQiPaO iQ daUN VWaWe, 

iV iQcUeaVed iQ Whe SUeVeQce Rf Ued OighW. CRQVideUiQg bRWh VeSaUaWe RbVeUYaWiRQV, iW iV SRVVibOe 

ShRWRacWiYaWed BSh dRPaiQ XSUegXOaWeV NiQaVe acWiYiW\ ZhiOe ShRWRacWiYaWed PYP dRPaiQ 

dRZQUegXOaWeV NiQaVe acWiYiW\. HRZeYeU, RXU SAXS PeaVXUePeQWV RQO\ iQdicaWeV OaUgeVW 

VWUXcWXUaO chaQge Rf H-H-PSU XQdeU Whe bOXe OighW iQ Whe iQiWiaO 250 Vec dXUaWiRQ, Zhich 

cRUUeVSRQdV WR ShRWRacWiYaWiRQ Rf PYP dRPaiQ. OWheU OighW cRQdiWiRQV aQd PSU YaUiaQWV VhRZQ 

QR ViPiOaU RU aQ\ YaUiaQWV Rf OaUge VWUXcWXUaO diffeUeQce fURP SAXS PeaVXUePeQWV WhaW cRXOd 

VXggeVWV aQ\ UeOaWiRQ WR NiQaVe UegXOaWiRQ WhURXgh VWUXcWXUaO chaQge Rf PSU. ThiV diVViPiOaUiW\ 

cRXOd be dXe WR diffeUeQW e[SeUiPeQWaO cRQdiWiRQ XVed iQ diffeUeQW VWXdieV RU WheUe cRXOd be \eW 

PRUe PechaQiVPV iQYROYed iQ PSU UePaiQ XQdiVcRYeUed. ThiV UeQdeUV Whe fXQcWiRQaO acWiYe fRUP 

Rf PSU UePaiQV XQcOeaU XQWiO a cRPSaUabOe e[SeUiPeQWaO cRQdiWiRQ iV caUUied RXW WR cOaUif\ iW. 

ThRXgh RQe cRXOd aVceUWaiQ WhaW PYP dRPaiQ SOa\V a UROe WRgeWheU ZiWh BSh dRPaiQ aV a 

biRORgicaO OQ/Off ShRWRVZiWch, SRWeQWiaOO\ VeQViQg diffeUeQW OighW TXaOiWieV WR UegXOaWe 

dRZQVWUeaP chePicaO UeacWiRQV. 

FURP a OiYiQg ceOO SeUVSecWiYe, iW VhRXOd be e[SeQViYe iQ eQeUg\ WR PaiQWaiQ a WZR OighW 

VeQViQg V\VWeP RYeU Whe ViPSOeU RQe OighW VeQViQg V\VWeP. TheUe VhRXOd be ceUWaiQ adYaQWageV 

RffeUed b\ a dXaO-OighW VeQViQg V\VWeP WR jXVWif\ Whe XVe Rf addiWiRQaO UeVRXUce. OWheUZiVe, 

biRORgicaO eYROXWiRQ SURceVV ZRXOd haYe ShaVe RXW WhiV V\VWeP if QRW XVefXO fRU VXUYiYaO. SeeiQg 
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aV R.centenXm OiYeV iQ a ZaWeU eQYiURQPeQW aQd deSeQdV RQ VXQOighW fRU ShRWRV\QWheViV, iW cRXOd 

be WhRXghW WhaW PSU fXQcWiRQV WR deWecW Whe UaWiR Rf beQeficiaO Ued OighW aQd haUPfXO bOXe OighW 

(aYRidiQg UV daPage). AV ZaWeU PediXP abVRUbV PRUe VWURQgO\ RQ Ued OighW, Whe 

ShRWRV\QWheWic bacWeUia haV WR VWa\ QeaU Whe VXUface fRU ShRWRV\QWheViV, aW Whe VaPe WiPe aYRid 

RYeUe[SRVXUe WR haUPfXO bOXe OighW. UWiOi]iQg RQO\ RQe OighW VeQViQg V\VWeP PighW QRW UeVXOW iQ 

RSWiPaO SOacePeQW. OQO\ VeQViQg bOXe OighW, bacWeUia ZRXOd PRYe WRR deeS iQWR Whe deSWh Rf 

ZaWeU. WiWh RQO\ Ued OighW VeQVRU, iW PighW UiVN RYeUe[SRVXUe WR UV OighW. WiWh a dXaO-OighW 

VeQVRU, WhiV aOORZV Whe bacWeUia WR ORcaWe a PRdeUaWe ZaWeU deSWh fRU RSWiPaO chaQce Rf VXUYiYaO. 
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AcknoZledgemenW 

ThiV diVVeUWaWiRQ haV beeQ accRPSOiVhed ZiWh Whe VXSSRUW fURP YaUiRXV SeRSOe aQd I ZRXOd OiNe 

WR e[SUeVV P\ gUaWiWXde fRU WheiU YaOXabOe aVViVWaQce. 

