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Ha u3omipoBaHHBIX XJIopoIutacTax ropoxa (Pisum sativum) NMPOBEICHO 3KCOEPUMEHTAILHOE HCCIe-
JI0BaHMEe KHHCTHKH (OTOHHIYIMpOBaHHOro curHaiga JIIP I, oTpaxarouiero H3MEHCHHE CTENEHH
BoccTaHoBJIeHHOCTH P700 — ¢oToakTHMBHOrO NMUrMeHTa (POTOCHCTEMbI I, NMPH pa3MYHbIX KOHLICH-
TpalMsX K30M€HHOro (epperokcHHa. [IpeuiokeHa KHHETHYECKas MOJIE/b LIMKIMYECKOIo (Qeppe/ioK-
CHH3aBHCHMOTO JJIEKTPOHHOIO TpaHCMopTa BOKpYr (oTocucTeMpl 1. IMocTpoena MHorovacTu4Has
MOJENb, MO3BOJIAIOLIAA OCYLIECTBIATL «IIPAMOE» MOJEIMPOBAHHE MPOLECCOB IMEPEHOCA JJICKTPOHa
B MyIbTH(EPMEHTHbIX KOMIUIEKcaX M orpaHMdeHHoi mH(QY3HH NOIBHXHBIX MEPEHOCUYHKOB B OT-
JETbHBIX KOMITAPTMEHTAaX CHCTEMbI (CTPOMa, TIOMEH, BHYTpHMeMOpaHHoe npocTpaHcTBo). CpaBHeHHE
Pe3yIbTaTOB KHHETHYECKOro H MpIMOro MOJEIMPOBaHHsA YKa3bBacT Ha BaXKHYH pOJib MpPOCTpaH-
CTBEHHOI OpraHW3allii CHCTEMbl B (JOPMHPOBAHMM KHHETHKH peloKc-npeBpaiieHuii P700.

Kuoveevie crosa: homocucmema I, yuxmudecKuti IneKmponHolti. MPancnopm, KuHemuuecKas Mooens,

MHO204GCMUNHAR MoOenb, (heppedoKcut.

KpomMe  uHelHOro - OTOCHHTETHYECKOrO
TpPaHCNopTa JIeKTpoHOB oT BoAbl Ha NADPH B
XJIOpOIUIacTaX BBICHIMX pacTeHUWH M BoAopociIcH
CYLIECTBYET LIMKJIMYECKUI OJJICKTPOHHBIM TpaHc-
MOpT, KOTOPbIH Npe/cTapisieT cob0oi 4yBCTBUTEIb-
HbIi K aHTUMHIMHY A IepeHoc 3apsjia ¢ akuen-
TOpHOH cTopoHbl (oTocuctembl I (PS I) B ny:
XUHOHOB. (PU3HOJIOrHYECKHIA CMBIC]T LIMKJIHYECKOT O
TpaHCIOpTa 3JICKTPOHOB 3aKJII0YaeTcs B IeHepa-
L{MH JOTMOJIHMTEILHOIO MPOTOHHOIO IpajueHTa, a
TAK)XE B MPEIOTBPALIECHHH OKHCIHTEIBHOIO CTpec-
ca npy GOJIbLUMX MHTEHCUBHOCTAX cBeTa. Pesyib-
TaTbl MPOBEACHHBIX JKCMEPUMEHTAIIbHBIX MCCIIE0-
BaHHWii, B TOM 4YMCJIe HHTUOMTOPHOro aHajm3a,
CBHMICTEIILCTBYIOT 00 YYacTHM B LIMK/IMYECKOM
TpaHCNopTe MOJIEKYJ ruiacToxuHoHa (PQ) v uM-
TOXpOMHOTO by/f komruiekca (puc. 1) [1-4].

XapakTepHUCTUKH LIMKIMYECKOro TPaHCIopTa B
M30JIMPOBaHHbIX XJIOPOIUIACTAaX B CHJIILHOM CTETICHH
3aBUCAT OT KOHLIEHTpauuu JobasieHHoro deppe-

Coxpauwenns: PS 1 - ¢orocucrema I, Fd - deppenokcun,
PQ - naacroxuHoH, FQR - deppenokcit-XHHOH-PeNyKTa3a,
FNR - ¢eppenokcii-NADPH-peaykrasa, Pc - iuacroii1a-
HHH.

BUO®U3IUKA KIETKHA

nokcyHa (Fd), uro ykasbiBaeT Ha ydacTHe MOJIeKyl}
3TOro TIOABMIKHOIO MEpPeHOCYHMKa B JAHHOM Ipof
tecce. OTHAKO BO3HMKAeT BOMPOC O MEXaHH3Mal}
nepeHoca ajiekTpoHa ¢ Fd, koropblid sBiiser}
rUIpOGHIbHBIM NEPEHOCYUKOM H JIOKAJIM30BaH i}
CrpoMe, Ha IUIaCTOXHHOH, I'MIpodobHble MOek):
JIbl KOTOPOr'O JIOKAJIM30BaHbl B TUWIAKOMWJIHOM Men:
opaHe (cM. puc. 1). B psue pabor [4-7] Gbuw
NPEIIOKEHO HECKOJIBKO CXEM B3aMMOJICHCTBHA, §
TOM YHCJIE C yYACTHEM IMIIOTETHYECKOIo MeMOpak
Horo ¢epMmeHTa QeppelOoKCHH-XHHOH-PEIYKTad
(FQR) (u306paxeH Ha puc. 1), KOTOpbIH [0 Ha
CTOSILIEro BpeMeHH He HieHTHHuMpoBaH. Ojixo
M3 MPEIINONIOKEHUI COCTOMT B TOM, YTO B DO
Oenka, obnagarouero Fd-PQ-penykrazHol akiue
HOCTBEO,  MOXKET  BbICTYNaTh  (pepperloKcHH:
NADPH-penykraza (FNR), oanako cyiuecrsyior
ApryMeHTbl KaK 3a, TaK M MPOTHUB J4HHOI'O Mpel:
nonoxenus [1,2,5,8].

Hamu npoBejieHO 5KCMEPUMEHTAIILHOE MCCIlE:
JIOBaHHWE KUHETHKH (POTOHUH/YLIUPOBAHHOI'O CHIH-
11a DI1P I, cooTBETCTBYIOLIEIO H3IMCHEHHIO CTCIICHH
BoccraHoBiieHHocTH P700 - doroakTHBHOIO MHI-
MeHTa (oTocucTeMbl I, MpU pa3IUYHBLIX KOHLCH
TpalMax Jlo0aBiicHHOro ¢eppcjloKCMHa, BO  Bpe:
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Crpoma

Jliomen

Puc. 1. OpraHnsalusi UMKJIHYECKOTO TPaHCINOPTa IEKTPOHOB B xioponnacrax. ITokasansl MemOpaHa THIakonja H
xoMnoHenThl uenu 1[DT: kommuekchl PSI, FQR, FNR H KoMMJleKC UHTOXPOMOB bg/f, a Takxke NOABHXHBIE NEPEHOCUHKH
anektpoHa Pc, Fd u Q. 3Haku BONpoca OTMEYAIOT BEPOSITHBIE NYTH MEePeHOca 3/IEKTPOHOB, /i€ MeXaHH3M TpaHcnopra

HE YCTAHOBIIEH.

