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CBETOYYBCTBUTEJIbHBIC OCIKY POIOTICUHBI TTPEACTABICHBI BO BCEX 11apPCTBAX KUBbIX OPraHU3MoOB. PomorncuHbl
I Tnmma (MuKpoOmMabHEIE) KaK MPAaBIIIO, BBHIIIOIHSIIOT (POTOSHEPIreTUICCKINYIO (PYHKIINIO; OOJIBITMHCTBO PO-
noncuHoB I Tuna — poroperienTopHbie 6eIKM XXMBOTHBIX. B paboTe npencraBieHo CpaBHEHUE CIIEKTPaTbHbIX
XapaKTepUCTUK U (POTOXNUMHUISCKUX peaKIIUii TPeX Pa3IMIHbIX POIOIICMHOB: 0aKTepHUOPOIOIICMHA a0 iIb-
HoM apxebakrepuu H. salinarum, pogorncrHa MOYBEeHHOI ncuxpoTpodHoii 6akrepun E. sibiricum 1 3pUTeIIb-
HOIO poIOIICHHA NaJIoueK ObIKa. PaccMarpuBaeTcs cralilmoHapHOE MOIJIONIeHUE O€JIKOB, MapaMeTPhl (DOTOXM -
MUYECKOI peaklMy, TaKue KaK CKOPOCTh M30Mepu3aluu xpoModopa (peTuHaisi) 1 oO0pa3oBaHUsI MEPBBIX
MPOAYKTOB, a TAKXKE BEPOSITHOCTb 00paTHOM (hOTOpeaKIINy 1 HaJIU9IMe CIOHTAaHHOM TeTJIOBOM M30MepU3alInu
petuHas. [Ipeamnonaraercs, 4To B X0 9BOJIOLNY MEXaHU3M B3aUMOJICACTBYSI pEeTUHAJIS C OJIMKaIum GeJ-
KOBBIM OKPYKCHHEM B XpOMOGOPHOM HEHTPE 3pUTEIILHBIX POIOIICMHOB XUBOTHBIX (pomoncuHOB 11 Trma) kak
(HOTOMH(POPMALIMOHHBIX O€JIKOB CcTajl 00Jie€ COBEPILIEHHBIM U CIIeIU(PUIHBIM.

Karouesvle ciro6a: MUKpOOUaIbHBIE PONOTICUHBI, 3pUTEIbHBIN POMOTNICUH, OAKTEPUOPOIOTICUH, POAOIICUH
Exiguobacterium sibiricum, 3BOJIOLIMSI POOOIICUHOB, (DOTOXUMUS POOOIICUHOB

Cnucok cokpawenuii: PCb — petnHanb-conepxamue 6enku, BR — 6akrepuoponornicun apxebakrepun H. sali-
narum, ESR — pononicun 6akrepun E. sibiricum, Rh — 3puTelIbHBIN poIONICUH ObIKa B. taurus

Abbreviations: RCP — retinal-containing proteins, BR — H. salinarum bacteriorhodopsin, ESR — E. sibiricum

rhodopsin, Rh — B. taurus visual rhodopsin
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PonmoricmHbpl — 3TO peTHMHANIbL-coAcpXKaIinue OenKn
(PCBb), nipeacTapisitoT co00Ii OOLLIUPHYIO TPYIIY CBe-
TOUYBCTBUTELHBIX TPAaHCMEMOpPAHHBIX OEJIKOB, Mpe-
00pa3ylolInX SHEPTUIO CBETa [IJisl BBIMOJIHEHUS pas-
JIMYHBIX OMOJIOTMYeCcKUX (PYHKIUI y IIpeacTaBUTEIICH
BCEX LIAPCTB XXUBBIX OPraHU3MOB.

