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© BuosHepreTnka — Hayka 0 MeEXaHM3Max Npeo6pa3oBaHMA
3HEPrum B }XUBOMU KNETKE.

Kakosbl B03MOXXHOCMU NpaKkmMu4eCK020 NpUMEeHeHUA 3mux
MeXaHU3Mos8 uJiu ux nhpuHyunos?

@ TexHonormyecKkas 6MosHepreTMKa — HayKa, uly4vawuias
6103HEpreTUYEeCKME MEXaHM3MbI C LiE/IbIO M3bICKAHUA
3 PEKTUBHbBIX M SKOHOMMYHBIX NMYTEM MX MCMOIb30BAHMSA
ANA YAOBNETBOPEHMA YENOBEYECKMX NOTPEOHOCTEN.

© Cdepa gencTema TeXHONOrMYECKOU BUOSHEPreTUKM -

1. Npou3BOACTBO 3HEProHocmteneun (buorasa, 3TaHoO/A,
BoAopoAa U ap.),

2. npoueccbl 6MOreoTeEXHONIONMU (U3BNIEYEHNE METAJIJIOB U3

Py U pacTBOPOB, yBe/IMYEeHUE HepTeoT4aum NOA3EMHbIX
N1aCTOB)

3. nojaB/ieHME 1 NpeaoTBpalleHMe 6MonoBpeXAEHMM
4. co3JaHne 6MO3/IEKTPOHHbIX YCTPOMCTB.
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Figure 8.1 The global carbon cycle. Anthropogenic emissions are
Soil & detritus causing the amount of C in the atmosphere to increase by approx-

1580 Q c imately 3.2 Gt year'. The cement plant and truck represent anthro-
pogenic fluxes of C to the atmosphere caused by the combustion of
fossil fuels and the tree stump represents the contribution of
changes in land use, primarily deforestation. The mass balance
indicates a missing C sink of approximately 2.8 Gt. (Values compiled
by K.L. Griffin from Field [2001], Prentice et al. [2001], and Schimel
et al. [2001]. Drawing courtesy of K.L. Griffin, Lamont-Doherty
Earth Observatory of Columbia University.)




OCHOBHble NapHUKOBbIE rasbl U UX
BO3E€MCTBME Ha TENnJ0BOM 6asaHC 3eMn
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® 150 net Ha3ag KoHueHTpauus CO, cocTaBnAna
0,026%.

® Cemnyac 0,038 % mam 380 ppm

® TaknMM obpasom, KoHueHTpaumsa CO, Bo3pocia
Ha 46%, T.e. TeMmnepartypa 3a 150 neT
noBbicuacb Ha 1,5°C.



® M3mMeHeHue KoHueHTpaumm CO2 3a 50 net
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® [lepcneKkTuBbl 3HEProA06bIBaOLLEN
NMPOMBILLNEHHOCTH N0 Mepe ucyepnaHmsa
3anacoB MCKOMNaeMoro TonamMBa CBA3bIBAOT C
Pa3BUTMEM AaTOMHOW, TEPMOSAAEPHOU U
COJIHEYHOU 3HepreTmuku. Bce Tpm Buaa
3HEPrMn He Bbi3bIBAlOT MAPHMKOBOIro 3deKTa
(T.e. He cBA3aHbl C BblgeneHnem CO2).

CeroaHsa B MMpe 3aZleMcTBoBaHbl CBbille 400 aTOMHbIX 3N1EKTPOCTAHLMM
MoOLLHOCTbIO 0Ko10 300 MAIH. KnnosaTT. Bo ®paHumn 70%
3NeKTpo3Heprmu noctasndaetca AIC, B boarapmmn okono 35, B
'epmaHnn — 30, B AnoHun — 25, B PuHnangmum — 20, 8 CLUA — 17,

Bca notpebaseMan exeroaHo 4esoBe4eCTBOM SHEPrusa CoCcTaBaseT
b 0,02% CONHEYHOM SHEPrMK, NAJAOWEN HA 3eMI0, UK,

2% BO30OHOBIAEMOM SHEPrMK, 3aMaCaEMOM EKEeroHo npu
doTOoCHHTESE.



JHepreTHKa *XMBOU KJ1I€TKM

Bce »KuBble opraHM3mbl MOIYT MCMOJ/1b30BaTb
TONIbKO ABe (opMbl BHELLHEN 3HEPrun —
CBETOBYH U XMMUYECKYID. IMEHHO No cnocoby
NOJIy4YEHMA SHEPIUM OpPraHM3Mbl AENAT Ha
doToTpodbl U XeMoTpodbl.
PacTeHMA NosiyyaloT SHEpruo B BUAE
3N1eKTPOMarHUTHoro usnydyexHmsa CosHua, a
}KMBOTHbIE UCMNO/Ib3YHOT SHEPTMIO, 3aK/IHOYEHHYIO
B KOBaAJIEHTHbLIX CBA3AX OPraHN4Ye€CKUX MOJIEKYI,
KOTOpbl€ NOCTYyNalT B OpraHM3am C NULLEN.

Mpy BCeEM pa3HOO6pa3MK KMBbIX CYLLLECTB M YCI0BUMM Cpeabl, B KOTOPbIX
OHM OBMTAIOT, ANA NONYYEHUA SHEPIMMU UMM UCMOJIb3YHOTCA TPM
OCHOBHbIX npouecca — 2/IuKo/iu3, dbixaHue u gpomocuHmes.



3AKOHbl TEPMOAUHAMUKM

@ MNepBblK 3aKOH TEPMOANMHAMMKU — 3aKOH O
COXPaHEHWMU SHEPIUU, COr/TaCHO KOTOPOMY SHEpPrus
He MOXKeT NoABJIATLCA UM UCHE3aTb U NepexoamT U3
oAHOM popMbi B Apyryto. KuBaa KAeTKa KaK pas U
npeacTaBnAaeT CO60M CUCTEMY, B KOTOPOM MOCTOAHHO
npoMcxoamT npeobpasoBaHue, Uan TpaHchopMaumA,
O4HUX DOPM SHEPruu B Apyrme, u npexae Bcero
3HEeprmu BHEWHMX UCTOYHUKOB BO BHYTPEHHME
3HEepreTU4ecKMe pecypcCbl CaMoUn KNETKM.

© BTOpoM 3aKOH TepMOAMHAMMKK - B
M30JIMPOBAHHOM CUCTEME CAMOMPOM3BOJIbHO MOTYT
MATU TONIbKO T€ NMPOLECChl, B pe3y/ibTaTe KOTOpbIX
CTEeNeHb HEYNOpPSA0YEHHOCTU, MU SHTPONMUA,
BO3pacTaeT, M CMCTEMA NEPEXOAUT M3 MEHee
BEPOATHOr0 B 60/1e€ BEPOATHOE COCTOSAHME.




® DJK3eproHuyeckume peakumm uayT C
Bbl€/IEHMEM DHEPIUM, KOTOPAA MOXKET BbITb
paccesHa B BM/JE Temna B OKPYKatoLLyio
cpeay.

® JHAeproHuyeckune TpebylT SHEPreTUYEeCKHUX
3aTpaT M, Kak NpaBu/io, CMOCOBCTBYIOT
CO3/J]aHUI0 C/IOXKHOM OpraHMU3aLmmn 1
noAAep:KaHuio BHYyTPEHHEr o nopsaaKa.



[AnAa xapaKTepMCTUKU XMMUYECKOM peaKLuumn

ucnonbsyertca AG

T— abconoTtHaa Temnepatypa (K); P — npaBnenue; V — o6bem; E
— BHYTPEHHAA NOJZIHAA HEPrmA CUCTEMDI; S - SHTponuMA; H—
3HTaNbNUA, UM TenaocoaeprkaHne cuctemol; G — cBOGOAHaA
3HEeprusa cMcTemol (3Heprma 'mMooca).

[lpy NOCTOAHHBLIX P, T nV
AG = AH - TAS

BennuunHa AG nmeeT 3HayeHue ctaHgaptHom AG®, ecam
peakuma npotexkaet npu temnepartype 25 °C,

AaB/ieHMn 1 aTM., KOHUEHTpaumm CyoCcTpaToB M NPOAYKTOB
peakumn ogMHaKOBbl M paBHbl 1 M.