senHoM juanasoHe 0,1-10 c. ITocTpoeH psll Ku-
HETHYECKHX MOJIeJICH, MOJIETMPYIOLIHX IPOLIECChHI
B3TOM BPEMCHHOM JIMara3oHe H COOTBETCTBYIOIIMX
pasTMYHbIM CXeMaM B3aMMOJICHCTBHA YYacTHUKOB
mxmyeckoro Fd-3aBHcHMoOro TpaHcrnopra BOKpYr
potocuctrembl I ¢ Lienbio BhIGOpa ajieKBaTHOM cXxe-
Mbl, OTHCBHIBAIOLLEH COBOKYIMHOCTb JKCIIEPHMEH-
TUIbHLIX JaHHbIX. [locTpoeHa MHoroyacTuyHas
MOJIeTb, KOTOpas MO3BOJIAET OCYLUECTBIATL «IIpsi-
M0e» MOJICIMPOBAHHE MPOLIECCOB MEpeHoca JJIeK-
TpoHa B MYJIbTU(ECPMCHTHBIX KOMIUIEKCAX M Or-
paHHyeHHOH 1P dY3MH MOJBHXKHBIX MEPEHOCUH-
KOB B OT/E/ILHBIX KOMMApTMEHTaX CUCTEMBI (CTPO-
Ma, TIOMCH, BHYTpPHMEMOpaHHOE NPOCTPaHCTBO).
CpaBHeHHE PE3y/ILTaTOB KMHETHYECKOTO W MpPSMO-
[0 MOJEMMPOBAHUS YKa3bIBa€T Ha BAXHYIO pOJib
NIPOCTPAaHCTBEHHOM OpraHM3allM CHCTEMbI B op-
MHDOBAHMHM  KWHETHMKHM  PEIOKC-TIpeBpallleHHH
P700*.

MATEPUAJIbBI U METO/1bI

Tunakoumpl ropoxa (Pisum sativum L., copt
CoBepLLIEHCTBO) BBLACIAIM U3 JIMCThEB |2-THEBHBIX
NPOPOCTKOB B cpejie, cofiepkatueH 0,4 M caxaposy,
3MM MgCl,, 2 MM KCI, 1 MM D]ITA, 30 MM
HEPES, pH 7,8, U XpaHWIM 3aMOPOXCHHbIMH B
KHIKoM asore ¢ jgobGamieHueM 20% IJIMLEPHHA.
[lepe;r IKCIICPUMEHTOM TWIAKOMIbI OTMbIBAJIM B
cpente, comepaxaiuei 0,2 M caxaposy, 6 MM MgCl,,
30 MM TpuumH, pH 7,6. ®deppeIOKCHH BbIICIIAIN
1 1cTheB ropoxa [9]. KHHeTHKY CBETOMHIYLH-

PUOD®U3HUKA Tom 48 Bbin.4 2003

poBanHoro curHaja JIIP I (g = 2,0025) P700*
PErCHCTPHPOBAJIH € MTOMOLIBIO PaJIHOCMIEKTPOMETPa
3-canTuMeTpoBoro juanasoHa (P2-1307, HTO
AH), coemuHeHHoro ¢ kommbloTepoM. Haxkarnu-
BaJIK U ycpeaHsuiH 10 curHasnos. CBeT rajioreHoBoi
nmamnbl KI'M-300 nocrynai K KIOBETE 4Yepe3 CUC-
TeMy TeIUIOBbIX (WIbTpoB. PeaklMoHHas cMech
obbemoM 0,1 mi coupepxana 50 MM TpuumH, pH
7,5, 5 MM MgCl,, 6 MM rmoko3y, 2 MM xiopujg
ammonus, 400 ex/mi karanaspl, 40 MkM Fd (ecsmn
He yKasaHo HMHaye) WM Twiakouiel (0,1 mr Xi).
OObpasoBaHue MNyja BOCCTaHOBJIEHOIO (heppeaoK-
cuHa, Heobxomumoro i  GYHKLIHOHHPOBAHHMS
LMKJIMYECKOro TPaHCMOpTa 3JIEKTPOHOB, OCYILECT-
B/UIM MyTEM OCBELICHHUA TWIAKOHIOB B pEaKLHU-
OHHOM cMecH B TeyeHHe 30 ¢ HHTEHCHBHBIM OesIbIM
cBeToM. Jlo ero BBIK/IIOYEHHS N00aBISIIM JHUYPOH
o 10 MKM KOHILIEHTpaLlMK Ul MHTMOMpOBaHMA
MOCTYIUICHUS! JJIEKTPOHOB OT oTocucTeMbl 1.
AHaspoOHble yCJIOBUS cO3/laBajlM, ob/lyBas peak-
LIMOHHYIO cpelly aproHoM M nobabisas 4 en/mi
[IIOKO300KcHAa3pl. JloOaBKH, BIMAHHE KOTOPBIX
MCCIIeIOBaIM, BHOCHIM mnocie auypoHa. Iloaro-
TOBJICHHYIO TaKHM 0OOpa3oM peaKUMOHHYIO CMeECh
OCBelI[aJIM B TeyeHue 1,5 ¢, perucTpUpys KHHETHKY
CBETOUHIYLIMPOBaHHbIX U3MEHEHHH OKHMCIIUTEILHO-
BoccTaHoBHUTEIbHOrO coctosHus P700. Kuneruky
TEMHOBOW pejlakcaldd CHIHajla aHaJM3MpOBald
METO/IOM HETMHEHHOM PerpeccHy ¢ NMOMOIIbIO Npo-
rpammbl Mathcad 7.



658

A(?), oTH.€n.
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Puc. 2. Kunernueckue kpHBble GOTOHHAYUHPOBAHHOTO
curnana DIIP [ xatHon-pamikana P700 B TemHote
U1 ABYX Pa3IHUHbIX KOHLEHTPALii 3K30I€HHOro dep-
peftokcHHa. CUIOLIHbIE JIMHHH — [PEACTABIEHHE KPH-
BbIX TEMHOBOIO BOCCTAHOBJEHHS (DOTOOKHCIEHHOrO
P700* B BHIe CyMMbl OBYX YOBIBAIOLHX 3KCIOHEHT:
A(t) = Ajexp(-k ) + Ayexp(-kyt), rae 4,, A; - am-
MIMTYAbl GbICTPOit H MEUICHHOH KOMIIOHEHT BOCCTa-
HOBJIEHHSI COOTBETCTBEHHO, k;, k, — MOKa3aTeNH 3KC-
MOHEHT OLICTPOHl M MeJUIeHHOH KOMIIOHEHT COOTBET-
crBeHHO (cM. TabiHuIy); 1| — OTHOLLEHHE KOHLEHTPALIHH
nobasnentoro Fd x xoHuentpaumn PSL

PE3VJIbTATBI SKCIIEPUMEHTA

TIpuMepbl THIIMYHOMH 3KCIEPHMEHTAILHON KH-
Heruky curHana DI1P 1 npescraBieHbl Ha puc. 2.
Mpu BKIOYEHMHM cBeTa Habmoaid GbicTpoe BO3-
pacranue amrumTtyapl curana OI1P I, T.e. okwuc-
neHue P700, ¢ BHIXOJIOM €€ 3Ha4€HHA Ha cTaluo-
HapHbIi ypoBeHb. KHHeTHKa BOCCTaHOBJICHHMS IO-

KOBAJIEHKO u 1p.

cJle BBIKJTIOUEHHS] CBETA XOPOLIO AMMPOKCHMMPO- |
Bajiach JByMs OJKCroHeHTaMH. B Tabnmue npel |

CcTaBJIeHb] MOJIy4YCHHbLIE TPH PAas3JI0KEHHH JKCIICPH:
MEHTAJILHBIX KPHMBBLIX Ha JBC JKCIIOHEHTBI Xdpak-

TEPUCTHKH ObICTPOH M MEIVIEHHOW (a3 BOCCTAHOB- |

nenust P700* mpu pa3sHbIX KOHLIEHTpaLMsAX J00ap
JleHHOTO (heppe/lOKCHHA: 3HAYEHUs aMIUIMTY] |