Bonblioe KolIm4yecTBO IpeACcTaBUTENE POOOIICH-
HOB | TMTIA MM MUKPOOHMATBEHBIX POIOIICTHOB (DYHK-
LIMOHUPYIOT KaK MOHHBIE HACOCHI, BBIMOJHSS (POTO-
SHEPreTUYECcKyro QYHKIMIO (IIPOCTEUINNiT (POTOCUH-
1e3) [1—4]. BomemmHcTBO pomomcuHoB Il THMa
GYHKIMOHUPYIOT KakK G-0e0K-CBSI3bIBAIOIINE pe-
LEeNTOPbI (KMBOTHEIX, 00ecIieunBast (poTomHpopMaII-
OHHYIO, B MEPBYIO OYEpPEdb 3PUTEIbHYIO, (DYHKIIUIO
[5]. O61eit 111 Bcex poaOIICUHOB SIBJISIETCSI CTPYKTYpa
aro0enka (OIICMHA), IpeacTaBJIeHHAasT CeMbIO TpaHC-
MEMOpaHHBIMU Ol-CITUPATISIMUA 1 XPOMOMOPHOI TpyII-
noii (peTuHajb), KOBAJIEHTHO CBSI3aHHOW C JIM3UHO-
BBIM OCTaTKOM OIICMHA B CEIbMOM Ol-CIIMpaJiv. XpOMO-
GOpHBIN LEHTP — Hanboiee KOHCEPBATUBHBIN JOMEH
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Bcex PCB. benkoBoe okpy:keHne peTuHaIsI 00eCcIIen -
BaeT CeKTpaiabHYI0 HacTpoliky PCb u crmocobcTByeT
€ro CBepXOBICTPOl (poTOM3OMEpU3alnU, MPOTEKalo-
mieil B GeMTOCEKYHIHOM BpeMEHHOM Auarna3oHe [6, 7]
C BBICOKMM KBaHTOBBIM BbIXONIOM [8, 9] u siBIIsTIONIEIiCS
MEpBUYHOI peakuueil B mpouecce GyHKIIMOHUPOBaA-
ausg PCB. B miporecce 3Toit oTOXMMUYECKO peak-
LIMM TIPOUCXOJUT 3aracaHue SHEPruM KBaHTa CBETa B
XUMHAYECKYI0 SHEpPruio KOH(GOPMAIMOHHEIX IIepe-
CTpoeK OejKa, KOTopast OyIeT MCITOJIb30BaHa B Nallb-
HeMIeM 1J1s1 BBINOJTHEHMS pa3aTudHbIX pyHKumii. MH-
TEPECHO OTMETUTh TOT (PAKT, YTO aHAJOTUIHAsI peaK-
musa  ¢poToM3oMepHr3allMM pPEeTUHAJIsI B  pacTBOpe
MpOTEeKaeT ¢ HeOOJbIINMM KBAaHTOBBIM BBIXOAOM WU B
2.5—6 pa3 MeajicHHee, YeM B OEJIKOBOM OKPYKEHWU
[10, 11].

HecMmoTps Ha oOmmmpHBIe TUTEpaTypHBIE JaHHEBIC,
Kacarluecs: pogoricuHoB U I, u Il TumoB, HeKOTOpLIE
¢dyHIaMeHTaJIbHbIE BOIPOCHI OCTAIOTCSI OTKPHITHIMU.
OIuH 13 TaKUX BOIIPOCOB — MX DBOJIIOIIMOHHOE IIPO-
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Puc. 1. KuHernueckue KpuBble (DOTOMHAYLIMPOBAHHOTO
nornomeHust Rh, BR u ESR, npencraBieHHbIe Ha XapaK-
TePHBIX JUIMHAX BOJH 30HIMPOBaHUs (CIUIONIHBIE JIUHUMN),
a TakXe COOTBETCTBYIOLIHME MOJEIbHbIE SKCIOHEHIIMATb-
Hble KpUBble (MYHKTUPHBIE JTUHUM), TTO3BOJIMBIINE OIpe-
JIEJIUTh XapaKTepHble BpeMeHa HaOJII0aeMbIX MPOLIECCOB.
BpeMsi oOpa3oBaHUsI MEPBUYHBIX MPOMEXYTOUYHBIX IIPO-
nykToB ¢otopeakuuiit Rh, BR u ESR ¢ nzomepuzoBaHHbIM
petuHasiem coctaBuio 50—100 dbc mis dhoropomorcuHa
(Rh), 500 ¢c naa nponykra J (BR) u 700 dc mist mpomxykra
J (ESR). Bpemst 06pa3zoBaHMs CIEAYIOMINX TTPOMEXKYTOU-
HBIX MPOAYKTOB — 6aToponoricuHa (Rh), nponykra K (BR)
u npoaykta K (ESR) cocraBumiio 2, 1.8 u 6.3 11c, cOoTBET-
CTBEHHO. DKCITOHEHIIUAJbHbIe KPUBbIE ObUIM MOCTPOEHbI
HE3aBMCHUMO Ha pa3HBbIX JUIMHAX BOJIH B IIIMPOKOM CITEK-
TpaJbHOM IMamna3oHe. 3HaUYeHUE XapaKTEePHOrO BPEeMEHU
OIpeieJIEHHOTO Tpoliecca ObLJIO paCCYMTAHO KaK CpeiaHee,
C YYeTOM BCEX JUIMH BOJIH, Ha KOTOPbIX IaHHBI! Mpouecc
HabJoaacs 1 [OMUHUPOBAJI.

Fig. 1. Kinetic curves of the Rh, BR and ESR photoinduced
absorption, presented at the characteristic probing wave-
lengths (solid lines), as well as the corresponding model ex-
ponential curves (dotted lines), which made it possible to
determine the characteristic times of the observed processes.
The formation times of the primary intermediate products of
Rh, BR and ESR photoreactions with isomerized retinal
were 50—100 fs for photorhodopsin (Rh), 500 fs for product
J(BR), and 700 fs for product J (ESR). The formation times
of the following intermediate products — bathorhodopsin
(Rh), product K (BR), and product K (ESR), were 2, 1.8,
and 6.3 ps, respectively. Exponential curves were plotted in-
dependently at different wavelengths over a wide spectral
range. The value of the characteristic time of a certain pro-
cess was calculated as an average, taking into account all
wavelengths at which this process was observed and domi-
nated.