ANna BUOXUMMUYECKMX peaKkLMi UCNo/Ib3yeTca nokasartesb AGS
onpeaensembin npu pH 7,0.



HANPAB/JIEHUE XUMMYECKOW PEAKLIMM ONPEAENAETCA BEIMYUHOM AG

® Ecom AG' — BennyvmHa oTpuuaTtesibHadA, TO Mbl
MMEEM JIENO C IK3eProHUYECKOM peaKkumnen, Kotopas
MOXET NpoTeKaTb CNOHTAHHO C BblAE/IEHUEM
SHEpPruu.

® Ecnu peakyma xapaktepusyeTcsa
NOJI0XKUTE/IbHbIM 3HaYeHneM AG', To oHa TpebyeT
dHepreTMYeckmx 3aTpart 1 CaMonpom3BOJIbHO MATU HE
MOXeT. TakaAa aHAeproHM4yecKaa peakuma BO3MOXKHaA
TOJIbKO B TOM CJlydae, eC/iM CyLLEeCTBYET MEXAHU3M, C
MOMOLLbIO KOTOPOro OHa MNOJIY4YUT SHEPIrUI0 OT
3K3eproHMYeCcKon peakummn c oTpmuatenbHbiM AG!.

® [pouecc, B pe3y/ibTaTe KOTOPOro 3Heprus,
BblAENAEMAA B XOl€ SK3EProHUYECKOU peaKkLmu, He
paccemBaeTcs B BUAE TEMN/a, a NepefaeTcs Apyrom
PeaKLUM, Ha3blIBAaeTCA SHEPreTUYECKUM
COMNPAXEHUEM, & CAaMM PEaKLMU — COMPAKEHHbIMM.



Outer membrane Intermembrane space Figure 5.1 Scheme of
mitochondrial energy
Inner membrane

metabolism.
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Puc. 4. Cxema pacnonoxeuus H'ATPCcuHTaaHwX
KOMMNNEeKCoR 8 Membpadax xnoponnactos (3) U MuTo-
xoHppWiA (6). 3artemHedHuie obBnact (neco4Horo
uBarTa) CooTBETCTRYIOT TeMm obnacTaMxnoponnacrau
MUTOXOHOPUW, XOTOPLIE XapakTepuaynTCH BLICOKUM
NPOTOHHLIM NOTEHLMANOM




3aKOHbI 6M03Hepl'eTMI<M (no B.I. Ckynayesy)

Bnragumup Metposu4y CKynayés

COBETCKMN U POCCUMUCKUM BUOXMMMK, YEH-
koppecrnoHgeHT AH CCCP (1974), akagemnk AH CCCP
(1990, c 1991 — PAH), AOKTOp 6GMONOrMYECKUX HaYK.




NOBPEXAEHUWUE MUTOXOHAOPUW

Nosnusermne ypoara Ca™, NON

M OBPEXH A2+ e MATOXOHA DA

4
MOBBILEHNE N POHNLLIEMOCTH 00" MUTOXOH Ap¥3 Aukan
MEMBDA M AMMTOXO HAPKU A Membpana
Ocsobaompe e
Norepa mewBpannoro UMTOXDOMS € W 9.
naTeNsana ABCONONT pon
Hecnocobuocrn ‘gﬂ

AT
u-neau@um ANONTO3

HEKPO3

ATIIONITO3 B OTJIMYKE OT HEKPO3a, IHEPTreTHUYECKHN 3aBUCUMBIII,
reHeTH4eCKH KOHTPOJHUPYEMbIH MPOLECC, B OCHOBE KOTOPOTO JICKUT
paboTa pa3IMYHbIX CUTHAJbHBIX MMyTEMH.



BUOJNOIM'MYECKUE MEMBPAHDI

1) MMpoTtonnasma /060U  KMBOM  KJNETKM  OKpPYXKEHa
MeMOpaHOM - TOH4YaMwWen OAHOCAOMHOM (0KoMo ~60A)
NJEHKOM, COCTOSILLEM M3 KMPOMOAOOHbLIX BELIECTB -
dochommnmnaos U MO0 MNPUKPENJIEHHbIX K HUM, JIMOO
norpy>KeHHblx B @ocdosmnmnabl 6enkoB. ITa MeMb6paHa
Ha3blBaeTCs NJ1a3MaJIEMMOM.

2) Kpome TOro, B KJ€TKax XMBOTHbIX, pacTeHMM, FrpMOOB U
HEKOTOPbIX GAKTEPMM OOHApYKEHbl BHYTPUKJIETOYHbIE
MeMObpaHbiI. B KPYMHbIX KJ1eTKax 3yKapuoT
BHYTPUK/ZIETOUYHbIE MeMOpaHbl OKpYyXalT opraHesbl
KNeTKU (/IM30COMbI, NEPOKCHMCOMbI, CEKPETOPHbIE FPaHy/bl,
DHAOCOMbI, Y pacTEHMM - BaKYOJIM), a TaK¥Ke obpa3syioT
Pa3BETBJIEHHYIO CETb dHAOM/IA3MaTUYECKOro peTUKYyIymMa U
annaparta [o/ibAXu.

3) HekoTopble M3 opraHesnsn, a MMEHHO: MMTOXOHAPUM,
XJI0pon/1acTbl U AApPa, OKPYKEeHbl ABYMA MeMOpaHaMMm.

4) B xnoponnactax MUMeeTcs TaKXKe U elle OAuH, TPETUM TUM
MeMbpaH, 06pasyroLmx BHYTPUXJIOpPONJacTHbIE
BKJIIOYEHMA - TUIAKOMblI.




ConpAarawoume MeMopaHbl

[loKasaHo, 4TO MJla3Ma/IEMMA, BHYTDEHHSAS
MembpaHa MUTOXOHZPUM, MEMODAHbI
TUJIAKOUJOB, BAaKYO/IM, CEKPETOPHbIX T[PaHyn,
JIM30COM M  DHAOCOM CAYyXaT He  TOJIbKO
6apbepamu, OTAENAWUMU KNETKY OT BHELLHEM
cpelbl MM OAHW BHYTPMKJIETOYHbIE OTCEKMU OT
ApYrux, HO  TaKxke 7 Ba*KHEULIMMMU
npeo6pasoBaTe/IiMU  3HEpPrum,  UrparoLLMm
K/IIOYEBYI0 POJIb B 3anacaHMM 3SHEPrMM CBETa M
AbIXaHMA U NPOU3BOACTBE OrMNpeAesIEHHbIX TMMOB
noJie3Hou paboThbl.

Bo Bcex 3TMX cCAyyasdAx MOCPEAHMKOM MeEXaY
SHEpPreTMYECKMMM pecypcaMm U paboTon CAYKMT
He AT®, a npoOTOHHbIM WMAU HATPUEBbLIU
noTeHuuan.




Puc. 1. [iee ©opMbl NPOTOHHOrO NOTEHUMana: rpa-
OWMEHT KMCNOTHOCTH (a) 1 3anekTpuuyeckoro nonga (6).
BepoaTHOe HanpasneHne NPoTOHHOMo ToKa NokKaza-
HO CTpenkon

ARl . =A¥—0,06 ApH u AL_. =A% 0,06 ApNa.




NMEPBbIN 3AKOH BMO3HEPIETUKW

AKueas xkaemxa uzbecaem npamoco UCnoAb308aAHUA
IHEPUU BHEUWIHUX PECYPCO8 05 COBEPUICHIA NOAE3HOI pa-
6omwu. Ona cHavaaa npeepawiaem ux € 00Ky U3 mpex KoH-
gepmupyemuix gopm 3Hepeuu ( “anepcemuueckux ea-
arom”), a umenno: e ATD, AR . uau AfL_ ., Komopuie
3amem pacxodyromcs ona ocymecmaaenux Pa3TUYHBIX
IHED20EMKUX NDOUECCOB.