[OKa3aTelM JKCIOHEHT KaXIOoH u3 ¢a3 M BKIl|

6bIcTpOM (asbl B CyMMapHbIi curHail. K13 Tabimi
BH/IHO, YTO XapaKTepHOe BpeMsi ObICTPOM KoMIo-
HeHTHI cocTaBisuio oxoiao 200 Mc, BpeMs MeEJUIcH:
HOM KOMIIOHEHTbl BapbHUpOBAIO B MNpeAenax 2-)

c. Tlpu yBenmyennn xoHuenrpauud Fd yBemnus |

BAJICSL OTHOCHUTEJIbHBIN BKJIaJl ObICTPOM KOMIIOHEH:
b1 B BoccraHoBjienue P700%, mpu sToM ce Xapak
TepHoe BpeMs (BeJMYMHA, OOpaTHasi MOKa3aTeln
9KCIMOHEHTbI) MEHSUIOCh He3HauWTelbHO. B 1O K¢
BpEMs MM YBEJIMYCHUM KOHLCHTpaLMK 100aBIcH
noro Fd mokasaTeib IKCOHEHTBI ME/JICHHOM KOM-
MOHEHTbI yBEIMYMBAJICH, T.€. MPOLIECC BOCCTAHOB:
neuust P700%, koTopoMy COOTBETCTBYET MEUICHHAA
ha3a, yckopsics. AMIUIMTY(a M BKJIa/[ MeJYICHHOH
(a3bl YMEHbIIAIUCH TP YBEIWYCHHH KOHLICHTPE
nuu jobasiienHoro Fd. DTo moaTBEepXKAAcT Bb:
ckaszaHHoe B [7] npearnosoXkeHHe O TOM, YTO Mek
neHHas ¢asa BoccraHorieHus P700, no-Buaymowy,
npeicTaBIsgeT coboi Mpoliece «I0BOCCTaHOBIE:
Hus» P700 oT pa3sHOPOIHOI'O JIOHOPHOI'O OKPYKe:
nus. s popManbHOH MHTEPNPETALMH IIOJIyUcH:
HbIX 3KCIEPUMEHTAJIbHBIX JaHHBIX HMCIOJIb30BATH
METOJ, KMHETHYECKOTO MOJEMPOBaHHS.

OTNMHUCAHUE KUHETUYECKOY MOJEJIH
U PE3VJIbTATbI MOJEJIMPOBAHUA

Kuneruka curdaia JIIP B u3y4yaeMOM 3KCIe
PUMEHTAJIbHOW CHCTEME OINpE/IEIACTCS CIIEAYIOLH:

MM mipouieccaMu. @oTocucrema 1 moj AeHCTBHN

3aBHCHMOCTb MapaMeTPOB KMHETHKH TEMHOBOIO BOCCTAHOBJIEHHMS (POTOOKHMCIIEHHOI'O P700* B THIAKOHIAX roOpox
B aHa’pOOHBIX YCIOBHAX OT KOHLIEHTPALUMHM J06aBICHHOIO teppemoxcuna

KonueHntparusa
S:I?;:;sﬁg:’ Ay, otHen | Kk, ¢! 1, ¢ | A OTHEL ky, ¢! Ty € A4, + 4)
MKII
0 0,240 6,85 0,146 0,361 0,181 5,51 0,33
5 0,166 4,93 0,203 0,276 0,218 4,57 0,35
10 0,458 4,49 0,222 0,192 0,514 1,94 0,74
15 0,593 4,28 0,233 0,163 0,428 2,33 0,80
20 0,656 4,23 0,23 | 0,159 0,464 2,15 0,86

IIpumeuanue. 4, H A, — BMIUIMTY/bI GbICTPOH M METIEHHOH (a3 CHIHajla COOTBETCTBEHHO, k| 1 k, — noka3saTellH 3KCIIOHEHT,
T, H T, — XapakTepHble BpEMEHa GhicTpoli M MemneHHON a3 curnana. Tlocnemuuii cronbeu — Bkiaag Gbicrpoil asbl B

CYMMapHBIH CHIHaJL.

BUOOU3HUKA ToM 48 Bbir4 2003
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Pue. 3. CxeMa KHHETHYecKOH MOMEIH LHKITHYECKOrO TPAHCIOpPTa 3JIEKTPOHOB BOKPYr oTocHcTeMbl 1. ITpsaMoyrons-
HikamH oBosHaueHbl komruiekcbl PSI, FQR u umToXpomHbii bglf-koMmekc. Pygq — NHIMEHT peakLIMOHHOTO LieHTpa
@orocucrembl I, A — o6obuieHnblit akuentop, R - ueHTp PHcke, b — BblcokonoTeHuHanbHblil LHTOXpOM by, Fd -
deppenokcHH, Pc - nmacrounanuH, Q — miacToxuHoH, Q- - — muacTroxuHon, Q, - CeMHXHHOH Ha n-caiiTe KOMILIeKca
LHTOXPOMOB (Y BHelUHeH MOBEpXHOCTH MeMOpaHbl). CTpeskaMH MoKa3aHbl MYTH NEKTPOHHOIO TPAHCTIOPTa, Ky, Kou,
k, ..., kj4 — KOHCTaHTbl CKOpPOCTeil COOTBETCTBYIOLUHX peakUMii MnepeHoca 3MeKTpPOHA. [IYHKTHPHBIMH JIHHHSIMH
mobpaxeHbl TPAHHLIBI THIAKOHJHOH MeMOpaHB! H rpaHHLIa Nyla HecllelHpHYECKHX aKLIeNTOPOB H JIOHOPOB 3JIEKTPOHOB.

(BeTa KaTAJIM3HPYET OKMCIIEHHE TUIaCTOLMAaHUHA
(Pc) Ha MOMEHAJILHOW MOBEPXHOCTH MeMOpaHbI
TWIaKoHZa U BoccTaHoBlIeHHe Fd Ha ctpomanbHoO#
tTopoHe MeMmOpaHbl. B fanbHeiIleM NMPOHCXOauT
okicieHMe Fd m BoccraHoBiienue nyna PQ. ITo-
kombky MosieKyiabl Fd nokamm3oBaHbl B cTpoMe,
1 PQ aBisteTcas rUAPOPOOHBIM NMEPEHOCYHKOM M
(CPEAOTOYEH B JIMIIMIHOM cCJIoe MeMOpaHbl, Be-
POSTHO, ITOT MPOLIECC MPOUCXOOUT IOCPEICTBOM
MeMOpaHHOIO 9KCITIOHHPOBAHHOIO B CTpoMy Oellka,
oinagatoriero  akTHBHOCTHIO Fd-PQ-pemykrasbi.
llocnenyromee okucieHue PQ mnpuBoaur kX BocC-
(TaHoBJIeHHIO Pc (JlIokasiM3oBaH B JIOMeEHE), Mpo-
llecc MPOUCXOIUT C YYaCTHEM LIMTOXPOMHOTO bg/f-
foMmiekca (cM. puc. 1).

Hamu 6bul mocTpoeH psj MoCiIeAOBaTeNbHO
JUIOKHSIOLMXCS KMHETHYeCKUX Mojleneid, Haubo-
Iee ToApoOHbIE M3 KOTOPBIX YYHTHIBAIM ITPOLIECCHI
JoknHra Fd Ha akuentopHo# cropoHe ¢oTocHc-
rMbl 1, ydacTue LmTOXpOMHOro TpaHcMeMOpaH-
#0ro KOMIUIEKCa B OKHCIIMTE/ILHO-BOCCTAHOBHTEIb-
BIX NMPEBPALCHUAX IUIACTOXHHOHA, Mmocanky PQ
i IATOXPOMHBIM KOMIUICKC M IBYXJJIEKTPOHHYIO
IpHpoZly 3TOro nepeHocudka. Cxema Haubollee

SMOOPH3UKA ToM 48 BemT.4 2003

NOJIHOM MoJenu u3obpaxeHa Ha puc. 3; Hapsjay
C MEPEYHCIICHHBIMA KOMIIOHEHTAMH OHa BKJIIOYACT
rHNoTeTHYeckuii OenkoBblii koMruieke FQR.