MCXOXJIEHUE, eAMHOTO MHEHUSI TT0 KOTOPOMY He CyIle-
ctByeT. Cumrtaercs, 4yro pogoncuHbl I tnma (Harpu-
Mep, 6aKTEpUOPOIONCUH) MOSIBUIMCH OTHOBPEMEHHO
C BO3HUKHOBEHMEM Ouochepbl 3emian, OKoJo 3—
3.5 mupa JieT Hazan, a pogoricuHkbl II Tumna kak G-6e-
JIOK-CBSI3bIBaIOIIME OEJIKM — OKOJIO 1 MJIpAd JieT Ha3aj

KYPHAJI DBOJIOLIMOHHON BUOXUMUU U ®U3UOJIOTUU

(mogpo6Hee cM. [12]). HecMoTpst Ha TTOXOXYIO CTPYK-
TYypy, 9TU O€JIKU HE OOHApyXMBalOT CXOJCTBA HA yPOB-
He aMUHOKUCJIOTHOM TlocnenoBaresibHocTu [13]. Io-
9TOMY MOXHO MPEearnoaoXuTb, YTO OHU MOIJIM BO3-
HUKHYTb HE3aBUCUMO, B pE3yJibTaTe KOHBEPTeHTHOM
aBoounu. C Apyroii CTOPOHbBI, HEJb3sI UCKITIOYUTh U
TOTO, YTO OHU MOIJIM TIPOU3OMTU OT OOIIIEro yTepsiH-
HOTO npeniecTBeHHUKa [14].

B oT0ii cBsI3M cpaBHEHME XapaKTepUCTUK POIOIICH-
HoB I 1 I TUIIOB, CBSI3aHHBIX ¢ MX_(PYHKLUSIMH, IIPEI-
CTaBJISIET CYIECTBEHHbIIA uHTepec. B naHHOIt pabote
TpeAcTaB/ieH 0030p MOJIydEHHBIX HAMU paHee pe3yJib-
TaTOB, KacalolIMXCsl CPAaBHEHUSI CTIEKTPAIbHBIX XapaK-
TEPUCTUK, U (DOTOXMMUYECKUX peaKIIuii TpeX pas3ind-
HBIX pononcuHoB [ 15—23]. JIBa U3 HUX — MpencTaBUTEN
ponoricuHoB | Tuma: 6aKTepUOPOIONICUH TalohUIb-
Hoit apxebakrepuu Halobacterium salinarum (BR) u
HegaBHO OTKpBIThIM pomorncuH (ESR) mouBeHHO
ncuxpotpodHoii 6aktepuu Exiguobacterium sibiricum,
HalileHHO#l B CMOMPCKON BEYHOI Mep3I0Te BO3pac-
TOM 0Ko0J10 3 MJjH JieT [24]. ESR 0J1130K Mo cCTpoeHUIO
K IMPOTOHHBIM HacOCaM MOPCKMX OaKTepUii — MpOTeO-
DPOJOIICUHY U KCAHTOPOMIOTICUHY, U B MEHbIIIEH cTene-
HU TIpOTOHHOMY Hacocy — BR [25, 26]. Tperwuii pomori-
CUH — 3TO KJIaCCUYECKUU 3pUTeabHbINi pomoricuH 11
THUIA — POIOIICMH majiodek Ovika Bos faurus (Rh).
CnekTpajbHble XapaKTEPUCTUKU U (DOTOXUMUYECKUE
peakuuu Rh, BR u ESR ucciaenoBamuch HamMmu MeToga-
MU CTallMOHAPHOM CIeKTpo(oTOMeTpruu U peMToce-
KYHIHOU aOCOPOILIMOHHOM J1a3epHOi CIEKTPOCKOITUHU.