BTOPOW 3AKOH BMO3HEPIrETUKU

Hwbaa xcusas kaemka ecezda pacnoaazaem Kax mu-
HUMYM deyms * IHEPSEMUHECK UMU EQIIOMAMU ": godopacm-
gopumoit (ATD) u ceazannoit ¢ membpanoi (ALL,, . aubo

AfL ).
TPETUM 3AKOH BUO3HEPIETUKU

“ Inepeemuveckue eairomusl”’ KAeMKU MO2ym npeepa-
wamuca 00ua & dpyeyio. [losmomy noayuernus xoms 6vi 00-
HOWl U3 HUX 3a cYem GHEWIHIX Pecypcog docmamouHo 0as
ROOOEPHCAHUA HCUIHEOEAMEABHOCTIU.




1. NpocTenmm NPUMEPOM 3anacaHus 3Hepruu B
KOHBEPTUPYEMOU (POPpME MOXKET ObITb FIMKONN3, UK
pacliensieHne yrnesogos Ao [BK:

yrnesog + AA® + H:PO4 — TIBK + ATO,
roe AAO - ageHo3MHAMPOCHOpPHAA KMCNOoTa.

2. ECM UICTOYHMKOM BHEPIUU CNYXKUT HE MIMKOM3, a
AblXaHUe, TO eCTb OKUCNIEHNE KMCNOPOAOM NUTATE IbHbIX
BELWEeCTB, HAaNpMMep yrneesoAoB, TO NOCPEAHMKOM TaKXKe
oKaxetca AT®D, Ho nyTb K HEMY ByZeT 60/1ee C/I0XKHbIM.
CHa4ana 3a cyeT AbiXxaHMA 6yaeT obpa3oBaH ApH+ , a 3aTeM
ApH+ n3pacxogyetca ana cmutesa ATO ns AAO v H3PO4 :

yrnesog + 02 — ApH+ + H20 + COz2 .
ApH+ + AA® + H3PO4 — ATO

3. Npu PoToCHMHTE3Ee B XJIOpPOMniacTax 3e/IeHbIX PacTEHUM
NPOMCXOAAT CUHTE3 YrIeBOI0B, BblaesneHue 02 U
obpa3oBaHME 3a CYET SHEPrMK CBeTA:

ceeT + H20 + CO2 —» ApH+ + yrnesog + O2
3aTeM ApH+  yTuamsmnpyetca anda cuHtesa AT® no ypaBHEHMIO
ApH+ + AA® + H3PO4 — ATO



PasHoo6pa3ue nyTem npeBpalleHUs SHEPrUM B KUBbIX KJETKaxX.







B3anmonpespaiieHmne ATO, AuH+ 1 ApNa+
OCYLLLEeCTBAETCA CcrneymasibHbIMU (DEPMEHTAMM.

® B3anmonepexog ATO «— ApH+.
Katanmsupyetca H+-AT®-cuHTa30M,

® [lpeBpalieHmne ATO « ApNa+
obecneymBaeTca Na+-ATD-cMHTa30M,

® a paBHoBecue APH+. <« ApNa+
ocyulectenaetca H+ / Na+ -aHTMNoOpTEepoOM.



Energy transduction in the sodium F-ATPase of
Propionigenium modestum

PETER DIMROTH®*, HONGYUN WANGT, MICHAEL GRABE#, AND GEORGE OSTERTS

Periplasm \
>F,

/

Cytoplasm |

FiG. 1. Schematic diagram of the Na* F,F; ATPase. The rotor
consists of subunits cj>ye, and the stator consists of subunits
ab,8(aB)s. Six nucleotide-binding sites lie at the af interfaces; three
catalytic sites alternate with three noncatalytic sites. The arrow
indicates the direction of rotation during ATP synthesis.

Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 4924-4929, April 1999
Biophysics

FIG.2. (a) Schematic of the rotor-stator assembly in P. modestum.
(b) Face-on view of the rotor—stator assembly.



XEMUOCMOTUYHECKAA TUTMNOTE3A

@ o 1. Mutyeny (1961), posb AblXaHUA B
cnHTe3e ATO orpaHMyMBaeTCA Co34aHUEM
M36bITKA H+ HA 0ZJHOM CTOPOHE MEeMOpaHbI.

® /lblXaHMe COBEepLUAET OCMOTUYECKYIO
paboTy, KOTOpas 3aTEM PacXoAyeTcs Ha
XMMUYECKYI0 paboTy, T.€. Ha CuHTE3 ATO.

® CBA3YIOWMM 3BEHOM ABYX NPOLECCOB CAYXKaT
BOJOPO/HbIE UOHbI.



MUWUTHEI (Mitchell), Mutep OeHHUC

29 ceHTabpa 1920 r. — 10 anpena 1992 r.
Hobenesckaga npemua no xumun, 1978 r.




SHEPIUA Aj, UCNONB3YETCA [N CUHTE3A ATO
U3 AI® U @, NPU YYACTUU ATO-CUHTA3bI

8p =y - 594pH [mB] o
H'H'OH H'




Although chloroplasts and mitochondria may look quite different, they are actually
very similar. (A) The equivalence of the five metabolic compartments in the two
organelles is shown. (B) Both organelles use electron transport to establish a
proton gradient that fuels ATP synthesis.




® LeHTpasnbHOM NOCTYNAaT XEMOOCMOTHMYECKOM
TEOPUM FNACUT, YTO I/IEKTPOH-TPAHCMNOPTHbIE
uenn (3TLl) MUTOXOHAPUM U XJIOPOMN/IACTOB
CONpAXKEHbI C cMCcTEMOU CUHTE3a ATD yepes
Pa3HOCTb 3/IEKTPOXMMMYECKUX MOTEHLIMANOB
Ha conpArarwmx MeMmbpaHax 1in apyrumm
cnoBamMu bnarogaps rpagmeHTy
KOHLLeHTpaLUMu NPOTOHOB HA MeMbpaHe.

® Bo3HMKaOLWMK IN1EKTPOXMMMNYECKUM
MEMOPaHHbIM NOTEHLUMaN ABASETCA
OBMXKYLLEN CUNOU CUHTE3a ATO.




Cuctema TpaHchopMaLmUm 3HEPruM BKAKYaET
caeayiolume OCHOBHbIE KOMMOHEHTbI:

e 3aMKHYTaf conpsrawliasd MemMopaHa;
e JIOKa/IM30BaHHasA B MeMbpaHe I3TU;

e TPAaHCMEMOPaHHbIN 3IEKTPOXMMUYECKUM
MPOTOHHbIX FPAAMEHT AUH+, reHepMpyeMbIn
PaboToM Lenu;

e ATO- cuHTa3sa, Kataamsupywouwasa cmHtes ATO
3 AA® m OH 3a cyeT s3Heprum ApH+



DKCIHIEPUMEHTAJIBHOE INOATBEP/KJAEHUE
TEOPUU MUTYUEJIA

O]

CormacHo Teopruu Mutuena: apixarenbHas nenb u ATdaza
— OMOXMMHMYECKH OTACIbHBIE CUCTEMBI, CBSI3bIBAEMbIC
TOJILKO TIPOTOHHBIM I'PAJIUEHTOM.

AMepukaHCKuil onosHepreTuk Jdppanm Prkep B 1973 1.
CO3JaJ1 XUMEPHYIO0 KOHCTPYKIIMIO: MOTYYHI MeMOpaHHbIe
BE3MKYJIbI (JIMIMOCOMBI) U3 COM U BCTPOMJI B HUX
XPOMOIIPOTENH 0AKTEPUOPOAONICUH U3 rajJo(pPUIbHOH
apxem Halobacterium halobium, a Takxe

MUTOXOHAPUI cepala ObIKa.

PeructpupoBairch HE TOIBKO reHepalys MEMOPaHHOTO
rpajMeHTa NpoToOHOB, HO U CUHTE3 ATD.