IlepeHoc asiekTpoHa B MYJIbLTHGEPMEHTHBIX
KOMIUIEKCaX OINHMCHIBAIM C TIOMOIIBIO YpPaBHEHUM
JUIL BEPOSITHOCTEH COCTOSHMM 3THX KOMIUIEKCOB.
B Mozenu Mbl HCIONB30BAIM pelyLHpPOBaHHbIC
CXEMbI COCTOSIHUH KOMIUIEKCOB. Mbl He JIeTajIu3u-
POBaJIM CTAIMH MEPEHOCA 3JIEKTPOHOB BHYTPH KOM-
IUIeKca, XapakTepHble BpeMeHa KOTOpbIX CyIECT-
BEHHO MCHblIE BpeMCHM HabimojaeMbIXx B JKCIie-
puMeHTe npoueccos (0,1 ¢). BaaumoselicTBie kKoM-
TUIEKCOB C MOJBM)XHBIMH MEPEHOCYMKAMH OIHChI-
BaJIM COTJIaCHO 3aKOHY JeicTByrolux Mace [10,11].

Cxema cocTosiHMI JUIS KOMIUIEKca (oTopeak-
LIMOHHOT' O LieHTpa ¢oTocucTreMbl I mpezcrabiicHa
Ha puc. 4a. [Ipeanonaraercs, YTO KOMIUIEKC pe-
aKuMoHHoro neHrpa PSI cocToMT M3 JBYX KOM-
MOHEHTOB, NMEPBUYHOIO JOHOpa JjiekTpoHoB P700
U obobuicHHOro akxiienropa A, a Takxke caira
nocagxku Fd. Kommekc uutoxpoMoB bg/f (puc.
40) cyUMTaJIM COCTOSIIMM H3 JIBYX KOMIIOHEHTOB,
a UMeHHO LieHTpa Pucke R M BbICOKOMOTEHIUHAIIb-
HOTO LIMTOXpOMa b,, a TakXe MecTa TMOCAIKH
rulacroxiHoHa Q,. TpaHcnopT 2jIEKTPOHOB Yepe3

6*
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UMKJIHYECKOM TPaHCMNOopTe 3JIEKTPOHOB. Kaxaelil npsamo-
JIEKCOB, OMNpeNeNseMoe PeIOKC-COCTOAHHAMH BXOZISILUHX B

HHX MEPEHOCYHKOB 3NeKTpoHa. CTpelikaMH MOKa3aHbl NYTH 3MIEKTPOHHOrO TpaHCnopTa; Ky, Kou . Kj, ..., kjg -
KOHCTaHTbl CKOPOCTEH COOTBETCTBYIOLUMX PeaKuHil nepeHoca 3/eKTpoHa; (a) - doTopeakuMoHHblil LeHTp PSI. Py -

NMHIMEHT peakLiHoHHoro uexnrpa PSI, A - 0606weHHsblii a

kuentop; (6) - uuToxpomHblii bg/f-kommuekc. R — LeHTp

Pucke, b - BbICOKONMOTEHLHATbHBIA UHTOXpOM b, Q, — NIAaCTOXHHOH Ha MecTe MOCAJKH N LIMTOXPOMHOIO KOMILJIEKca

(y BHewHeii noBepxHocTH MemOpaHbl); (B) - komnnexc FQ

LMTOXPOMHBIH KOMIUIEKC ocyulecTBisercs rno Q-
iy, Mexay Fd B xommuiekce 1 Fd B pacrBope
YCTaHaBIMBACTCA  JUHAMMYECKOE  paBHOBECHE.
[pennonaraercsa, yro Fd-PQ-peayxrasHas peak-
LIHS OCYILECTBIISETCS B OTAEILHOM KOMIUIeKce dep-
PEIOKCHH-XMHOH-PENYKTa3bl (pPHC. 4B), KOTOpbIH
MOXET HaXOIMTbCA B OJJHOM M3 LIIECTH COCTOSHHH.

CucTeMa ypaBHEHHH, COOTBETCTBYIOLIAA MOJie-
JH (pHC. 3), CONECPXKHUT 26 OOBIKHOBEHHBIX qHpde-
PCHLUHMAIbHBbIX YpaBHEHHWH. [lepeMeHHbIMH B Hel

R.

AB/ISIIOTCS BEPOATHOCTH COCTOSAHMIA KOMIUIEKCOB i
OTHOCHTE/IbHbIE KOHLICHTPALIHH MOJBHXHbIX Ilepe
HocuukoB Pc, Fd, PQ B BoccTaHOBIEHHOMH ¢opu:
HavanbHble yco0BUS 3alaBajid B COOTBETCTBHH
CTallMOHAPHbIM PACNpE/ICJICHHEM 3JICKTPOHOB &
CHCTEME B OTCYTCTBHE OCBELIECHHSA. YHCIEHHOE e
LICHHE CHCTEMbl YPaBHCHHH IPOM3BOAMIM C N0
Mouipio mporpamMmbl Model Vision Studium [1])

[TapameTpsl MOIEIH BHIOHPAIH B COOTBEICH
BUM C JIMTEPaTYpHbIMH JaHHbIMH. «CBeTOBYWY
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iCTaHTy k, CYMTAM MNPONOPLMOHAILHOW HH-
ICHBHOCTH cBeTa: K, = Io, re I — HHTeHCHBHOCTD
a, 0 — 3¢ pekTUBHOE ceyeHHe norolneHus PSI.
i MHTCHCUBHOCTH cBeTa, paBHOM 500 Br/m?
OBHA IKCrepMMeHTa), k, = 250 ¢! [13-15).
HCTAaHTbI CKOPOCTH B LIMTOXPOMHOM KOMILIEKCE:
= 50, ks = 457, kg = 10000, k, = 4000 [16].
HCTaHTBI peakiwit Mexxry Pc u P700: k, = 4-103
17); mexay PSI u Fd: k;, = 510° [18]. Oc-
IbHble KOHCTAaHThl BapbHPOBAJIH.

MojiellbHast KHMHETHKa OKHCIMTE/IbHO-BOCCTA-
BUTE/IbHBIX MpeBpaineHui P700 npeacrabieHa
puc. 5. Kak ¥ 19 9KCiepUMEHTaIbHON KpUBO#
ic. 2) OpicTpas ¢pasa mporiecca BOCCTaHOBJICHHUA
00, npeacraBisomas CcoOGCTBEHHO LIMK/IMYe-
i TPAHCTIOPT, MOXET ObITb XOpOLIO alpOK-
MpoBaHa OIHOM JKcroHeHToH. OxHako Kak B
cnepdMeHTE (pHC. 2), Tak U B Mojenu (puc. 5)
ccraHoBileHHe P700* mocpeacTBoM LIMKIIMYECKO-
NMOTOKA MPOMCXOJUT HE MOJIHOCTHIO, TaK Kak
DCJIE OCBELICHHUA 4YacThb JJICKTPOHOB «3aCpKHBa-
A» B CTPOMAJIbHOM YacTH B BHMIE€ BOCCTAHOB-
HbIX MOJIEKYJ] ceMUXxMHoHa, Fd WIH MHbIX
ynn. EcrecTBeHHO, 4TO MO HcTedeHHH OGolee
elbHoro BpeMeHH nurmeHt P700 Gyzer BocC-
aHOBJIEH OT HecrnelMpudecKkux noHopoB. Takum
bpasoM, pe3yIbTUPYIOLas KPHBas BOCCTAHOBIIE-
1 porooxucieHHoro P700 nmpubimmxeHHo mnpe-
ap/ieT cO6OH CyMMY JIBYX 3KCITOHEHT.