Bce npencraButenu ponornicuHoB I u Il TumoB xa-
pPaKTepU3YIOTCS IIUPOKOW IMOJIOCOM TIMOTJIOLIEHUS C
BeChMa BBICOKUM KO3(M@MUIMEHTOM 3KCTHHKIIMH, B
HallleM ciiydae ¢ MakcumyMamu 498 um (Rh), 568 Hm
(BR) u 528 am (ESR). [1onoxeHne MakcuMyMa I10J10-
Chl TIOJIONIEHUSI Kaxaoro Oeyka aganTUPOBaHO K
CIIEKTpaJIbHOM XapaKTEPUCTUKE CBETOBOI Cpelbl, B
KOTOpOIi1 oH (pyHKIIMOHUpYeT. 1o cyiiecTBy, monoxe-
HUE MaKCUMyMa T0JIOChI TTOJIONIEHUST POJOTICUHOB U
I, n II TumoB MomguYMHSIETCS 3aKOHAM JTAaPBUHOBCKOIO
€CTeCTBEHHOro oTbopa. SpKuM TOMy MPpUMEPOM MO-
JKET CJIYXKWUThb CHeKTpajibHasi HacTpoiika poJoICHMHa
JIBYX MOIMYJISIIMI KPeBETOK OTHOTO U TOTO Xe Buaa My-
sis relicta [27—29]. OgHa u3 onyJsuuii obuTaer B Mo-
YTU MOJTHOU TEMHOTE B INIYOOKOM 03epe, Kyla TOXOIUT
JIMIIIb HEMHOTO cBeTa B obyiactit 680 HM, U y KOTOPOIA,
COOTBETCTBEHHO, MaKCHMYyM CIIeKTpa TOMIOIIEHUS
pOJOICHA CMELIEH B JJIMHHOBOJHOBYIO 00JacCTh
(560 um). Jlpyrast, Mopckasli MOITYJISILMSI, OOUTaeT B
npUOpeXHBIX BOAaX, Kyda JOXOAUT OOJibllIe CBETa, B
TOM UYMCJIe KOPOTKOBOJIHOBBII CBET. MakcUMyM CIieK-
Tpa MOMIOIIEHUSI POAOIICUHA Y 3TOM MOMYJISILIAU CMe-
IIEH B KOPOTKOBOJIHOBYIO 001acTh — 530 HM.

YTo KacaeTcs mapaMeTpoB (POTOXUMHUYECKOMN peak-
1uu, To Mexay poaorncuHamu I u II Tunos nmpocmar-
PUBAIOTCSI pa3IduMs, CBSI3aHHBLIE C OCOOCHHOCTSIMU
CTPOEHHUSI XpOMOMOPHOTO LIEHTPA, a TAKXKe, C KOHPOP-
Manmein xpomodopa — HOJHOCTBIO-mparc (POIOIICHU-
Ne 7
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bl | Tuna) u 11-yuc (pononcunsl 11 Tnia) peruHams.
I1pu moryonieH KBaHTa cBeTa XpoMogopHasi rpym-
na PCb nepexoaut B 31eKTPOHHO-BO30YXXIEHHOE CO-
crosgHue. [lepexon 3aTeM B OCHOBHOE COCTOSIHHUE CO-
MPOBOXJAeTCsl U30MEpHU3alUeil peTUHaNsI, CKOPOCTh
KOTOPOW CUJIbHO oTiin4yaeTcsl B pogornicuHax I u I tu-
noB. B cnygae BR 1 ESR mrepBrIit hoTonmponykr ¢ n3o-
MEpPU30BaHHBIM peTUHaJIeM (MHTepMenuat J) odopasy-
ercs 3a 500 u 700 dc, coorBeTcTBeHHO (puc. 1) [6, 21—
23]. ot BR KkBaHTOBBII BHIXOH 3TOM peaKI TOBOIb-
HO BBICOK 1 cocTaBiisieT ¢ = 0.64 [8]. B cirydae Rh do-
Tou3oMepu3alvsl peTUHAaJs IIPOUCXOIUT 3a boJsiee KO-
pOTKOe BpeMsI, a UMeHHO, Bcero 3a 50—80 ¢c [18, 30—
32] ¥ TaKkKXe ¢ BBICOKUM KBaHTOBBIM BBIXOIOM ¢ = 0.65
[9]. OT0 camas ObicTpasi peaklusi B (hOTOXUMUU, U3-
BEeCTHas Ha ceTomHsAIIHee BpeMs. PoTon3oMepu3aliust
peTUHaJS MPUBOAUT K 00pa30BaHUIO NEPBOTO MPOAYK-
Ta — ¢poToponoricruHa (puc. 1). CBepxObICTPYIO U30Me-
pu3annio B Rh cBI3BIBaIOT ¢ oTcyTCTBUEM Y 11-141C pe-
TUHaJSI, B OTJIMUYUE OT MOJHOCTBIO-MPAHC PETUHAIS
MUKPOOMAIBHBIX POAOIICUHOB, HEOOIBIIOTO OGapbepa
Ha TIOBEPXHOCTU MOTEHLMAJIbHOU 3HEPTUU BO3OYXK-
JIEHHOTO COCTOSIHUS, a TAKXKE CO CTPOEHUEM XpPOMO-
¢GhOpHOro 1LIeHTPa, B YACTHOCTU C CUJIBHBIM 3JIEKTPO-
CTaTUUYECKMM B3aUMOJIEHICTBUEM pPETUHAJSI C apoMa-
TYecKuM KitactepoM [33]. CyliecTBeHHOE pa3Indue B
ckopoctu doTtopeakuum pogoncuHoB I m II Tumos
npeacTapisieTcss GYHKIMOHATbHO BaXKHbBIM.