Puc. 3. Cxema akkymynsaumm ATP B MmuTOXOHOPW-
six. MoHE H BRIKAYMBAKTCH M2 MUTOXOHOAPMANLHO-
ro martpmikca, Korga 3nexTpoHsl NPpoxXoasT no anex-
TPOHTPaAHCNOPTHONM uwenwu, Bxoasuein B cocrtas
BHYTpeHHen MmemOpaubl. Koraa npoToHe NpoxoanT
yepea koMnnexkc ATP-cuMHTazbl NO 3MeKTPOXMMM -
YecKOMYy rpazineHTy,. oHM oSaecnadymea T aHeprven
cuHTes ATP na AP v HeopraHnyeckoro ocdara
(Peiien v np., 1990)




B cuctemax TpaHcdopmalmm 3Heprmm
K/ItoYeBas poJsib NPUHAANIEKMT 3aMKHYTOM,
conpsazarujeli MeMbpaHe, HENPOHULAEMOM
N8 MOHOB. K conpsratowmm oTHoCATCA:

TUNAKOMAHAs MEMBpPaHa X/10poniacToB,
BHYTPEHHSA MEMBPaHa MUTOXOHAPMMA

niasmaTMyeckme MemMopaHbl
NMPOKAPUOTUYECKMX KNIETOK (BaKTEPUM U
CMHEe-3€eJIEHbIX BOJOPOC/IEN).

MeMm6paHbl BaKyo/IM, CEKPETOPHbIX FPaHY/1, JIM30COM U
3H/I0COM.



@ Conpsazarouwjue MeMbpaHbl UMEIT LeNblu psaj
OT/IMYUTESIbHDBIX YeEPT.

® Kaxpgasa takada meMbpaHa cogepXuT 6e/IKoBble
aHCcaMbJ11 ABYX TUIOB:

OauH HasbiBaloT AT®-a3on (npaBusibHee ATO-
CMHTETa30M) KaTan3nMpyeT SHEPro3aBUCUMbIM CUHTE3
ATO n3 AA® u Heopr.docdaTa - NpUCYTCTBYET BO
BCEX conpsArawLlmx MeMmbpaHax.

[lprMpoJa BTOPOro 3aBUCHMT OT NEPBUYHOIO0 MCTOYHMKA
SHEeprumu.

B cnyyae MUTOXOHADUK - 3TO AblXaTe/lbHaA LEnb
(3TU), KaTanusupywouwasa nepeHoc e oT CyoCcTpaToB K
KOHe4YHOMY akuenTopy - 0,

B xnoponsactax M QOTOCUHTE3IUDYIOLLMX DaKTEPUSIX-
CX0JHasa cMcTemMa, Kotopasa obecneyumBaeT
MCMNOJIb30BaHME SHEPIUM MOrJIOLLEHHOr0 KBaHTa

CBeTa.

Kak npasunio, conpararwoLiaa MmemMobpaHa oborauieHa 6e/KoM U
BUOXMMMUECKH OT/IMYAETCA OT PYrMX MEMOPAH KNEeTKU, TaK KaK
COZIEPKMT YHUKaIbHbIM POCHONMUNMUI —KapAUOIMIIMH, KOTOPbIX JenaeT
MEeMbpaHy 6o/iee KMAKoU 1 6osiee HEMPOHMLAEMOM /11 MOHOB.




TOUKU COMNPAXKEHUA JBIXATEJBHOM ITII

OKUCUTENbHO-BOCCTAHOBUTENbHbIE

noTeHuuarnbl nepeHoC4nKoB
Pone) . NAD(P) 032
sualla enzFMN - -0.3
| @ 0
LT otb 4007
il B atc, 4023
atc +0.25
o gta 4029
gta,  +055
04t |7 0JHOH  +0.2
1 | \s 1o
0.9 | SIES
HAL HAQO  KoQ  warc

Ha yyacTkax ¢ GonblUMM NepenagomM 3HEpTU
OCYLIECTBNAETCA CUHTES ATO (N0Ka3aHo
CTPENKAMM). 3T YYaCTKM Ha3bIBAITCA TOYKAMMU
CONPAKEHUS.

AHIMIACKuA Broxumuk Metep Mutyenn
CHayana npeanonoXun, a noToM nokasan,
YT0 0AHOBPEMEHHO C NEPEHOCOM
3MEKTPOHOB N0 [ibIXaTenbHOM Lenu
MWTOXOHPWIA B ONPE/IENEHHbIX ee
3BEHbAX, Ha3bIBAEMbIX TOMKAMMU
CONPAXEHMA, NPOUCXOAUT NepeHoC
MPOTOHOB W3 MATPUKCa B OKPYKAKLLYI0
cpeay. [1pu 3TOM 3HEPrUA OKUCTMTENBHO-
BOCCTAHOBUTENbLHON peakLum AE
NPeBpaLLaeTCA B SHEPTUK NEPEHECEHHbIX
MPOTOHOB.

PIICYI!OK3. BoccranoBuTe bHBIE NMOTeHIHATBI MePeH0CYHKOB 3. TeKTPOHOB B AbIXaTeIbHOI Henn MIITOXOH}.[pHﬁ




[pK nepeHoce 3nexTPOHoB Mo
[bIXaTenbHOM Lienu (pUc. 2) B Kax oM

[lbiXaTenbHas TOYKE CONpAXEHUA NPOMCXOAUT NEpeHoC
Lenb ~— Cyberpar MPOTOHOB Yepe3 MeMOpaHy (0auH
\ - Marpke  MEKTPOH ~ OZIMH NPOTOH) U3 MaTpuKca
+11 |- Hapyxy. CoajasaeMan pasHoCTb
H* < H* 3NETPOXMMUYECKUX NOTEHLMAN0B NPOTOHA
| Tl (Aiy") CTIYXUT JBYKYLLIEH CUOM AnA
+| N> 02 ~ADP+P patoThl AT®O-CHHTasbl (FoF -ATdasa).
H > H* INexTpoAnddY3nOHHbIA NepeHoc
+ 7. = MPOTOHOB U3 OKPYXKatoLLel Cpeabl B
P S—" _ \ MaTpUKC "NpoBOpaYMBaET Koneco
IRERDCIOR, i, (epmeHTa" U npoucxoauT cuHTe3 ATO.

MembpaHa FoF-ATOasa

Puc. 4. Cxema oxkncanTeasHoro ¢ocdopiinpoBagns, CorIacHo XeMoocMoTHYeckoi Teopun Muryenia,




AT®- CUHTA3A.
POTAIIMOHHBIM MEXAHU3M JENCTBUSA
®EPMEHTA

Mexmembpannoe
NPOCTPAHCTRO H*

Pwuc. 2.2. Moaens AT®-cuirmase FyF-muna.

HNepudepiicoxmin Fi-Qaxrop cocTonT u3 nxti Buson cybsensmmi (e Pyde) u vecer Ha P-cytn-
CLAMHHURX KRTWIHTHYCCKINC UCHTPH. F -daxtop sauxopen & senbpane ¢ nosoumio y-cyOBCaIMmubl #
Fy-gaxropn, Fy-KOMIEKC COCTONT M3 TpeX BUAOE CyO1eatiHiL B COOTHOWEHHI @,5,0,0_ 3. Cylmcasmm-
U @ 1 ¢ QopMUPYIOT NPOTOHHEI KRHAN, Yepes Kotophil sorm H' nxomsT © onno#, 8 BRNOJAT ©
Apyrod croponis sesGpaninl. [IBCKcHIE NPOTONOS BHYTPH Xomhilit 13 C-CYMCmML CONPOPOXISCTCR
€O BPRUINCHHCM M DPALLCHMCM CBAENUEX ¢ HUM ye-CyBreammm, Potaums conpopoxanctcs kondop-
MEUMOHMIIMH HIMCHEHMAMM KATATHTINCCK KX uetipos F-xosnmekcn, B XoTOpWx MueT ciutes ATO.
Ho-mgpesonty, ofl,-KOMIUICKC HE BPRILACTCH, THK KAK YACPRMBICTCR B QUXCHPORAHHOM MONOXCHIH
€ neMounio &- 1 asyx b-cyObcamnu. B muroxonapisx Fy-xosmimexc o6pauiel B MaTpixc




Table 1.1 Subunit composition, genetic specification and stoichiometry of

mtATPase from yeast and mammalian cells

Mitoct iri
Bacteria
(E coli) Yeast Mammalian Stoichiometry”
Subunit  Subumt Gene™ Subunit’
x 2 AIri x 3
I} p ATP2 I <
¥ ¥ ATP3 Y 1
o (sce (see
OSCP) OSCM
& é ATP16 ) 1
L ATPI5 & 1
a Su6 ATPas , Sufy,,, 1
fohi2)
b B ATP+4 b |
C Su® ATP9,, SaY 1L
folil)
Sul AIPS, AGL,, i
faap 1)
OSCP ATPS QSCP 1
B ATP? d 1
E ATP21 S 1 (2%
F ATPr7v f 1
G ATP20 2 |
H ATPI4 F. |
/3 ATPIR |
K ATP19 2
INH INH1 Fi |
STF1 STF1 |
9 kiDa)
STF2 STF2 I
(15 kDa)
STF3 STFRiR ?
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Figure 4.8 Averaged image of 483 clectromicrographs of the F-ATP synthase from
spinach chloroplasts. A. Vertical projection of the F, part. A hexameric structure
reflects the alternating (f)-subunits. B. Side projection, showing the stalk connecting
the F, part with the membrane. (By P. Gracber, Stuttgart))



Jsosiroyusa ATO-cuHmasbi

cH4umaemca npumMepom Mody/ibHoU MoJieKyiapHoU
380/1104UU, Npu Komopou dse cybbeduHuuybl, kaxodasa obaadarouwas
CBOUMU (PYHKUUAMU, CO€OUHUIUCHL U NOJIy4UJIU HOBble OYHKUUU.