 FiUVW aQd fRUePRVW, I ZRXOd OiNe WR ViQceUeO\ giYe P\ heaUWfeOW WhaQNV WR P\ cRUe 

VXSeUYiVRU PURfeVVRU HiURQaUi KaPiNXbR fRU hiV gXidaQce aQd adYiVeV WhURXghRXW Whe ZhROe 

VWXd\, QRW jXVW aVViVWiQg iQ Whe UeVeaUch SURjecW bXW aOVR VhaUiQg hiV e[SeUieQceV aQd NQRZOedge 

UegaUdiQg Whe Oife aQd cRQdXcWV Rf a UeVeaUch VcieQWiVW. I aOVR aSSUeciaWeV Whe cRPPeQWV aQd 

adYiceV SURYided b\ PURfeVVRU Michi\a FXjiNi, ViViWiQg PURfeVVRU TaNahiUR HRQda aQd AVVRciaWe 

PURfeVVRU TaNaVhi MaWVXR. I aP gUaWefXO WR AVViVWaQW PURfeVVRU YRichi YaPa]aNi fRU hiV iQ deSWh 

adYice aQd diVcXVViRQ RQ PSU SURWeiQ aQd VSecWURVcRS\ aQaO\VeV, aQd aOVR WR AVViVWaQW PURfeVVRU 

YXgR Ha\aVhi fRU hiV iQSXW aQd e[SeUieQce UegaUdiQg SAXS WechQiTXeV aQd aQaO\ViV. 

 TR aOO P\ feOORZ Oab PePbeUV aQd cROOeagXeV, WhaQN \RX fRU VhRZiQg Pe aURXQd SOaceV 

aQd fRU WhRVe caQdid diVcXVViRQV abRXW UeVeaUch iQ geQeUaO. AOVR, diUecWiQg P\ WhaQNV WR NAIST 

fRU Whe faciOiWieV SURYided aQd a WeaP Rf ZRQdeUfXO dedicaWed VWaffV PaNiQg VXUe P\ VWXd\ heUe 

ZaV aV VPRRWh aV SRVVibOe. 

IQ addiWiRQ, I aP WhaQNfXO WR Whe JaSaQeVe gRYeUQPeQW (MiQiVWU\ Rf EdXcaWiRQ, CXOWXUe, 

SSRUWV, ScieQce aQd TechQRORg\) fRU Whe fiQaQciaO VXSSRUW dXUiQg P\ VWa\ iQ JaSaQ aQd aOVR WR 

Whe JaSaQeVe cRPPXQiW\ iQ geQeUaO fRU Whe ZRQdeUfXO e[SeUieQce giYeQ WR Pe aV aQ iQWeUQaWiRQaO 

VWXdeQW. 

LaVW bXW QRW OeaVW, I ZRXOd OiNe WR e[SUeVV P\ aSSUeciaWiRQ WR P\ faPiO\ fRU WheiU ORYe 

aQd VXSSRUW, eVSeciaOO\ fRU WheiU XQdeUVWaQdiQg Rf P\ deViUe WR fXUWheU SXUVXe NQRZOedge faU 

fURP hRPe fRU aQ e[WeQded WiPe. 

  



ϲϱ 
 

References 

1.  FaQNhaXVeU, C. 2001. The Sh\WRchURPeV, a faPiO\ Rf Ued/faU-Ued abVRUbiQg ShRWRUeceSWRUV. 

J. BiRO. CheP. 276: 11453±11456. 

2.  MRQWgRPeU\, B.L., aQd J.C. LagaUiaV. 2002. Ph\WRchURPe aQceVWU\: VeQVRUV Rf biOiQV aQd 

OighW. TUeQdV POaQW Sci. 7: 357±366. 