Eme onHuM (yHKIIMOHAIBHBIM IIPEUMYIIECTBOM
ponoricuHa Il Tuna (Rh), cBsI3aHHBIM CO CTPYKTYpOI
ero XpoMo(MOpHOro lieHTpa W B3aMMOACICTBHEM C
XpOoMOGOPHOIL TPYNIION, SIBIISIETCS IIPAKTUIECKH I10JI-
HOE€ OTCYTCTBME€ CIIOHTAHHOI TEIIOBOM M30Mepu3a-
uuu 11-yuc petTuHanss B TeMHOTE, MOAOOHOI TeMHO-
BOM, CHOHTAaHHO WM30MEPHU3aLMKU IIOJHOCTHIO-
mpanc— 13-yuc B mojiekyjie BR 1 HEKOTOpBIX Apyrux
ponoricuHoB I Tuna [34]. DTo cBsI3aHO C BLICOKWUM TeTl-
JIOBBIM OapbepoM M3oMepusaluu 11-yuc petuHaisa B
Rh (45 kkana/MoJib), 4TO MPENSITCTBYET JIOKHOMY 3aITyC-
Ky TIpoliecca (poToTpaHcayKImu |35, 36]. dusnonormde-
CKMIA CMBICJI CTOJIb BLICOKOTO TEIIOBOTO Oapbepa M30Me-
puzanuu 11-yuc peTHHAIS ¥ CTOJIb BBICOKOM CKOPOCTU U
a(ppekTUBHOCTA ero (GOTOU30MEPU3ALIMU COCTOUT B
TOM, YTOOBI, C OMHOM CTOPOHBI, UCKIIIOYUThH JIOKHOE
cpabarbsiBaHre Rh B TeMHOTE (YMEHBIIUTH, HACKOJbBKO
3TO BO3MOXHO, TEMHOBOIi, TEIUIOBOM IIIyM) U, C APY-
IO CTOPOHBI, YTOOBI MCIIOJIb30BaTh SHEPTUIO ITOIJIO-
IIIEHHOI'0 KBaHTa CBETa UMEHHO 15T (POTOXUMUYECKOMN
peakuy U30Mepr3allu ¢ MUHMMAJIbLHOM BO3MOXKHO-
CTBIO €€ paccesTHUS B BUe TeIljla MY BEICBEYMBAaHMS B
BUlie diyopeclieHIIMM (KBaHTOBBIN BBIXOH (hyopec-
neHuuy Rh uckimouurensHo man — 1.2 x 1073 [37]).

Jnsg Bcex PCB xapaktepHBI 00OpaTHBIE (DOTOpEaK-
LIMM, KOTOPbIE MOTYT ObITh MHULIMUPOBAHBI U3 Pa3HBIX
MPOMEXYTOUHBIX MPOIYKTOB MpsSIMOil (hoTopeakinu.
Baxubsim otiimumeM pononcuHosB 11 Tuma ot pogoncu-
HOB | TMa B OTHOIIIEHNUW 0OpaTHBIX (DOTOPEAKIINIA SIB-
JIsIeTCs TO, 4TO 3(PpheKTUBHOCTh O0OpPaTHOIT (POTOU30-
Mepu3alun peTuHaIs (MOJHOCThIO-mpanc—> 11-yuc) B

KYPHAJI DBOJIOLIMOHHON BUOXUMUU U ®U3UOJIOTUU

paHHEM MIPOAYKTE 3pUTEIILHOIO POIOIICMHA — 0aTOPO-
JIOTICHHE B ITSITh pa3 MEHbIIIe 00paTHO (hOTOU30MEpPHU -
3auu petuHans (13-yuc—1oaHOCThIO-mpanc) B IPO-
nykre K 6akrepmoponoricuHa [31]. UaeIM# ciioBaMu,
BEPOSITHOCTh O0OpaTHOI (pOTOpeaKIIii B 3pUTEIbHOM
pOIOIICHE CYILIECTBEHHO MEHBIIE, YeM B MUKpPOOU-
aJIbHOM.

Cyns no BceMy, B xofe aBojoiiuu PCbh BHyTprMoO-
JIEKYJISIDHBIA MEXaHW3M B3aUMOIEHCTBUS PETUHAIIS
KaK XpoMOMOpHOIi TPYNIHI C €ro OJMXKanImnmM OeJTKO-
BBIM OKpY>XXEHHEM B XpoOMO(GOPHOM LIEHTpe CTajl boJjiee
COBEPIICHHBIM W CHEHUMUIHBIM IJIsI 3pUTEIBHBIX PO-
JIIOTICUHOB KakK (OTOMH(POPMAIIMOHHEIX OEJIKOB II0
CpaBHEHMUIO ¢ 6oJiee IPeBHUMU MUKPOOUAIbHBIMU PO-
JIOTICMHAMM KaK, B OCHOBHOM, (POTO3HEPreTHYEeCKUMU
(potocuHTE3) OeakamMu. Takoe COBEPIIEHCTBO U CIIe-
U (UIHOCTH XpOMOGOPHOTO 1LIEHTPa 3pUTEILHOTO PO-
JIOTICUHA O0eCIIeYMBaIOT HaAEKHOCTh U 3P (PEKTUB-
HOCTh TIpSIMOM peakuuu ¢oromzomepuzannu 11-yuc
peTuHajs, 3amyckalolleil Tmporecc (OTOTpaHCAYK-
LN,

Pa6ora momnepxxana Poccuiickum ¢poHmoMm pyHma-
MEHTaIbHBIX uccienoBaHuit (Ne 18-015-00305, Ne 17-
00-00166).