© [lekcamep a3B3, BxoAAwWmMM B cocTaB KomnoHeHTa F1 npossnset
CyLeCTBEHHOe CXOACTBO C rekcamepHou JHK-rennkason. Oba
TMNa (PepMEHTOB 06pa3yloT KOJIbLO C BpallaTe/ibHOM CUMMETPUEN
3 nopsAaka, obiajarollee LeHTpasbHOW Nopor. Jenucteme
KaXXoro 13 HMX TaKXe 3aBUCUT OT OTHOCUTE/IbHOIO BpalyeHUA
MaKpOMOJIEKY/Ibl BHYTPU MNOPbI: resIMKasbl UCMOb3YIOT
cnupanbHyto dopmy AHK ana apurKeHna BAoOb Hee U ANA
O6Hapy»KeHMA cynep CKpy4MBaHMA, Toraa Kak a3B3-rekcamep
MCMNOJIb3yeT U3MEHEHUSA CBOEM KOHCI)MI'ypaLI,MM 13-3a BpalleHus Y-
Cy6beIMHMLbI ANA OCYLLECTBIEHMS KAaTaJIMTUYECKON peaKkLmm.

® [poTOHHbIM MOTOP KOMMOHEHTa Fo npoaBaseT 6obLioe
dyHKUMOHaNbHOE CXOACTBO C MPOTOHHbIMM MOTOPaMM
ryTUKOB. M TaM, 1 TaM NPUCYTCTBYET KOJIbLIO M3 MHOXECTBa
HEOO0/IbLLUMX 60raTbiX A-CNUPaNAMMU OE/IKOB, BPaLLLAIOLLMXCS
OTHOCUTENIbHO COCeAHUX HEMOABUKHbBIX OE/IKOB 3a CHET 3HEpPrmu
NPOTOHHOIO rpagmMeHTa. 310, KOHEYHO, OYEHb 3bIOKOE CXOACTBO,
TaK KaK CTPYKTypa XryTMKOBbIX MOTOPOB Fropa3lo C/I0XKHee, Yem
Fo, a BpawatoLleeca 6enKoBoe KObLOo ropa3zo KpynHee u
coctomT u3 30 cybveamumy npotms 10, 11 uam 14, BXxoaswmx B
COCTaB KOMMNoHeHTa Fo.

© OpfHaKo, A0 CMX NOP HEACEH MEXaHW3M MPOUCXOXKAEHMA
NPOTOHHOr0 MOTOPa, KOTOPbIK 6€3 rennKasbl AU Apyrux
KOMMJ/IEKCOB He NPeACTaBASET HUKAKOM NOJb3bl.



@ Xenukasbl (aHrn. helicase, ot
nart. helix — cnupanb, no-
PYCCKM MHOrja Ha3blBaeMble
reJiIMKasaMmm) — 3TO KJacc
depMeHTOB, KOTOpble
BCTPEYAIOTCH Y BCEX KMBbIX
OpraHmM3mMoB. MX OTHOCAT K
KJ1aCCy «MOJIEKYNAPHbIX
MaLLMH>, MOCKOJIbKY OHMU
MCNOJIb3YIOT SHEPrUto
rmaposivsa
HykneotuaTpudgoceartos (ATO,
[TD) ana aBUKeHUA BAO b
caxapodocdaTHOro ocToBa
HYKNenHoBbIX Kncnot (AHK,
PHK, rmopunaos mexay AHK v
PHK) v pa3pbiBa BHYTpU- UK
MEXKMOJIEKYIAPHbIX
BOZIOPOAHbIX CBA3EM MEXKAY
OCHOBAHMAMM.




HOBEJIEBCKOW NPEMMM 1997 FOAA MO XUMUKU YAOCTOEHbI MO/

BOMEP (CLLIA), ZXKOH YOKEP (BE/IMKOBPUTAHMS) M MEHC CKOY

(AAHMSA) 3A PABOTbI MO BUO3HEPTETUKE XKMBOM KJETKU




O6MeHHOo-cB8A3bisarowull MexaHu3m bouepa
BKJIIOMAET TPU NPUHLMMUAJIbHBIX SN1EMEHTA:

® OCHOBHbIM 3TanoMm, TpebYyLWMM IHEPIrUM, ABNAETCA HE
cuHTe3 ATP 3 AAP v PH, a npouecc otgeneHna ATP ot
depMmeHTa.

@ B ATP-cMHTa3HOM KoMnieKce cBA3biBaHME CyOGCTPaToB U
BbICBOGOXAEHUE NPOAYKTOB peaKLuuu NpomMCXoauT B Tpex
OTAEe/IbHbIX, HO B3aUMOJEUCTBYHOLLMX MEXKAY COHBOMU
KaTa/IMTUHECKUX YHacTKax dpepMeHTa [1pu 3TOM KaxabIM
KaTa/IMTMYECKMMU YHaCTOK MOXKET CYyLLeCTBOBAaTb TOJIbKO B
OAHOM M3 TpexX KOH(pOPMALMOHHbIX COCTOAHMM.

® MoToK MoHoB H+ Yyepe3 NpoTOHHbIM KaHan Fo no rpaiMeHTy
3N1eKTPOXMMUYECKOr 0 NOTEHLMA 1A Bbi3blBaeT BpaLlEeHHE Y-
cy6veanHuubl ATP-CMHTa3HOro KoMnaekca. JTo BpaleHue
NpUBOAMT K KOHPOPMALMOHHbIM M3MEHEHMAM B
KaTa/IMTUYECKMX yHaCTKax, KoTopble rno3sonatt ATP
BbICBOOOXKAaTbCA OT (hepMEHTa U Npoueccy MATU Aasblie.



12.35
Model for the ATT synthase

b
’ .
N

;-04

The subunit structure of the AT synthase

complex,
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protons passing through the membrane,
which contains the catalvtic sites invaolved in ATP

and an extrinsic




Table 12,9 Polypeptide subunits of the ATP synthase complex




THE STRUCTURE AND FUNCTION OF MITOCHONDRIAL
F1Fo-ATP SYNTHASES

Devenish R.J., Prescott M., Rodgers A.J. W.

International Review of Cell and Molecular Biology. 2008. T. 267.
€. 1:58.

LleHTpanbHbIM cTBOA «stalk»:
Y, O, €

Mepudepnyeckumn cTeon:

b, d, F6 (h), OSCP

Potop: ¢, vV, 0, €

CraTop: BCe OCTa/IbHOE -
HEeno/BUXKHOE.

e, f, g, AL - MMHOpHbIE
cy6bveauHMUbl cBA3aHHble C Fo

Rodney ). Devenish ef ol., Figure 1.1  The subunit organization in me AT Pase. Subu-
nits are labelled. Fy is the globular domain made of subunits 2, §f and the three central
stalk subunits, ;, 0 and . The Fy domain is comprised of the subunit ¢ ring (10 copies in
yeast), subunit a, and the peripheral stalk subunits b, d, F.(h) and OSCP. The so-called
minor subunits e, £ g and AGL(K)] are not shown individually, bue chey all span the
membrane and are probably present ina 111 stoichiometry, The rotor is made up of the
central stalk and the c-ring. The remainder of the subunits make up the stator. Fy is
shown with one 7 subunit removed for clarity. The inhibitor protein (IF1) is also nor
shown; it binds in a caralytic 2/ f interface near the bottom of (21)3. | This article was
published in Biochimica et Biophysica Ada, Vol. 757, Walker, . E and Dickson, V. K.. The
peripheral stalk of the mitochondrial ATPsynthase, 286-296, Copyright Elsevier (2006) ]
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THE STRUCTURE AND FUNCTION OF MITOCHONDRIAL
F1Fo-ATP SYNTHASES

Devenish R.J., Prescott M., Rodgers A.J.W.