AMumMTyna M BKJIaJ ObICTPOl KOMIOHEHTHI,
NoKasajlo MOJEIHpOBaHUE pelOKC-TIpeBpallc-
P700, 3aBMCHT OT KOHUEHTpalMK HA00aBIIeH-
oro beppenokcrHa (puc. 5). JleHcTBUTENbHO, eCiIH
fenecHb BOCCTAHOBJICHHOCTH Jio6asiisemoro Fd 3a-
gHa, oblliee YHUCIIO 3JIEKTPOHOB B CHCTeMe Oyjer
BeIMYMBATBLCSA C yBeJIM4eHHeM KoHuUeHTpauuu Fd,
B ycroBHAX, Korga AUYpOH OJOKMpPYET MPHTOK
IekTPOHOB 0T oTocucTeMbl Il KU ecrecTBeHHOrO
0HOpa 3JIEKTPOHOB — CHCTEMbI Pa3JIOKEHUS BOJIbI.
Be/lMYeHHE 0obl1lero 4Yuciia JIEKTPOHOB B CHUCTEME
HKIHYECKOr'o TPAaHCMoOpTa MPHBOIUT K YBEIHYe-
Hi0 aMIUIMTY/Ibl ObIcTpoM (hasbl BOCCTaAHOBJIEHHMS
P700 ¥ ee BKJIaja, OJHAKO HeE BJIMSET Ha ee CKo-
JOCTh, KOTOpasi OMNpeleseTcs CKOPOCTAMH mepe-
0ca JJICKTPOHA Ha OTIEJIbHbIX CTaJMUAX LIMKIIM-
(CKOTO TPAHCIOPTa, OCTAIOLIMMHUCS HEH3MEHHbI-

-

MemtenHas ¢asa ‘mporecca BOCCTAHOBIIEHHS
00* MoxeT ObITh OnKcaHa B MOJIENH JIMOO BKITIO-
jeHeM cl1aboro MpoToka 4Yepes cucTeMmy, JMbOO
jatudeM Oosbliloro HecrenudUyeckoro mysa
UICKTPOHOB, M3 KOTOPOT'O M NMPOUCXOIUT MEJICH-
joe «moBoccTaHoBieHHe» P700. CkopocTb 3TOMH
MeyieHHOM  Hecneuuduyeckod ¢a3sbl Oyuer TeM
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Puc. 5. MofienibHass KHHETHKa OKHCJIMTeIbHO-BOCCTa-
HOBHTe/IbHbIX npespatieHHii P700%; n - oTHoLueHHe
KoHUeHTpauud Fd k koHuenTpaumu PSI.

Goiible, yeM OGonblile obliee YMCIO 3JIEKTPOHOB
B cucreMe (cM. Tabiuiy).

KakoBa npupona memienHoi ¢aspl? doroak-
TUBHBIA MUTMEHT PEaKLMOHHOIO LieHTpa ¢GoToCHUC-
TeMbl | sBIsieTcs cWIbHBLIM OKHUcauTeseM [18,19).
HOBTOM)’ B OTCYTCTBHC BOCCTAHOBJICHHOI'O CIIELIH-
¢uyeckoro nqoHopa Pc BO3MOXeH MemJIeHHBIH Iie-
PEHOC 2/1eKTpoHa Ha oKMciIeHHbIH P700 ¢ apyrux,
Hecrnielduyeckux noHopoB. H.V. Scheller B pa-
Gore [7] npeAnooXWI, 4TO MeIJICHHas CTaius
BoccraHoBleHUs P700 otpaxaer cnocob6HOCTHL
P700* «u3BileKkaTh JJEKTPOHbI H3 OKPYXAFOLIMX
MOJIEKY/I», TaK KaK 93Ta peakuuss Habimozjanach
Jlaxke B MPUCYTCTBUM Kucilopoaa. OH Takxke OT-
MeYaeT, YTO MEUIEHHas cTaJus MOXOoXa Ha peak-
uuio, HabimomaeMyio Ha BblIeleHHbIX PSI. B pa-
6ote [20] A.B. Hope oTMeyaer HajiMuue MeUIEHHOM
¢da3bl BOCCTAHOBJICHHS OKHMCJICHHOT'O BCIIbILLKO#M
P700*. OH cuuraer, 4yTo 3Ta MeEIJIEHHas daza
«HedpH3HoIorHyeckas». BbIBOIBI, clenyiolHe H3
Halleld MOJIE/IM, COOTBETCTBYIOT ITHM MpEIIoJIo-
KECHHAM.

[MPAMOE MOJEJIMPOBAHUE
[MTPOLIECCOB LIUKJIMYECKOI'O
TPAHCITOPTA BOKPYT
POTOCUCTEMBI 1

Kunernyeckuii nojixoji, MCMosib3yeMbld TpH
MOJIEJIMPOBAHUM MEPBHYHbLIX TMPOLIECCOB, HMeeT
pAl HemocTaTKoB. [71aBHBIA M3 HUX — TPYIHOCTb
y4yera NpOCTPAHCTBEHHOH CTPYKTYPHOH HEOJHO-
polHocTH cucrembl. [lpU MojenupoBaHMM B3au-
MOJIEHCTBUSA BbljIeJIEHHbIX (parMeHTOB ¢ JK30r€H-
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Puc. 6. Busyanuszaumsa TpexMepHOH CLEHbI «IPAMOii» MOJENH LMKIHYECKOTO TPaHCMOpPTa 3JeKTPOHOB. IloKasaHsl |
YyacTb MeMOpaHbl THJIAKOH[a, JIIOMeHANbHOe H CTPOMalbHOE MpOCTPAHCTBA.

HbIMM JIOHOPaMH H aKLIENTOPaMH B pacTBOpE Mpu-
MEHEHHE 3aKOHa JICHCTBYIOIMX Macc ObUTO ompas-
JaHO OTHOCHTEJIbHOH T'OMOI€HHOCTBIO CHCTEMBI.
OmHako B HAaTMBHOH TWIaKoWjHOM Mem6paHe
B3aHMOJIEHCTBHA MYJILTH(HEPMEHTHBIX KOMIUIEKCOB
C MOJBMKHBIMH TEPEHOCYHMKAMH OCYIIECTBIISIOTCS
B pa3sHbIX KOMIMapTMEHTaX CHCTEMbI (B CTpoMe -
¢ Fd, B smunumHoM croe MemOpanel — ¢ PQ, B
momeHe — ¢ Pc) (cMm. puc. 1). ITo kpaiiHeii mepe
B JIByX H3 3TMX KOMIApTMEHTOB — BHYTPHMEM-
OpaHHOM IPOCTPAaHCTBE U JIOMEHE — B CHIY CpaB-
HUMOCTH MX F€OMETPHUYECKUX pa3MEpOB H pa3Me-
POB BCTPOEHHBIX B HHMX O€JIKOBBIX KOMILIEKCOB
JajieKko He 06ecrneyuBaroTCs BO3MOXHOCTH ¢BO6OI-

HOHl Mddy3uum.

Henb3a anpuopu cuurath audpdysuo cobos-
HOM H B CTPOMAaJIbHOM MNpocTpaHcTBe. B camom
JeJie, XOTA CTPOMAaJIbHOE MPOCTPAHCTBO JOCTATOY-
HO OGLIMpHO, OHAKO BOIM3H MeMOpaHbl B CHIIY
HaIMYus MeMOpaHHbIX O€JIKOBBIX KOMIUIEKCOB H
HX PEaKLMOHHbIX LEHTPOB AU dy3UI0 yKe Helb3s
CYMTaTh cBOOOIHOM. ITpH KMHETHYECKOM MOAXO/e
K MOJIE/IMPOBaHHIO MPEICTARIAIOT TPYAHOCTL MO-
JEMpOBaHHE JIOKMHIa, KOHPOPMALMOHHbIX epe-
XOJ0OB M JIPYrHX IIPOLIECCOB, CBSA3aHHBIX C IMpo-
CTPAaHCTBEHHOH CTIPYKTYpo M OCOOEHHOCTIMH
GYHKUMOHMPOBAHUS KaK CAMHMX pPeareHTOB, TaK M
UX OKpyXeHHs. Bce 3TH ocobeHHOCTH MOTYT ObITH
BOCIIPOHM3BEICHbl TPH HCMOJB30BaHHMH METO/a
«MpAMOro» WIH MHOIOYacTHYHOIO MOEIMpPOBa-
HUS.