CIIMCOK JIMTEPATYPbI

1. Ernst O.P, Lodowski D.T., Elstner M., Hegemann P,
Brown L.S., Kandori H. Microbial and animal rhodop-
sins: structures, functions, and molecular mechanisms.
Chem. Rev. 114: 126—163. 2014.
https://doi.org/10.1021/cr4003769

2. Kurihara M., Sudo Y. Microbial rhodopsins: wide distri-
bution, rich diversity and great potential. BPPB. 12: 121—
129. 2015.
https://doi.org/10.2142 /biophysico.12.0_121

3. Kandori H. lon-pumping microbial rhodopsins. Front.
Mol. Biosci. 2: 52. 2015.
https://doi.org/10.3389/fmolb.2015.00052

4. Gushchin 1. and Gordeliy V. Microbial rhodopsins. Mem-
brane protein complexes: structure and function. Subcel-
lular Biochemistry. Ed. Harris J., Boekema E. Singapore.
Springer: 2018.
https://doi.org/10.1007/978-981-10-7757-9

5. Ostrovsky M.A. and Feldman T.B. Chemistry and molec-
ular physiology of vision: Light-sensitive protein rhodop-
sin. Russ. Chem. Rev. 81(11): 1071—1090. 2012.
https://doi.org/10.1070/RC2012v081n11ABEH004309

6. Dobler J., Zinth W., Kaiser W., Oesterhelt D. Excited-state
reaction dynamics of bacteriorhodopsin studied by fem-
tosecond spectroscopy. Chem. Phys. Lett. 144: 215—220.
1988.
https://doi.org/10.1016/0009-2614(88)87120-3

7. Schoenlein R.W., Peteanu L.A., Mathies R.A., Shank C.V.
The first step in vision: femtosecond isomerization of
rhodopsin. Science. New Series. 254: 412—415. 1991.
https://doi.org/10.1126/science.1925597

8. Govindjee R., Balashov S.P., Ebrey T.G. Quantum effi-
ciency of the photochemical cycle of bacteriorhodopsin.
Ne 7

TOM 56 2020



522

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

MEABEIEBA u np.

Biophys. J. 58: 597—608. 1990.
https://doi.org/10.1016/50006-3495(90)82403-6

. Kim J.E., Tauber M.J., Mathies R.A. Wavelength depen-

dent cis-trans isomerization in vision. Biochemistry.
40(46): 13774—13778. 2001.
https://doi.org/10.1021/bi0116137

Zgrablic G., Novello A.M., Parmigiani F. Population
branching in the conical intersection of the retinal chro-
mophore revealed by multipulse ultrafast optical spec-
troscopy. J. Am. Chem. Soc. 134: 955—961. 2012.
https://doi.org/10.1021/ja205763x

Kandori H., Katsuta Y., Ita M., Sasabe H. Femtosecond
fluorescence study of the rhodopsin chromophore in
solution. J. Am. Chem. SOC. 117: 2669—2670. 1995.
https://doi.org/10.1021/ja00114a040

Ostrovsky M.A. Rhodopsin: evolution and comparative
physiology. Paleontol. J. 51(5): 562—572. 2017.
https://doi.org/10.1134/S0031030117050069

Shen L., Chen C., Zheng H., Jin L. The evolutionary rela-
tionship between microbial rhodopsins and Metazoan
rhodopsins. Sci. World J. 2013: 435651. 2013.
https://doi.org/10.1155/2013 /435651

Mackin A., Roy R.A., Theobald D.L. An empirical test of
convergent evolution in rhodopsins. Mol. Biol. Evol. 31:
85-95. 2014.

https://doi.org/10.1093 /molbev/mst171

Smitienko O.A., Shelaev 1.V., Gostev F.E., Fel’dman T.B.,
Nadtochenko V.A., Sarkisov O.M., Ostrovsky M.A. Coher-
ent processes in formation of primary products of rho-
dopsin photolysis. Dokl. Biochem. Biophys. 421: 194—
198. 2008.

https://doi.org/10.1134/S160767290804008X

Smitienko O.A., Mozgovaya M.N., Shelaev L V., Gostev
FEE., Feldman T.B., Nadtochenko V.A., Sarkisov O.M., Os-
trovsky M.A. Femtosecond formation dynamics of prima-
ry photoproducts of visual pigment rhodopsin. Biochem-
istry (Moscow). 75(1): 25—35. 2010.
https://doi.org/10.1134/S0006297910010049