3.  RRcNZeOO, N.C., Y.-S. SX, aQd J.C. LagaUiaV. 2006. Ph\WRchURPe VWUXcWXUe aQd VigQaOiQg 

PechaQiVPV. AQQX. ReY. POaQW BiRO. 57: 837±858. 

4.  DaYiV, S.J., A.V. VeQeU, aQd R.D. VieUVWUa. 1999. BacWeUiRSh\WRchURPeV: Sh\WRchURPe-

OiNe ShRWRUeceSWRUV fURP QRQShRWRV\QWheWic eXbacWeUia. ScieQce. 286: 2517±2520. 

5.  GiUaXd, E., aQd A. VeUPpgOiR. 2008. BacWeUiRSh\WRchURPeV iQ aQR[\geQic ShRWRV\QWheWic 

bacWeUia. PhRWRV\QWh. ReV. 97: 141±153. 

6.  AXOdUidge, M.E., aQd K.T. FRUeVW. 2011. BacWeUiaO Sh\WRchURPeV: PRUe WhaQ PeeWV Whe 

OighW. CUiW. ReY. BiRcheP. MRO. BiRO. 46: 67±88. 

7.  BhRR, S.-H., S.J. DaYiV, J. WaONeU, B. KaUQiRO, aQd R.D. VieUVWUa. 2001. 

BacWeUiRSh\WRchURPeV aUe ShRWRchURPic hiVWidiQe NiQaVeV XViQg a biOiYeUdiQ chURPRShRUe. 

NaWXUe. 414: 776±779. 

8.  WagQeU, J.R., J.S. BUXQ]eOOe, K.T. FRUeVW, aQd R.D. VieUVWUa. 2005. A OighW-VeQViQg NQRW 

UeYeaOed b\ Whe VWUXcWXUe Rf Whe chURPRShRUe-biQdiQg dRPaiQ Rf Sh\WRchURPe. NaWXUe. 

438: 325±331. 

9.  GiUaXd, E., J. FaUdRX[, N. FRXUUieU, L. HaQQibaO, B. GeQW\, P. BRX\eU, B. DUe\fXV, aQd A. 

VeUPpgOiR. 2002. BacWeUiRSh\WRchURPe cRQWUROV ShRWRV\VWeP V\QWheViV iQ aQR[\geQic 

bacWeUia. NaWXUe. 417: 202±205. 



ϲϲ 
 

10.  RRWWZiQNeO, G., I. ObeUSichOeU, aQd T. LaPSaUWeU. 2010. BaWh\ Sh\WRchURPeV iQ Uhi]RbiaO 

VRiO bacWeUia. J. BacWeUiRO. 192: 5124±5133. 

11.  GiUaXd, E., S. ZaSSa, L. VXiOOeW, J.-M. AdUiaQR, L. HaQQibaO, J. FaUdRX[, C. BeUWhRPieX, 

P. BRX\eU, D. PigQRO, aQd A. VeUPpgOiR. 2005. A QeZ W\Se Rf bacWeUiRSh\WRchURPe acWV iQ 

WaQdeP ZiWh a cOaVVicaO bacWeUiRSh\WRchURPe WR cRQWURO Whe aQWeQQae V\QWheViV iQ 

RhRdRSVeXdRPRQaV SaOXVWUiV. J. BiRO. CheP. 280: 32389±32397. 

12.  JaXbeUW, M., J. LaYeUgQe, J. FaUdRX[, L. HaQQibaO, L. VXiOOeW, J.-M. AdUiaQR, P. BRX\eU, D. 

PigQRO, E. GiUaXd, aQd A. VeUPpgOiR. 2007. A ViQgXOaU bacWeUiRSh\WRchURPe acTXiUed b\ 

OaWeUaO geQe WUaQVfeU. J. BiRO. CheP. 282: 7320±7328. 

13.  FaYiQgeU, J., R. SWadWZaOd, aQd H. GeVW. 1994. RhRdRVSiUiOOXP ceQWeQXP VS. QRY. 

VaOidaWiRQ Rf Whe SXbOicaWiRQ Rf QeZ QaPeV aQd QeZ cRPbiQaWiRQV SUeYiRXVO\ effecWiYeO\ 

SXbOiVhed RXWVide Whe IJSB, LiVW. 