International Review of Cell and Molecular Biology. 2008. T. 26
€. 1-58:

O603HavyeHne KoMnoHeHTa F1 aBnaeTca cokpalieHneM ot «Fraction 1» (4acTb
1), a cumBonoM Fo (B MHAEKCe 3anmcaHa 6ykBa O, a He HOJlb) 0603Ha4vancs
Y4acCTOK CBA3bIBaHUA OJIMFOMULMHA.

HekoTopble cy6bbeanHuubl hepMeHTa MMEIOT TaKXKe OYKBEHHhIe
0603HaYeHusa:

@ [peveckue: q, B, v, 0, €
® JlaTMHCKMe: a, b, c,d, e, f, g, h
Apyrmne — 6osee cnoKHble 0603HAYEHHUA:

@ Fé (ot «Fraction 6»)
® OSCP — 6enoK, YyBCTBUTEJIbHbIM K OIMFOMULIMHY (OT aHr .
the oligomycin sensitivity conferral protein)
A6L (Ha3BaHHbIM TaK MO Ha3BaHMIO reHa, KOAMPYIOLLErO €ro B
MUTOXOHZPUANIBHOM FEHOME)

@ IF1 (dpaKTop uHruébmposanua 1), ATPIF1

® KomnoHeHT F1 focTaTouHO BENMK (OUAMETP ero cocTaB/iAeT 9 HM), YTOObI
6bITb BUAUMbIM B TPAHCMMCCUOHHbIN 3/IEKTPOHHbIM MUKPOCKOM NpK
HeraTMBHOM OKpawmBaHum[1].

® Yactnukamu F1 ycesHa BHYTPEHHAS MUTOXOHAPUWa/IbHAsA MeMbpaHa.
MN3HayanbHO CYMTANOCh, YTO OHU COAEPKAT BECH AblXaTesIbHbIX annaparT
MUTOXOHAPMU. OAHAKO NoCsie JO/ITMX 3KCNEPUMEHTOB rpynna Jdpamma
Pekepa (Bnepsble Bblaenusliaa KOMNoHeHT F1 B 1961) nokasana, 4to 3!
YaCTUYKM cBsiZaHbl C AT®Da3HOM aKTMBHOCTbIO B TOM YMC/IE U B
pasie/ieHHbIX MUTOXOHAPUAX.



THE STRUCTURE AND FUNCTION OF MITOCHONDRIAL
F,FO—ATP SYNTHASES

nish R.J., Prescott M., Rodgers A.J.W.
[ ternational Review of Cell and Molecular Biology. 2008. T. 267.
€.1 58

XapaKTepHble 0CO6EHHOCTU HEKOTOPbIX cy6bep,MHmu,
mtATPase:

Mepudepryeckmu cTBoA:

b -B MMTOXOHApPManbHou AT®-a3e B ef. uncne (y
6aKkTepum U B xnoponnacTtax 2 b), obveauHsaet d, F6
(h), OSCP

d -yHUKaNbHasa cy6beanHuLA MUTOXOHAPUabHOU AT®-
asbl, ocyulectsndaeT cBasb b,F6 (h), OSCP

F6 (h) -BOAOPacTBOPUMbBIM BEJIOK, B €. YMChe,

TECHO CBA3aHa C b, Urpaet cyLleCcTBEHHYI0 poJ/ib B
OKMCNTEIbHOM CbOCCbOpMﬂMpOBaHMVI

OSCP-6€en10K, 4yBCTBUTE/IbHBIN K OJ'II/IFOMMLIMHy,
pacnono>|<eH B BEPXHEW YacTu Q,

e, f, g, A6L - MMHOpHbIE CYyOBbEAMNHMLbI
A6L (cy6bepn.8) BamnsaeTt Ha a (cyobvea. 6) u c (cyoben. 9)
f - BAnsaeT Ha cybben.8, 6 u 9.

e, g- UrpatoT LEeHTpa/IbHYO pOJib B OJIMFrOMEpPU3aLIUM



THE STRUCTURE AND FUNCTION OF MITOCHONDRIAL
F,Fo-ATP SYNTHASES
Devenish R.J., Prescott M., Rodgers A.J. W.
International Review of Cell and Molecular Biology. 2008. T. 267.
C.1-58.

Rodney . Devenish et al., Figure 1.2 The composice structure of meATE
structures of the Fyoy subcomplex {gray), the N-terminal domain of the ¢
and the peripheral stalk subcomplex (magenta, orange and green) were i
eye into an electron density map determined by averaging single particles
bovine complex observed by electron ceyomicroscopy. {(A) Side view and
density corresponding o the peripheral stalk and che second domain of T,
et al., 2003} Docted lines represent che lipid bilayer. (C) View looking dc
‘crown” of the F, catalytic domain. The scale bar is 30 A, [Adapted by pers
Macmillan Publishers Ltd, EMBO fowma! (Dickson, V. K., Silvester, |
I. M., Leslie, A. G., Walker, |. E. On the seructure of the stator of the mitock
synthase. EMBO. 25: 2911-2918) Copyright 2006,




FIGURE 2 | Structure of ATP synthase.

FROM THE FOLLOWING ARTICLE:
ATP nthase — a marvellous rota engine of the cell

Masasuke Yoshida, Eirc Muneyuki and Toru Hisabori

Nature Reviews | Molecular Cell Biology




Figure 4.10 In the absence
of H,O, ATP synthesis can
occur without the input of
energy. In this case, the
energy required for ATP
synthesis in an aqueous
solution has to be spent on
binding ADP and P and/or
on the release of the newly
formed ATP. From
available evidence, the latter
case is more likely.
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Figure 12,36

mmmaawmnuc&mmmmmm
shanen on the enzyme—the Ousite (open), available to bind ADP and P the Laite (Joose), in which ADP snd I}
are loosely bound; and the T-site, a tight nucleotide-binding site. Conformational changes driven by the move
ment of protons across the sembeane in step 1, resulting in a rotation of the psubunit in the enxyme, cause i
mdmdeNMdhumhhnmdeﬂPhh
Tesite is shown In step 2, but this condensation of ADP and P, does not require additional energy




Nature Reviews Molecular Cell Biology 2, 669-677 (2001); doi:10.1038/35089509
ATP SYNTHASE — A MARVELLOUS ROTARY ENGINE OF THE CELL

Nature Reviews | Molecular Cell Biolos

The F; motor reminds us of the rotary combustion engine, which was invented by Felix Wankel in 1957 and was first

used in commercial cars by Mazda in 1967. The rotary engine is small, light, silent and simple because the engine can
directly convert the fuel energy into rotation of the rotor. It can drive the intake of the fuel gas, compression, ignition
and exhaust sequentially just by a simple rotation of the central rotor, which is quasi-triangular in shape (right panel).
The events occurring on one side of the rotor (green) are annotated.

The F, also has a central rotor — the y-subunit — and three reaction chambers (the catalytic B-subunits; left panels).
The events occurring in one B-subunit (light red) are annotated according to Boyer's classic model. The basic principles

behind the functioning of these rotors — three reaction sites in turn doing each of three cyclic steps in a 120° phase
difference to cause rotary motion — are remarkably similar.



naT. npanmm.c 'p-qmm-m n Fi-wonnnesce ATP- ot
ma (Naji e a., 1997).




FIGURE 4 | Microprobes to detect the rotation of a nano-motor.