Mozgovaya M.N., Smitienko O.A., Shelaev LV, Gos-
tev FE., Feldman T.B., Nadtochenko V.A., Sarkisov O.M.,
Ostrovsky M.A. Photochromism of visual pigment rho-
dopsin on the femtosecond time scale: coherent control
of retinal chromophore isomerization. Dokl. Biochem.
Biophys. 435: 302—306. 2010.
https://doi.org/10.1134/S1607672910060062

Nadtochenko V.A., Smitienko O.A., Feldman T.B., Mozgo-
vaya M.N., Shelaev 1.V., Gostev EE., Sarkisov O.M., Os-
trovsky M.A. Conical intersection participation in femto-
second dynamics of visual pigment rhodopsin chromo-
phore cis-trans photoisomerization. Dokl. Biochem.
Biophys. 446: 242—246. 2012.
https://doi.org/10.1134/S1607672912050080

Smitienko O., Nadtochenko V., Feldman T., Balatskaya M.,
Shelaev I., Gostev E, Sarkisov O., Ostrovsky M. Femto-
second laser spectroscopy of the rhodopsin photochro-
mic reaction: a concept for ultrafast optical molecular
switch creation (ultrafast reversible photoreaction of rho-
dopsin). Molecules. 19: 18351—18366. 2014.

https://doi.org/10.3390/molecules191118351

Shelaev 1.V., Mozgovaya M.N., Smitienko O.A., Gostev EE.,
Feldman T.B., Nadtochenko V.A., Sarkisov O.M., Ostro-
vskii M.A. Femtosecond dynamics of primary processes

KYPHAJI DBOJIOLIMOHHON BUOXUMUU U ®U3UOJIOTUU

21.

22.

23.

24.

25.

26.

27.

28.

29.

in visual pigment rhodopsin. Russ. J. Phys. Chem. B.
8(4): 510-517. 2014.
https://doi.org/10.1134/S1990793114040101

Feldman T.B., Smitienko O.A., Shelaev 1.V., Gostev FE.,
Nekrasova O.V., Dolgikh D.A., Nadtochenko V.A., Kirpich-
nikov M.P., Ostrovsky M.A. Femtosecond spectroscopic
study of photochromic reactions of bacteriorhodopsin
and visual rhodopsin. J. Photochem. Photobiol. B. Biol.
164: 296—305. 2016.
https://doi.org/10.1016/j.jphotobiol.2016.09.041

Smitienko O.A., Nekrasova O.V., Kudriavtsev A.V., Yakov-
leva M.A., Shelaev 1.V., Gostev FE., Dolgikh D.A., Kol-
chugina I.B., Nadtochenko V.A., Kirpichnikov M.P., Feld-
man T.B., Ostrovsky M.A. Femtosecond and picosecond
dynamics of recombinant bacteriorhodopsin primary re-
actions compared to the native protein in trimeric and
monomeric forms. Biochemistry Moscow. 82(4): 490—
500. 2017.

https://doi.org/10.1134/S0006297917040113

Smitienko O.A., Feldman T.B., Petrovskaya L.E., Nekra-
sova O.V., Yakovleva M.A., Shelaev I.V., Gostev FE.,
Cherepanov D.A., Kolchugina I.B., Dolgikh D.A., Nadto-
chenko V.A., Kirpichnikov M. P., Ostrovsky M.A. Compar-
ative femtosecond spectroscopy of primary photoreac-
tions of Exiguobacterium sibiricum rhodopsin and Halo-
bacterium salinarum bacteriorhodopsin. J. Phys. Chem.
B. 2020. (in press).

Rodrigues D.F, Ivanova N., He Z., Huebner M., Zhou J.,
Tiedje J.M. Architecture of thermal adaptation in an Ex-
iguobacterium sibiricum strain isolated from 3 million year
old permafrost: A genome and transcriptome approach.
BMC Genom. 9: 547. 2008.
https://doi.org/10.1186/1471-2164-9-547

Gushchin 1., Chervakov P., Kuzmichev P., Popov A.N.,
Round E., Borshchevskiy V., Ishchenko A., Petrovskaya L.,
Chupin V., Dolgikh D.A., Arseniev A.S., Kirpichnikov M.,
Gordeliy V. Structural insights into the proton pumping
by unusual proteorhodopsin from nonmarine bacteria.
Proc. Natl. Acad. Sci. USA. 110: 12631—12636. 2013.
https://doi.org/10.1073/pnas.1221629110

Petrovskaya L., Balashov S., Lukashev E., Imasheva E.,
Gushchin 1.Y., Dioumaev A., Rubin A., Dolgikh D., Gor-
deliy V., Lanyi J. ESR — a retinal protein with unusual
properties from Exiguobacterium sibiricum. Biochemistry
(Moscow). 80: 688—700. 2015.
https://doi.org/10.1134/s000629791506005x

Jokela-Mddttd M., Pahlberg J., Lindstrom M., Zak P,
Porter M., Ostrovsky M.A., Cronin T.W., Donner K. Visual
pigment absorbance and spectral sensitivity of Mysis rel-
icta (Crustacea, Mysida) in different light environments.
J. Comp. Physiol. A. 191: 1087—1097. 2005.
https://doi.org/10.1007 /s00359-005-0039-8

Feldman T., Yakovleva M., Lindstrom M., Donner K., Os-
trovsky M. Eye adaptation to different light environments
in two populations of Mysis relicta: a comparative study of
carotenoids and retinoids. J. Crust. Biol. 30(4): 636—642.
2010.

https://doi.org/10.1651/09-3218.1

Belikov N., Yakovieva M., Feldman T., Demina O., Kho-
donov A., Lindstrom M., Donner K., Ostrovsky M. Lake
and sea populations of Mysis relicta (Crustacea, Mysida)
with different visual-pigment absorbance spectra use the

TOM 56 Ne 7 2020



30.