B Hawel pabore nmoctpoeHa MHOro4acTHYHI
MoJie)Ib GYHKIMOHHPOBAHHS LIMKJIMHYECKOTO TPaH!
nopra BOKpyr ¢orocHcTeMbl | ¢ yyactueM Bee
[PEACTaBICHHBIX Ha pPUC. 3 KOMIIOHEHTOB.

Mopens npezncrasiser co60H TPEXMEPHYIO CIE
Hy (puc. 6), B KOTOPYIO BXOJAT: MeMOpaHa Tul
KOMJIa, BHYTPUTWIAKOUIHOE NPOCTPAHCTBO, JIIOMY
HaJIbHOE MpocTpaHcTBO. Ha cleHe HaxoasTes M-
MEHT-6ej1koBble KoMrutekebl (PSI, muToxpomusi
koMmivieke, FQR) 1 noBrKHbIE IEPEHOCYMKH ITek:

tpoHa (Pc, Fd, PQ).

Ana mopenuposanus aewkenus Pc, Fd, PQi
MPOCTPAaHCTBaX COOTBETCTBYIOUIMX KOMIapTMeH
TOB HCMOJIb30BAJIH MaTEMaTHUYECKUI anmapar ok
caHus OpOYHOBCKOIO JIBHXKEHMS, C YY4ETOM reo
METPUYECKUX OrPAaHMYEHUM, HAJlaraeMbIX cOpMK
POBaHHOH MoMeNIbHONH cueHoi. [Ipeanomaraerc,
YTO [BH)KCHHE 4YacTHLBI [MPOMCXOIHUT B BA3KOI
cpele moj ACHCTBUEM CIy4YaWHOW CHJIbI, BO3HK
KaIolle# M3-3a CTOJIKHOBEHHWH C MOJICKYJIaMH Cpe
Iabl. Kak nokasaHo B [21], 1S onmMcaHMs TaKort
rpoiiecca MOXHO HCIOJIb30BaTh ypaBHeHHe Jlak
JKCBCHA, OMHCHIBAOLIEE U3MEHEHHE KaXJIOH KOop-
IUHAThl CO BPEMEHEM ITIOJ JEHCTBHEM cITy4aiHoi
CHJIBI:

ax _
&dt _ﬂt)n

rae & — koapduuMeHT TpeHus, f{f) — ciydaiiHas
cwia. CiyyaiiHas cwia pacnpejelieHa HOPMAaJIbH
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¢ HYJICBbIM CPEIHHM W JMCIEPCHEH, paBHOM 2k T%,.
Jnech k - mocrosunas BoibimMana, T — TeMIepa-
1ypa. Koappuiiment tpenus wis cepuueckoi yac-
THUbI onpejiesiiercsa no gopmyie: § = 6nna, rie
1) - BA3KOCTb Cpe/ibl, ‘@ — paJMyc YacTHIbl. ITO
ypaBHEHHE pelLIaeTcs YMCJIEHHO, MpHYeM Iuar fno
BpeMCHH dI TOAGMpacTcs TakuM, 4TOObl KOpPEHb
3 ICNIEPCHUM TIEPEMELLICHUS YaCTHIbI Ha KaXIOM
lmare (cpeHee NepeMellieHHE YacTHIbl Ha KakIoM
ware) O6bUT MOpAAKAa OIHOM JecAToi Juamerpa
MOOWIbHOrO mepeHocyuka. Takoit BeiGop Imara
| obecrieyHBaET MPHEMIIEMYIO TOYHOCTh BbIYMCIICHHIH
| nBpems pacuera. Ha 60KOBbBIX rpaHMiiax obaacTu
MOJIEIApOBAaHMS OBLIIM HCTIOJIL30BaHbI TOPOU/IAIIL-
Hble (MEPHOIMYECKHUE) IPAHMYHBIE YCIIOBHS, TaKKE
YUHTBIBAJIOCH OTPAXKCHHE YacTHIl OT (PHU3IHYECKHX
NOBEPXHOCTEH, BK/OYas MeMOpaHy W GelKoBble
koMmmiekcbl. KaXpli M3 y4acTHHMKOB MBMDKEHMS
MOl MEPCHOCHTb WJIH HE MEPEHOCUTb IJIEKTPOH,
YT0 NMPH BU3YaJIM3allMM IMHAMHKH CHCTEMBI B BH]IE
MyTbTOWIbMa» H306paxaioch YCIOBHBIM HM3Me-
HCHHEM LIBETa YaCTHIIBI.

CocTosiHMSI KOMIUTEKCOB, MEXaHH3MbI B3aMMO-
JEHCTBUS KOMIUIEKCOB M IEPEHOCYMKOB, 3aKOHbI
IBIKCHHS TIEPEHOCYMKOB 3aJJAlOTCA C TOMOLIbIO
onpezie/IeHHbIX MpaBwWiI, Ha ucrmob3oBaHHOM HaMKU
YPOBHE JIETATMU3ALIMH 3TO BBIMIBIAMT CJIEAYIOIUM
obpasoM (puc. 6). BHyTpeHHssS 4YacTh THJIaKoMa
orpaHHYeHa MemOpaHol. BHyTpHM TWiakouma (B
TOMEHE) IBHXKYTCS 4acTHLbI Pc, KoTopbie Moryr
HecTH Ha cebe 3J1ekTpoH. CHapyku (B CTpoMe)
mrKyTes 4acTulbl Fd, KoTopbie ToXe MOryTr He-
¢t Ha cebe 21eKTpoH. MeMGpaHy MpOHM3BIBAIOT
kommiekchl PSI, LUTOXpOMHBIE KOMIUIEKCHI, Gell-
koBbie koMruUiekchl FQR. Konuenrpauuu u pas-
Mepbl KOMIUIEKCOB BBIOMpAaNHM B COOTBETCTBUM C
THTepaTYPHbIMH HaHHbIMH [18,22,23]. Komrulekchi
PSI moryr mpMHATH 271eKTpoH oT Pc, mox meiict-
BHEM CBETa MEPEHECTH €ro Ha JAPYryio CTOPOHY
MeMOpaHbl ¥ nepegaTh ¢eppeokcuHy. B TemMHoTE
ITOT MeXaHU3M He pabGoraer. OCBELEHHOCTL B
MOJIeSTH 3aJIa€TC BEPOSTHOCTBLIO MEpeHOca 3JIeK-
1poHa ¢ P700 Ha A, mponopuHMoHaJbHOW WHTEH-
CHBHOCTM  cBeTa. JlambHeMINMHA  LIMKJIMYECKUiA
TPaHCMOPT BKJIIOYAET Ipolecc okuciaenus Fd (o-
ka/lM30BaH B CTpPOME) M BoccTaHoBiieHuss PQ (jio-
Kali30BaH BHYTpPH MEMOpaHbI) C y4yacTHEM KOM-
wiekca FQR. Oxucnenne PQ M BoccraHoBiieHHE
Pc (loxanu3oBaH B JIOMEHE) NMPOMCXOMT ¢ yya-
(THEM LIMTOXPOMHOIO TpaHCMEMOpPaHHOrO KOoM-
miekca rno MexaHusMmy Q-mpxia [18). B csoro ode-
perb, Pc sBiisiercs moHopoM Wi pOTOAKTHBHOTO
mirmeHTa P700 (moHOpHas 4acTh koMruiekca PSI).
TakuM obpasoM, LIMKJI 3aMbIKacTcs.