14.  FaYiQgeU, J., R. SWadWZaOd, aQd H. GeVW. 1989. RhRdRVSiUiOOXP ceQWeQXP, VS. QRY., a 

WheUPRWROeUaQW c\VW-fRUPiQg aQR[\geQic ShRWRV\QWheWic bacWeUiXP. AQWRQie YaQ 

LeeXZeQhReN. 55: 291±296. 

15.  KaZaVaNi, H., Y. HRVhiQR, H. KXUaiVhi, aQd K. YaPaVaWR. 1992. RhRdRciVWa ceQWeQaUia 

geQ. QRY., VS. QRY., a c\VW-fRUPiQg aQR[\geQic ShRWRV\QWheWic bacWeUiXP aQd iWV 

Sh\ORgeQeWic SRViWiRQ iQ Whe PURWeRbacWeUia aOSha gURXS. J. GeQ. ASSO. MicURbiRO. 38: 541±

551. 

16.  RagaW], L., Z.-Y. JiaQg, C.E. BaXeU, aQd H. GeVW. 1995. MacURVcRSic ShRWRWacWic behaYiRU 

Rf Whe SXUSOe ShRWRV\QWheWic bacWeUiXP RhRdRVSiUiOOXP ceQWeQXP. AUch. MicURbiRO. 163: 

1±6. 



ϲϳ 
 

17.  RagaW], L., Z.-Y. JiaQg, C. BaXeU, aQd H. GeVW. 1994. PhRWRWacWic SXUSOe bacWeUia. NaWXUe. 

370: 104. 

18.  JiaQg, Z.-Y., H. GeVW, aQd C.E. BaXeU. 1997. ChePRVeQVRU\ aQd ShRWRVeQVRU\ SeUceSWiRQ 

iQ SXUSOe ShRWRV\QWheWic bacWeUia XWiOi]e cRPPRQ VigQaO WUaQVdXcWiRQ cRPSRQeQWV. J. 

BacWeUiRO. 179: 5720±5727. 

19.  JiaQg, Z.-Y., B.G. RXVhiQg, Y. Bai, H. GeVW, aQd C.E. BaXeU. 1998. IVROaWiRQ Rf 

RhRdRVSiUiOOXP ceQWeQXPMXWaQWV DefecWiYe iQ PhRWRWacWic CRORQ\ MRWiOiW\ b\ 

TUaQVSRVRQ MXWageQeViV. J. BacWeUiRO. 180: 1248±1255. 

20.  JiaQg, Z., L.R. SZeP, B.G. RXVhiQg, S. DeYaQaWhaQ, G. TROOiQ, aQd C.E. BaXeU. 1999. 

BacWeUiaO ShRWRUeceSWRU ZiWh ViPiOaUiW\ WR ShRWRacWiYe \eOORZ SURWeiQ aQd SOaQW 

Sh\WRchURPeV. ScieQce. 285: 406±409. 

21.  LX, Y.-K., J. MaUdeQ, M. HaQ, W.D. SZiQgOe\, S.D. MaVWUiaQ, S.R. ChRZdhXU\, J. HaR, T. 

HeOP\, S. KiP, aQd A.A. KXUdRgOX. 2010. MeWabROic fOe[ibiOiW\ UeYeaOed iQ Whe geQRPe Rf 

Whe c\VW-fRUPiQg Į-1 SURWeRbacWeUiXP RhRdRVSiUiOOXP ceQWeQXP. BMC GeQRPicV. 11: 325. 

22.  BeUOePaQ, J.E., B.M. HaVVeObUiQg, aQd C.E. BaXeU. 2004. H\SeUc\VW PXWaQWV iQ 

RhRdRVSiUiOOXP ceQWeQXP ideQWif\ UegXOaWRU\ ORci iQYROYed iQ c\VW ceOO diffeUeQWiaWiRQ. J. 

BacWeUiRO. 186: 5834±5841. 

23.  KUeXWeO, S., A. KXhQ, aQd D. KiefeU. 2010. The ShRWRVeQVRU SURWeiQ PSU Rf RhRdRciVWa 

ceQWeQaUia iV OiQNed WR Whe chePRWa[iV VigQaOOiQg SaWhZa\. BMC MicURbiRO. 10: 281. 

24.  K\QdW, J.A., J.C. FiWch, T.E. Me\eU, aQd M.A. CXVaQRYich. 2007. The ShRWRacWiYaWed PYP 

dRPaiQ Rf RhRdRVSiUiOOXP ceQWeQXP PSU acceOeUaWeV Whe UecRYeU\ Rf Whe 

bacWeUiRSh\WRchURPe dRPaiQ afWeU ZhiWe OighW iOOXPiQaWiRQ. BiRchePiVWU\. 46: 8256±8262. 