FROM THE FOLLOWING ARTICLE:

ATP synthase — a marvellous rotary engine of the cell
Masasuke Yoshida, Eiro Muneyuki and Toru Hisabori

Nature Reviews Molecular Cell Biology 2, 669-677 (September 2001)

& 5%

Nature Reviews | Molecular Cell Biology

The (2 )3 cylinder is fixed on the glass surface and one of three kinds of rotation marker is attached to the v-

subunit. a | A fluorescently labelled actin filament (1-4 pm)Z. b | A single fluorescent dye (~2 nm)Z2. c | A bead
(gold (40 nm) or polystyrene (0.5 pm))i3.




FIGURE 3 | The crystal structure of mitochondrial F;-ATPase.

FROM THE FOLLOWING ARTICLE:
ATP nthase — a marvellous rota engine of the cell

Masasuke Yoshida, Eirc Muneyuki and Toru Hisabori
Nature Reviews Molecular Cell Biology 2, 669-677 (September 2001)

O (None)

Nature Reviews | Molecular Cell Biology

Side view (@) and view from the bottom (b) of the ®3p 3 part of bovine heart mitochondrial F; (Ref. 3).
A coiled-coil structure of the ¥-subunit penetrates the (®p )3 cylinder. This structure apparently embodies

Boyer's rotary catalysis hypothesis. c-e | Three conformations of p-subunits. The structure of the v-
subunit is also shown. c | Closed (C) form. A R -subunit with bound AMP-PNP (B1p) is shown. R -subunit

with bound ADP (R pp) and the ®-subunits are also in the closed form. d | Half-closed (C') form. A B-

subunit with bound ADP and sulphate (a mimic of phosphate) is shown. e | Open (O) form. A pB-subunit
with an empty catalytic site (R g) is shown. The carboxy-terminal helix-rich domain of the C' and O forms

of Bs swing ~23° and ~30° outwards, respectively, from the centre of the molecule as a rigid body. The
helices of the domain are highlighted.




FIGURE 6 | How many copies of the F,c-subunit are in the ring?

Nature Reviews | Molecular Cell Biology

Different numbers of F,c-subunits in the F,c ring have been reported. a | Ten copies. Crystal structure of the Fyc ring of yeast mitochondrial ATP synthase22. b
| 14 copies. Atomic-force micrograph image of the spinach chloroplast F,c ring22. c | 11 copies. Cryo-electron micrograph image of the Foc ring from Ilyobacter

tartaricus ATP synthase3L,



FIGURE 7 | Conformational transition of the g-subunit.

Nature Reviews | Molecular Cell Biology

a | Structure of the isolated ¢-subunit of Escherichia coli ATP synthaseZ2. This is a 'down’ conformation. b | Structure of bovine Fy (Ref. 52). The prp-subunit is
shown, but other &- and 3-subunits are omitted for simplicity. The structure of mitochondrial &-subunit (equivalent to the bacterial €-subunit) is similar to, if not

the same as, the down conformation. c | Structure of the €-subunit co-crystallized with the truncated ¥-subunit of E. coli ATP synthase2L. Using the structure of

the y-subunit as a reference, the frp-subunit has been put into the figure. Whereas the amino-terminal B-barrel domain of the ¢-subunit (green) remains

largely unchanged, the two carboxy-terminal helices (red) stand up along the ¥-subunit and can reach the DELSEED region (violet) of the Brp-subunit.



FIGURE 1 | The respiratory chain and ATP synthase.

FROM THE FOLLOWING ARTICLE:
ATP synthase — a marvellous rotary engine of the cell

Masasuke Yoshida, Eiro Muneyuki and Toru Hisabori

NADH Cytochrome
dehydrogenase bcy complex

o Nature Reviews | Molecular Cell Biology

Electrons are transferred from NADH dehydrogenase to cytochrome ¢ oxidase by coenzyme Q (Q), cytochrome
bcy; complex and cytochrome c. The established proton gradient across the inner mitochondrial membrane drives

the proton flow in ATP synthase that accompanies ATP synthesis. Structures are taken from: cytochrome bc;

complexZl; cytochrome c oxidaseZ2; the Fy part of ATP synthase32; and the F, part of ATP synthase22,




JAUMEPDBI U OJIMT'OMEPDI
AT®O-CUHTA3DI

Table 1.2 Dimers and oligomers of ATP synthase identified by BN-PAGE or CN-PAGE

Human fibroblast and

OStEOSArCOma
Bovine heart

Liver, skeletal muscle,
bramn Kidney, brain
Rat liver

Higher planes
(Arabidopsis)

Yeast

Saccharomyves cerevisiae

Filamentous fungus
Podaspora ansenna

Chlamydomonad Algae

C. winhardrii
chloroplasts

Polytomella sp.

Dimer Oligomers References

X

X

AAKX A

X

x

Cortes-Hernandez
ot af., 2007

Schagger and Peeitier
2061y, Plestter et al.,
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THE STRUCTURE AND FUNCTION OF MITOCHONDRIAL
F;Fo-ATP SYNTHASES

Devenish R.J., Prescott M., Rodgers A.J.W.

International Review of Cell and Molecular Biology. 2008. T. 267.
C. 1-58.

Figure 1.3 A model for the supramolecular organization of the ATP synthase,
(A) Organization of the dimerization interface in the membrane seen from the inter-
membrane space perpendicular to the main axis of the ATP synthase. The area in gray
Wmthemncﬁonofdrsuhnicringand of the Fy, domain. The F, sector is
represented as a dashed line. The dimerization interface involves a large part of the Fo sec-
tor and may also extend to components localized in the matrix, such as subunit h {dotted
linc). Subunits ¢ and g are localized at the periphery of the dimerization interface and
stabilize it. In the dimer, subunits ¢ and g are in close contact on cach side of the dimer.
(B) Oligomerization of ATP ynthase may occur by interaction between the ¢ + g inter-
faces. [Reprinted with permission from Fi R., Wei T., Vaillier, )., Velours, J.,
Breches, D. The peripheral stalk participates in the yeast ATP synthase dimerization inde-
pendently of ¢ and g subunits. Biochemistry 45: 6715-6723. Copyright (2006), American
Chemical Sociery)
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Rodney |. Devenish et al., Figure 1.4 A model tor the arrangement of ATP synthases
dimers into multimers, Oligomers consist of dimeric ATP synthases. The oligomers can
break down by detergentincubation into™true-dimers™or into“pseudo-dimers”, The lat-
ter actually consist of two monomers from che neighboring dimers, symbolized by a
blue and purple set of 2,4 subunits. Ochre and bright green densities symbolize dimer-
and interdimer specific subunics, respectively, (Reprinted by permission of the Federa-
tion of the European Biochemical Societies from Characrerization of dimeric ATP
syathase and cristae membrane ultrastructure from Saccharomyces and Polyromella
mitachondria, by Dudkina N. V., Sunderhaus, S.. Braun, H. P, Boekema, E. |, FEBS
Letters, 580: 4273432, Copyrighe 2006)
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FIGURE 2. Structure of mitochondrial OXPHOS supercomplexes as
revealed by single particle electron microscopy. A, top view projection
map of the |+Ill; supercomplex of Arabidopsis (25); B, side view map of the
ll,+1V, supercomplex of yeast®; C, side view map of dimeric ATP synthase of
Polytomella (39). In the schemes protein complexes or large protein domains
are indicated by colors. A: complex lll,, blue; complex |, green (light green,
peripheral arm; medium green, membrane arm; dark green, carbonic anhy-
drase domain). B: complexlll,, blue; complex |V, purple. C: F, parts, red; F, parts
and central stalks, yellow; peripheral stalks, orange.



Table 1.1 Subunit composition, genetic specification and stoichiometry of

mtATPase from yeast and mammalian cells

Fy

Mitochondria
Bacteria
(E coli) Yeast Mammalian Stoichiometry”
Sector Subunit  Subunit Gene” Subunit®
x x ATPI x 3
p p ATP2 p 3
Y 7 ATP3 Yy 1
é (sce (sec
OSCP) OSCP)
& é ATP16 S 1
F3 ATP15 e 1
a Su6 ATPG ,, Sub,, 1
foli2)
b B ATrP4 b 1
< Su9 ATPY,, SuY 10
tolil)
Sul ATPS,, A6L,,, 1
faap 1)
OSCP ATPS OSCpP 1
1B} ATP? d 1
E ATP21 S 129
F ATPI7 f 1
G ATP20 g 1
H ATPI4 F. 1
) ATPIS 1
K ATPI19 ?
INH INH1 IF1 1
STF1 STF1 1
9 kDa)
STF2 STF2 1
(15 kDa)
STF3 STFi ?