BUODU3HUKA ToM 48 BbIm.4 2003
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P700, otn.en.
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Puc. 7. KiHernka BoccTaHOBNIeHHS POTOOKHCIIEHHOTO
P700% pst cnyyas paBHOMEPHOTO pacrpesieNeHHs KOM-
niekcoB P8I, cyt bg/f 1 FQR Ha mMemGpaHne THnakonpa
(IIYHKTHpHast JIMHUS) U cryuast, korna PSI u cyt bglf
obpasyioT kommekc (cniowHas THHUs). H306pakeHsl
KHHETHYECKHE KPHBblE, YCPEIHEHHbIE NO IECATH pea-
JIM3ALMAM BbIYHCIHTENLHOIO 3KCIIEPHMEHTA.

MexaHu3M nepefayu JJIEKTPOHA CIIeLYIOIMiA:
€CJIM YacTHLIA MOJIBHIKHOIO NEPEHOCYHKA B pe3yJib-
TaTe XaOTHYECKOro OPOYHOBCKOIO JBHXKEHHS MpH-
Gmakaercss kK GeIKOBOMY KOMIUIEKCY HAa paccTosi-
HHe, MeHbLIee HEKOTOPOro 3¢pdeKTUBHOTO paauyca
B3aHMOJICHCTBUS MEXIY HHMH, TO C HEKOTOPOM
BEPOATHOCTbIO NMPOUCXOJUT MOCaKa MEPEHOCYHKA
Ha KoMIUIeKC. DpEKTHBHBIH paJiyc B3aMMOZICH-
CTBHUS — 9TO MapaMeTp MOJE/IH, XapaKTepHU3YIOLIHii
MaKCHMMaJIbHOE PacCTOSHUE, MPH KOTOPOM BO3MO-
XKEH JOKHHI. D(PGbEeKTHBHbIE paguychl B3aUMOICH-
CTBHUSA BbIOMpaM paBHbIMH pa3MepaM B3aHWMOJIEH-
CTBYIOIIMX G€JIKOB, T.€. JOKUHI IIPOMCXOAWI, KOria
NEPEHOCYMK CTAJIKUBAJICA ¢ KOMIUIEKCOM. BeposT-
HOCTb MOCaJKH Ha KOMIUIEKC TaKXe SBJISEeTcs Mna-
pameTpoM MoesH. OLeHUTD 3¢ deKTHBHbIE paliy-
Cbl B3aHMO/ICHCTBUS U BEPOSTHOCTH MOCAIKH MOJI-
BHXHBIX TNEPEHOCYHKOB Ha KOMIUIEKChI MOKHO,
MCCIIEIysl BIMAAHHE 3THX BEJIMYHMH Ha KMHETHYECKHE
KOHCTaHTbl B3aUMOJI€icTBHSA, HanpuMep Pc u PSI.
Tak, 3Has (M3 sKcrepUMeEHTa) KOHCTaHTY BOCCTa-
HoBiienuss P700 (BzaumopeiictBua P700 ¢ Pc), mbl
MoxeM mojo6parh 3¢pdeKTHBHBIN paauyc U Bepo-
ATHOCTb IOKHHI'a TaKUM o0pa3oM, 4yTobbl yacTora
aKkToB BoccTaHoBJIeHHa P700 B Moie/IH HaxoMi1ach
B COIJIACHH C SKCTNIEPUMEHTAIILHBLIM 3HaYEHHUEM KH-
HETHYECKON KOHCTaHTbI (XapaKTepHbIM BpeMEHEM)
BoccTaHoBaeHuss P700. IMocine mokuHra rnpoxomut
HEKOTOpoe BpeMs d! (mapaMeTp MoOJelH), Xapak-
Tepu3yIolliee CKOPOCTh MOCIEAYIOMUMX KoHpopMa-
LIMOHHbIX H3MEHEHUH KoMIviekca PS u Pc. 3artem
MPOUCXOIUT COOCTBEHHO Mepejaya JIEKTPOHa, Mo-
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¢JIe 4ero KOMIUICKC pacrnajiaeTcss W OKHCIIMBLIMiCS
[UIACTOLIMAHUH BO300HOBIISIET OPOYHOBCKOE JIBH-
HKCHHE.

[TocTpoeHHass mpsiMasi MoJiellb, TaK Xe KakK W
KHHeTHYecKash MOJIe/ib, NpeCcTaB/IEHHAs BbILIE, T10-
3BOJISIET MOJICJIMPOBATh HabllrofaeMble B JKCIIEpH-
MEHTE KMHETHYeCKHE KpMBbie BOCCTaHOBJIEHHUS ¢o-
TookHclieHHoro P700 u M3y4yaTh KMHETHKY OpYTUX
nepeMeHHbIX Mojenu. .KpoMe Toro, mpsiMoe Mo-
JIeIMPOBAaHMUE JIa€T BO3MOXHOCTh M3ydaTh 3aBHCH-
MOCTb XapaKTEPHUCTUK CHCTEMbI OT IPOCTPaHCT-
BEHHbIX OCOOGEHHOCTEH pacIpele/ieHHs ITHIMCHT-
0eIKOBbIX KOMIUIEKCOB B MeMOpaHe, reoMeTpuye-
CKMX MapaMeTpoB MeMOpaHbl H BHYTPHTWIAKOM/I-
HOro MpOCTPaHCTBa, FEOMETPUYECKHUX Pa3MEPOB M
($opMbl NIEPEHOCYUKOB, OCOOGEHHOCTEH JIOKUHra
MOJBMKHBIX TEPEHOCUYUKOB HAa MOJIEKYISAPHbIX
KOMIUIEKCAaX M JPYIHX XapaKTEepPHUCTHK CHCTEMBI.

B kauyecTBe npuMepa Ha puc. 7 MpelCTaBIIeHbI
JIBC KpHWBble TEMHOBOIO BOCCTaHOBJIeHHs P700%,
NoJIy4eHHble Ha NpAMoi Mojeny. [TyHKTHpHas JH-
HHMS COOTBETCTBYET PaBHOMEPHOMY pacrpezelie-
Huro komiiekcoB PSI, cyt b¢/f u FQR Ha MeMbpane
TWwiakouzia. CruiolliHasi JIMHUS COOTBETCTBYET CIy-
yaro, Koria Komruiekcbl PSI u cyt by/f pacnosno-
JKEHbI GJIM3KO ApPYr OT Apyra W o6pasyioT ¢IHMHbIH
KOMILUIeKC (cyrnepkoMrIulekc). B oboux ciyyasx xu-
HETUYECKHE KPHUBBIE XOPOILLUO aNmnpoOKCUMHPYIOTCS
OJIHOM SKCIIOHEHIIHAJIbHOM KpHBOH. B ciydae, Ko-
rma PSI u cyt bgf obGpa3syiorT cynepkoMIUIEKc,
XapaKTepHOE BPEMS BOCCTAHOBJICHHUS YMEHbIIIAeT-
cd. 1o obmpsAcHAeTcA TeM, 4To Pc He Tpebyercs
JupdyHaMpoBaTs oT MToxpoMma Kk PSI, u, Takum
obpa3zoM, MepeHoc 3JIeKTPOHA MPOUCXOAUT 3HAYM-
TeJIbHO ObicTpee. Bo3aMoXHOCTBL CyllleCTBOBaHHSA
TaKoro CcyrnepKoMiulekca obcyxpaitace B pabote
[2]. OTmeTuM, uTO ecimu komruiekebl PSI m FQR
PacroJioeHbl 6IM3KO JIpYr K APYrYy, a LIUTOXpOM-
Hble KOMIUIEKChI PacIiOlOXeHbI CITy4aiHO, TO KH-
HeTHKa TEMHOBOTO BoccTaHoBieHUst P700" He Me-
HSETCH IO CPAaBHEHHWIO €O CIIy4aMHBIM pacrpene-
JICHHEM BCEX TpeX THIOB KOMIUIEKcoB. [lo-BHau-
MOMY, 3TO CBI3aHO C TEM, YTO JIMMHTUpYIOIIEH
CTajMel SBIIAETCS IepeHoc JlekTpoHa ¢ PQ Ha
Pc yepes LMTOXPOMHBIH b/f-KOMILIEKC.