ϲϴ 
 

25.  TaNaOa, H., A. Bj|UOiQg, O. BeUQWVVRQ, H. LehWiYXRUi, S. NiebOiQg, M. HReUQNe, I. 

KRVheOeYa, R. HeQQiQg, A. MeQ]eO, aQd J.A. IhaOaiQeQ. 2014. SigQaO aPSOificaWiRQ aQd 

WUaQVdXcWiRQ iQ Sh\WRchURPe ShRWRVeQVRUV. NaWXUe. 509: 245±248. 

26.  BXUgie, E.S., J. ZhaQg, aQd R.D. VieUVWUa. 2016. CU\VWaO VWUXcWXUe Rf DeiQRcRccXV 

Sh\WRchURPe iQ Whe ShRWRacWiYaWed VWaWe UeYeaOV a caVcade Rf VWUXcWXUaO UeaUUaQgePeQWV 

dXUiQg ShRWRcRQYeUViRQ. SWUXcWXUe. 24: 448±457. 

27.  Me\eU, T.E. 1985. IVROaWiRQ aQd chaUacWeUi]aWiRQ Rf VROXbOe c\WRchURPeV, feUUedR[iQV aQd 

RWheU chURPRShRUic SURWeiQV fURP Whe haORShiOic ShRWRWURShic bacWeUiXP 

EcWRWhiRUhRdRVSiUa haORShiOa. BiRchiP. BiRSh\V. AcWa. 806: 175±183. 

28.  Me\eU, T.E., E. YaNaOi, M.A. CXVaQRYich, aQd G. TROOiQ. 1987. PURSeUWieV Rf a ZaWeU-

VROXbOe, \eOORZ SURWeiQ iVROaWed fURP a haORShiOic ShRWRWURShic bacWeUiXP WhaW haV 

ShRWRchePicaO acWiYiW\ aQaORgRXV WR VeQVRU\ UhRdRSViQ. BiRchePiVWU\. 26: 418±423. 

29.  HRff, W.D., I.H. VaQ SWRNNXP, H.J. VaQ RaPeVdRQN, M.E. VaQ BUedeURde, A.M. BURXZeU, 

J.C. FiWch, T.E. Me\eU, R. VaQ GURQdeOOe, aQd K.J. HeOOiQgZeUf. 1994. MeaVXUePeQW aQd 

gORbaO aQaO\ViV Rf Whe abVRUbaQce chaQgeV iQ Whe ShRWRc\cOe Rf Whe ShRWRacWiYe \eOORZ 

SURWeiQ fURP EcWRWhiRUhRdRVSiUa haORShiOa. BiRSh\V. J. 67: 1691±1705. 

30.  IPaPRWR, Y., M. KaWaRNa, aQd F. TRNXQaga. 1996. PhRWRUeacWiRQ c\cOe Rf ShRWRacWiYe 

\eOORZ SURWeiQ fURP EcWRWhiRUhRdRVSiUa haORShiOa VWXdied b\ ORZ-WePSeUaWXUe 

VSecWURVcRS\. BiRchePiVWU\. 35: 14047±14053. 

31.  IPaPRWR, Y., M. HaUigai, aQd M. KaWaRNa. 2004. DiUecW RbVeUYaWiRQ Rf Whe SH-deSeQdeQW 

eTXiOibUiXP beWZeeQ L-OiNe aQd M iQWeUPediaWeV Rf ShRWRacWiYe \eOORZ SURWeiQ. FEBS LeWW. 

577: 75±80. 



ϲϵ 
 

32.  K\QdW, J.A., T.E. Me\eU, aQd M.A. CXVaQRYich. 2004. PhRWRacWiYe \eOORZ SURWeiQ, 

bacWeUiRSh\WRchURPe, aQd VeQVRU\ UhRdRSViQ iQ SXUSOe ShRWRWURShic bacWeUia. PhRWRcheP. 

PhRWRbiRO. Sci. 3: 519±530. 