31.

32.

33.

CPABHUTEJIIBHOE UCCIEJOBAHUE ®OTOXNMUNN

same Al chromophore. PLoS ONE. 9(2): 1—8. 2014.
https://doi.org/10.1371 /journal.pone.0088107

Polli D., Altoé P., Weingart O., Spillane K.M., Manzoni C.,
Brida D., Tomasello G., Orlandi G., Kukura P, Mathies R.A.
Conical intersection dynamics of the primary pho-
toisomerization event in vision. Nature. 467: 440—443.
2010.

https://doi.org/10.1038 /nature09346

Johnson P.J., Halpin A., Morizumi 1., Prokhorenko V.I.,
Ernst O.P, Miller R.J.D. Local vibrational coherences
drive the primary photochemistry of vision. Nature
Chem. 7:980—986. 2015.

https://doi.org/10.1038 /nchem.2398

Mathies R.A. A coherent picture of vision. Nature Chem.
7:945-947. 2015.

https://doi.org/10.1038 /nchem.2406

Kholmurodov Kh.T., Feldman T.B., Ostrovsky M.A. Inter-
action of chromophore, 11-cis-retinal, with amino acid
residues of the visual pigment rhodopsin in the region of
protonated Schiff base: a molecular dynamics study.

34.

35.

36.

37.

523

Russ. Chem. Bull. International Edition. 56(1): 20—27.
2007.
https://doi.org/10.1007 /s11172-007-0004-5

Oesterhelt D., Meentzen M., Schuhmann L. Reversible
dissociation of the purple complex in bacteriorhodopsin
and identification of 13-cis and all-frans-retinal as its
chromophores. Eur. J. Biochem. 40: 453—463. 1973.
https://doi.org/10.1111/j.1432-1033.1973.tb03214.x

Baylor D.A., Nunn B.J., Schnapf J.L. The photocurrent,
noise and spectral sensitivity of rods of the monkey Ma-
caca fascicularis. J. Physiol. 357: 575—607. 1984.
https://doi.org/10.1113/jphysiol.1984.sp015518

Baylor D.A. Photoreceptor signals and vision. Proctor
lecture. Invest. Ophthalmol. Vis. Sci. 28(1): 34—49. 1987.

Doukas A.G., Junnarkar M.R., Alfano R.R., Callender R.H.,
Kakitani T., Honig. B. Fluorescence quantum yield of vi-
sual pigments: Evidence for subpicosecond isomerization
rates. Proc. Natl. Acad. Sci. USA. 81: 4790—4794. 1984.

https://doi.org/10.1073 /pnas.81.15.4790

Comparative Study of Photochemistry
of Microbial Rhodopsins (Type I) and Animal’s Rhodopsins (Type II)

A. S. Medvedeva“, O. A. Smitienko?, T. B. Feldman*?, and M. A. Ostrovsky***
¢ Emanuel Institute of Biochemical Physics, RAS, Moscow, Russia
b Department of Molecular Physiology, Biology Faculty, Lomonosov Moscow State University, Moscow, Russia
*e-mail: ostrovsky3535@mail.ru

The light-sensitive proteins, rhodopsins, are present in all the kingdoms of living organisms. Type I (microbial)
rhodopsins generally have a photoenergetic function; most type II rhodopsins are photoreceptor proteins of an-
imals. The paper presents a comparison of the spectral characteristics and photochemical reactions of three dif-
ferent rhodopsins: bacteriorhodopsin of the halophilic archacon H. salinarum, rhodopsin of the soil psychro-
trophic bacterium E. sibiricum, and visual rhodopsin of bovine rods. Stationary absorption of the proteins, pa-
rameters of their photochemical reactions, such as the rate of isomerization of retinal chromophore, and the
formation of the first products, as well as the probability of reverse photoreaction and the presence of sponta-
neous thermal isomerization of retinal are considered. It is assumed that, in the course of evolution, the mecha-
nism of interaction of retinal with the protein in the chromophore center of animal visual rhodopsins (type 11
rhodopsins) as photoinformation proteins has become more perfect and specific.

Keywords: microbial rhodopsin, visual rhodopsin, bacteriorhodopsin, rhodopsin Exiguobacterium sibiricum, evo-

lution of rhodopsins, photochemistry of rhodopsins
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