ITogpo6HOE uccaeIoBaHHE CBOIMCTB H BO3MOX-
HOCTEH MpPEUIOKEHHOro crocoba MoJIeIMpOBaHHS
NEPBUYHBIX MPOLIECCOB (POTOCUHTE3a B THIAKOMII-
HOM MeMOpaHe mperionaraercss OCYLIECTBHThL B
JaJIbHEHLIEM.

OBCVYXJEHHUE

ITpy MoJeIMpoBaHHH MNPOLIECCOB TMepeHoca
3JIEKTPOHAa MNpH (OTOCHHTE3E TPAJUIIMOHHO WC-
TOJIL3YeTC KMHETHYeCKUM noaxo/. g onucanus

KOBAJIEHKO wu ap.

MepeHoca 3JIEKTPOHAa B MYJIbTH(HEPMEHTHBIX KOM-
TUIEKCaX MCMOJIb3YIOT YpaBHEHHUS JUIS BEPOSATHO-
CTEH COCTOSHUH 3THX KOMIUIEKCOB, B3UMOIEHCTBHE
C MOJABHXKHBIMH MEPEHOCYUKAMU OIMUCHIBAIOT C Mo-
MOILBIO YPaBHEHHUH JeHCTBYIOIIMX Macc [10,11,24].
MojeMpoBaHHe nepeHoca IEKTPOHA B BbLIEIICH:
HbIX (parMeHTax (oTrocHcTeMbl I B MpUCYTCTBUH
HCKYCCTBEHHBIX JJOHOPOB M aKLENTOPOB 3JIEKTPOHA
Y WACHTU(UKALMSA [TapaMETPOB CUCTEMbI ObLIH Bbl-
nonHeHbl B pabotax [10,25,26]. INpumeHenue 3a-
KOHa IEHMCTBYIOILMX Macc JUIS OMMCAHUS PeioKc-
peakuui 106aBiICHHbIX MOABHKHBIX NEPEHOCYMKOB
¢ KOMIUIEKCaMH (POTOCHHTETHYECKHX PEAKIIMOHHbIX
LIEHTPOB 3Jiecb B OOJIbLIOH Mepe OMpaB/aHO TeM,
YTO B3aUMO/IEHCTBUE CBOOOIHO M1 DYHIUPYIOLIHX
KOMIUIEKCOB C 3K30I€HHbIMHM JOHOPAMHM M aKILIen-
TOpaMH MPOMUCXOJUT B pacTBope. B To ke Bpems
B HaTHBHbIX MeMOpaHax TWIaKOMIIOB CTPYKTYpHas
OpraHM3al1s MPOLIECCOB TaKOBa, YTO IMPOLIECC CBo-
GoaHoM JMddy3un npencraBisercs JaJIEKUM OT
PeaIbHOCTH.

B nocieguue roapl noiayyeHo O0JIbLIOE KOJH-
YECTBO JIAHHBIX O CTPYKTYpe W Peryjsiuuu ¢oTo-
CHMHTETHYECKHX IPOLICCCOB, KOTOPbIE TPeOYIOT oOc-
MBICJIEHHMS B paMKax €IMHOH (¢YHKIMOHAJILHO!
cxeMbl. [IpHHIIMNHATIbHYIO BO3MOXHOCTb HHTErpa-
LIMH CTPYKTYPHbIX U KHHETUYECKHMX MpeICTaBIICHHil
JAaloT COBPEMEHHBIE METO/bl OOBEKTHO-OPHEHTH-
POBaHHOI'O IPOrPaMMHPOBAHUS M JAOCTYITHOCTh
MHOI'OKPaTHO BO3POCIIMX BBIYMCIUTE/IbHBIX pecyp-
COB. B cBf3W ¢ 3THM MeTOJ MPAMOLO MOJIE/IHpO-
BaHUA [MpeJCTaB/IAETCS BecbMa IEPCHEKTHBHbIM,
nepBasi MOMbITKA NMPUMEHUTb KOTOPBIH IS OMNU-
CaHMsl UMKJIMYECKOIO IIEPEHOCA 3JIEKTPOHOB BO-
Kpyr ¢orocHcTeMbl I B CTpOMajJbHOM YacTH TH-
JIaKoH/Ia MpeANpHHATa B JaHHOH pabore.

[IpsMoe MozeMpoBaHUE MO3BOJISIET YTOYHHTH
NPaBOMEPHOCTD MMOAX0/I0B, UCII0/Ib3YEMbIX MPH KH-
HECTHYCCKOM MOJIC/IMPOBAaHHHM, H BBIACHHTDL npemne-
Jbl €ro MpUMEHUMOCTH. C HMCNoIb30BaHHEM Mps-
MOH MOJIENIH MOSIBJIS€TCS BO3MOKHOCTL BBISCHHTS,
KaKoe BJIIMSHHC OKa3bIBAalOT CTPYKTYPHbIE OCOOeH-
HOCTH CHCTCMbI Ha 3HA4YCHHSA KOHCTAHT cxopocreﬁ
peaklMid W OpyruWe napamerpbl, UCIOJIb3yeMble B
KMHETHYeCcKOH MOJEJIM, H KaKOBa pOJIb MpOCTpaH-
CTBEHHOM HEOJHOPOJHOCTH CHCTEMbl, Hampumep,
THIIA DACMpEleIeHHH MYJIbTHQEPMEHTHbIX KOM-
TUIeKcOB B MeMOpaHe Twiakouaa. Bee 3T Bompo-
Cbl, @ TAaKXe POJb W BIMSHUC JJICKTPHYCCKHX H
3JICKTPOXHMHYECKHX I1OTEHIIMAJIOB, KOTOpbIE He
paccMaTpHBAIMCL B IIPEUIOXKEHHOM MOJIENH, Mpej-
CTAaBIIIOT MpPEAMET JaJbHEHIIErO HCCIIe0BaHHUS.

Pabora BbinonHeHa npu ¢UHAHCOBOM moj-
nepxke Poccuiickoro ¢onma ¢yHIaMeHTaIbHbIX
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Experimental and Theoretical Investigation of Cyclic Electron
Transport around Photosystem I

IB. Kovalenko*, D.M. Ustinin**, N.E. Grachev**, T.E. Krendeleva*, G.P. Kukarskikh*,
K.N. Timofeev*, G.Yu. Riznichenko*, E.A. Grachev**, and A.B. Rubin*

*Biological Department, Lomonosov Moscow State University, Vorob'evy Gory, Moscow, 119992 Russia

**Physical Department, Lomonosov Moscow State University, Vorob evy Gory, Moscow, 119992 Russia

The Kinetics of photoinduced EPR I signals at different concentrations of ferredoxin was studied
on isolated pea chloroplasts. A kinetic model of ferredoxin-dependent electron transport around
photosystem I was suggested. A multiparticle model was constructed, which makes it possible to
«directly» model the processes of electron transfer in multiprotein complexes and limited diffusion
in different compartments of the system (stroma, lumen, and intermembrane space). A comparison
of the kinetic and «direct» models revealed an important role of spatial organization of the system

in the kinetics of redox turnover of P700.

Key words: photosystem I, cyclic electron transport, kinetic model, multiparticle model, ferredoxin
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