33.  BXUgie, E.S., T. WaQg, A.N. BXVVeOO, J.M. WaONeU, H. Li, aQd R.D. VieUVWUa. 2014. 

CU\VWaOORgUaShic aQd eOecWURQ PicURVcRSic aQaO\VeV Rf a bacWeUiaO Sh\WRchURPe UeYeaO 

ORcaO aQd gORbaO UeaUUaQgePeQWV dXUiQg ShRWRcRQYeUViRQ. J. BiRO. CheP. 289: 24573±

24587. 

34.  EYaQV, K., A.P. FRUdhaP-SNeOWRQ, H. MiVWU\, C.D. Re\QROdV, A.M. LaZOeVV, aQd M.Z. 

PaSi]. 2005. A bacWeUiRSh\WRchURPe UegXOaWeV Whe V\QWheViV Rf LH4 cRPSOe[eViQ 

RhRdRSVeXdRPRQaV SaOXVWUiV. PhRWRV\QWh. ReV. 85: 169±180. 

35.  EYaQV, K., J.G. GURVVPaQQ, A.P. FRUdhaP-SNeOWRQ, aQd M.Z. PaSi]. 2006. SPaOO-aQgOe X-

Ua\ VcaWWeUiQg UeYeaOV Whe VROXWiRQ VWUXcWXUe Rf a bacWeUiRSh\WRchURPe iQ Whe caWaO\WicaOO\ 

acWiYe PU VWaWe. J. MRO. BiRO. 364: 655±666. 

36.  TaNaOa, H., A. Bj|UOiQg, M. LiQQa, S. WeVWeQhRff, aQd J.A. IhaOaiQeQ. 2015. LighW-iQdXced 

chaQgeV iQ Whe diPeUi]aWiRQ iQWeUface Rf bacWeUiRSh\WRchURPeV. J. BiRO. CheP. 290: 

16383±16392. 

37.  K\QdW, J.A., J.C. FiWch, S. SeibecN, B. BRUXcNi, M.P. He\Q, T.E. Me\eU, aQd M.A. 

CXVaQRYich. 2010. RegXOaWiRQ Rf Whe PSU hiVWidiQe NiQaVe b\ OighW-iQdXced iQWeUacWiRQV 

beWZeeQ iWV ShRWRacWiYe \eOORZ SURWeiQ aQd bacWeUiRSh\WRchURPe dRPaiQV. BiRchePiVWU\. 

49: 1744±1754. 

38.  IPaPRWR, Y., aQd M. KaWaRNa. 2007. SWUXcWXUe aQd ShRWRUeacWiRQ Rf ShRWRacWiYe \eOORZ 

SURWeiQ, a VWUXcWXUaO SURWRW\Se Rf Whe PAS dRPaiQ VXSeUfaPiO\. PhRWRcheP. PhRWRbiRO. 83: 

40±49. 



ϳ0 
 

39.  Bj|UOiQg, A., O. BeUQWVVRQ, H. TaNaOa, K.D. GaOOagheU, H. PaWeO, E. GXVWaYVVRQ, R. SW. PeWeU, 

P. DXRQg, A. NXgeQW, aQd F. ZhaQg. 2015. UbiTXiWRXV VWUXcWXUaO VigQaOiQg iQ bacWeUiaO 

Sh\WRchURPeV. J. Ph\V. CheP. LeWW. 6: 3379±3383. 

40.  KaPiNXbR, H., T. KR\aPa, M. Ha\aVhi, K. ShiUai, Y. YaPa]aNi, Y. IPaPRWR, aQd M. 

KaWaRNa. 2008. The PhRWRUeacWiRQ Rf Whe PhRWRacWiYe YeOORZ PURWeiQ DRPaiQ iQ Whe LighW 

SeQVRU HiVWidiQe KiQaVe PSU iV IQfOXeQced b\ Whe CဨWeUPiQaO DRPaiQV. PhRWRcheP. 

PhRWRbiRO. 84: 895±902. 

41.  IPaPRWR, Y., M. KaWaRNa, aQd R.S. LiX. 2002. MechaQiVWic PaWhZa\V fRU Whe 

PhRWRiVRPeUi]aWiRQ ReacWiRQ Rf Whe AQchRUed, TeWheUed ChURPRShRUe Rf Whe PhRWRacWiYe 

YeOORZ PURWeiQ aQd iWV MXWaQWV�. PhRWRcheP. PhRWRbiRO. 76: 584±589. 

42.  JacTXeV, D.A., aQd J. TUeZheOOa. 2010. SPaOOဨaQgOe VcaWWeUiQg fRU VWUXcWXUaO biRORg\²

E[SaQdiQg Whe fURQWieU ZhiOe aYRidiQg Whe SiWfaOOV. PURWeiQ Sci. 19: 642±657. 

43.  PaXZ, B.R. 2013. EYeU\WhiQg SAXS: VPaOO-aQgOe VcaWWeUiQg SaWWeUQ cROOecWiRQ aQd 

cRUUecWiRQ. J. Ph\V. CRQdeQV. MaWWeU. 25: 383201. 

44.  GeQicN, U.K., G.E. BRUgVWahO, K. Ng, Z. ReQ, C. PUadeUYaQd, P.M. BXUNe, V. âUajeU, T.-Y. 

TeQg, W. SchiOdNaPS, aQd D.E. McRee. 1997. SWUXcWXUe Rf a SURWeiQ ShRWRc\cOe 

iQWeUPediaWe b\ PiOOiVecRQd WiPe-UeVROYed cU\VWaOORgUaSh\. ScieQce. 275: 1471±1475. 

45.  MaUiQa, A., C.D. WaOdbXUgeU, aQd W.A. HeQdUicNVRQ. 2005. SWUXcWXUe Rf Whe eQWiUe 

c\WRSOaVPic SRUWiRQ Rf a VeQVRU hiVWidiQeဨNiQaVe SURWeiQ. EMBO J. 24: 4247±4259. 

46.  SYeUgXQ, D.I. 1999. ReVWRUiQg ORZ UeVROXWiRQ VWUXcWXUe Rf biRORgicaO PacURPROecXOeV fURP 

VROXWiRQ VcaWWeUiQg XViQg ViPXOaWed aQQeaOiQg. BiRSh\V. J. 76: 2879±2886. 

47.  PeWRXNhRY, M.V., D. FUaQNe, A.V. ShNXPaWRY, G. TUia, A.G. KiNhQe\, M. Gajda, C. GRUba, 



ϳ1 
 

H.D. MeUWeQV, P.V. KRQaUeY, aQd D.I. SYeUgXQ. 2012. NeZ deYeORSPeQWV iQ Whe ATSAS 

SURgUaP SacNage fRU VPaOO-aQgOe VcaWWeUiQg daWa aQaO\ViV. J. ASSO. CU\VWaOORgU. 45: 342±

350. 

48.  VRONRY, V.V., aQd D.I. SYeUgXQ. 2003. UQiTXeQeVV Rf ab iQiWiR VhaSe deWeUPiQaWiRQ iQ 

VPaOO-aQgOe VcaWWeUiQg. J. ASSO. CU\VWaOORgU. 36: 860±864. 

49.  SYeUgXQ, D., C. BaUbeUaWR, aQd M.H. KRch. 1995. CRYSOL±a SURgUaP WR eYaOXaWe XဨUa\ 

VROXWiRQ VcaWWeUiQg Rf biRORgicaO PacURPROecXOeV fURP aWRPic cRRUdiQaWeV. J. ASSO. 

CU\VWaOORgU. 28: 768±773. 

  

  



ϳ2 
 

Appendi[ 

 

FigXre S1.  (A) AbVRUSWiRQ VSecWUa Rf HROR-ASR-PSU XQdeU bOXe OighW iUUadiaWiRQ. (B) BOXe/daUN 

diffeUeQce abVRUSWiRQ VSecWUa Rf HROR-ASR-PSU.   

A 

B 
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FigXre S2.  TiPe-UeVROYed abVRUbaQce Rf HROR-ASR-PSU XQdeU Ued OighW iUUadiaWiRQ aW VeOecWed 

ZaYeOeQgWh 434 QP aW eYeU\ 1 VecRQd iQWeUYaO. 
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FigXre S3.  (A) AbVRUSWiRQ VSecWUa Rf ASR-HROR-PSU XQdeU Ued OighW iUUadiaWiRQ. (B) Red/daUN 

diffeUeQce abVRUSWiRQ VSecWUa Rf ASR-HROR-PSU.   

A 

B 
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FigXre S4.  TiPe-UeVROYed abVRUbaQce Rf ASR-HROR-PSU XQdeU Ued OighW iUUadiaWiRQ aW VeOecWed 

ZaYeOeQgWh 700 QP aW eYeU\ 4 VecRQdV iQWeUYaO. 

 