The Modulation in Subunits e and g
Amounts of Yeast ATP Synthase Modifies

PO‘]I b Mitochondrial Cristae Morphology

Genevieve Arselin, Jacques Vaillier.
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FiG. 9. The alteration of inner structures of mitochondria isolated from tetO-TIM11 and tetO-ATP20 cells grown with or without
doxycycline. Mitochondria were prepared from tetO-TIM11 cells grown without doxycycline (A), with doxycycline for 2 h (B), with doxycycline for
6 h (C), with doxycycline for 12 h (D), and with doxycycline for 12 h and then harvested and grown again for 12 h in the absence of doxycycline
(E). Mitochondria were prepared from tetO-ATP20 cells grown for 10 h in the presence of doxycycline (F). The samples were prepared as described
under “Experimental Procedures.” They were observed by transmission electron microscopy. Bars indicate 0.5 pm.




Fig. 4. ATP synthase distribution in isolated mitochondrial membranes.
Surface-rendered volumes of mitochondrial membranes from yeast strains
lacking subunit g (A, B), and wild type (C, D). In the mutants, the ATP synthase
complexes are monomeric, and randomly distributed over flat or gently
curving membrane regions (A, B). By contrast ATP synthase from wild-type
mitochondria form rows of dimers along the highly curved ridges of tubular
(D) or disk-shaped (C) cristae vesicles.

Structure of the yeast F{F,-ATP synthase dimer and
its role in shaping the mitochondrial cristae

Karen M. Davies?®, Claudio Anselmi®, llka Wittig®, José D. Faraldo-Gomez®, and Werner Kiihlbrandt*'

13602-13607 | PNAS | August 21, 2012 | vol. 109 | no. 34

PoJib cyObeTuHHUII

g. 3. Morphology of mitochondria from wild-type and mutant yeast
rains. Surface-rendered volume of a mitochondrion from (A) wild-type
nd (B) the su4ATM1 yeast strain. Wild-type mitochondria have lamellar cris-
1e with highly curved edges whereas mitochondria from mutants lacking
ither subunit e, g, or su4TM1 contain a number of separate inner membrane
ssicles but few or no cristae. When cristae were present, they tended to be
alloon-shaped with smooth, gently curving surfaces. Light grey-outer mem-
rane, sky blue-inner membrane. (Scale bar, 200 nm). See also Fig. S4.




Structure of the yeast F{F,-ATP synthase dimer and
its role in shaping the mitochondrial cristae

Karen M. Davies?®, Claudio Anselmi®, llka Wittig®, José D. Faraldo-Gomez®, and Werner Kiihlbrandt*'

13602-13607 | PNAS | August 21, 2012 | vol. 109 | no. 34

Fig.5. Membrane curvature induced by ATP synthase dimers. (A) perspective view of a simulated membrane patch with an ATP synthase dimer distorting
the planar lipid bilayer. The simulation is based on a coarse-grained representation of the dimer structure and its environment (see Methods); for clarity,
the solvent is omitted. (B, C) cross sections through the membrane patch in (A) showing the curvature profile of the lipid bilayer in x and y direction.
(D) and (E), curvature profiles as in (C) for membranes with two or four ATP synthase dimers, side by side. Note how the membrane deformation in y
direction is relieved when two or more dimers assemble into a row. (F) perspective view of the row of four dimers shown in (E). 2D curvature maps are

compared quantitatively in Fig. S6.
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Vol. 21, 1494-1504, May 1, 2010

Stepwise Assembly of Dimeric F;F_-ATP Synthase in
Mitochondria Involves the Small F_-Subunits k and i

Karina Wagner,*** Inge Perschil,* Christiane D. Fichter,*
and Martin van der Laan*

' Monomer
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Kk, i
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Figure 9. Model for stepwise assembly of dimeric F,F_-ATP syn-
thase in mitochondria. Sequential association of Su e and Su g with
monomeric ATP synthase (M) leads to the formation of a primed
monomer (M’). An intermediate dimeric form (D’) assembles from
these primed monomers. Su i drives the conversion of the interme-
diate dimer to the mature dimer (D), which stably associates with Su
k. In addition to its role in dimer maturation, Su i facilitates the

incorporation of new subunits into F;F-ATP synthase already at the
level of the monomeric form. Beige, inner mitochondrial membrane;
blue, F;-part of ATP synthase; light green, F_-part of ATP synthase
with peripheral stalk; dark green, Su i at the monomeric ATP
synthase facilitating subunit exchange; red, Su e and Su g; yellow,
Su i mediating the transition from D’ to D; and orange, Su k.




Regulation of Mitochondrial
Structure and Function by the
F,F.-ATPase Inhibitor Protein, IF

Michelangelo Campanella,'® Edward Casswell,’ Stephanie Chong,! Ziad Farah,! Mariusz R. Wieckowski,*
Andrey Y. Abramov,! Andrew Tinker,? and Michael R. Duchen'+*

Cell Metabolism 8, 13-25, July 2008 ©2008

POJIb IF1 —BEJIKA IIPU CTPECCE

Mitochondria energised and respiring Mitochondrial respiration compromised

ADP+Pi ADP+Pi H*
ATP AP IF,
Free energy AG from Ay, >>ATP/ADP.Pi Free energy AG from ATP/ADP.Pi > Ay, ,

(A) Mitochondrial respiration generates a potential (Ads,,), which drives the ATP synthase (). When A, collapses, the equilibrium favors the reverse mode of the
enzyme, which acts as a proton motive ATPase to maintain Als,,. This mechanism is inhibited by IF; (ii).
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Cardiolipin Affects the Supramolecular Organization of ATP Synthase
in Mitochondria

Biophysical Journal Volume 100 May 2011 2184-2192

Devrim Acehan,™ Ashim Malhotra,® Yang Xu,¥ Mindong Ren,T David L. Stokes, *¥ and Michael Schlame$*

WT

Poib KapauoJunuHa B
OpraHu3anuu
ACLS AT®-cuHTa3bl B MUTOXOHAPUSIX

Structural order in ATP synthase oligomers.

FIGURE 5 Disarray in the supramolecular
assembly of ATP synthase in Drosophila mutants
with cardiolipin deficiency. (Upper) 3-D models
of membrane vesicles from flight-muscle mito-
chondria of wild-type flies (WT), cardiolipin
synthase mutant flies (ACLS), and tafazzin mutant
flies (ATAZ). The lower panel shows corresponding
3-D models, in which neighbors are connected by
lines. A particle is considered the neighbor of
another particle if their distance from each other
is within 27 nm and if there is no other particle
in between the two. The models show less connec-
tivity in the supramolecular structure of ATP
synthase in the cardiolipin mutants.

F+ - F4 neighbors F, domains



Identification of cardiolipin binding sites
on cytochrome c oxidase at the entrance
of proton channels
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Figure 1 | Structural characteristics of bovine heart cytochrome ¢ oxidase (CIV). (A) Structure of CIV with its thirteen subunits (A-M) shown in a
cartoon representation with a chain-based color-code for one monomer. The subunit’s nomenclature following a roman number code used in others
studies™ is given in Supplementary Information. We kept on the letter code to avoid confusion with the site names. In the bottom view of the dimer
structure as found in the X-ray structure CLs are depicted™. There are three CL binding sites per monomer (CL1a, CL1band CL2), with one facing the
matrix side (CL2) and two facing the intermembrane space (IMS; CL1a and CL1b). CL3 indicates the location of an additional binding site suggested by
photolabeling experiments™. (B) Simulation box for CIV system, with the protein shown in green, POPC molecules in gray/white, CLs in red/orange and
the aqueous phase in blue. (C) Structure of a cardiolipin molecule in an atomistic (AA) and a coarse-grain (CG) representation.



Resonance phenomenon of the ATP motor as an ultrasensitive biosensor

Peirong Wang?, Xiaoguang Zhang®, Xu Zhang?, Xia Wang?, Xueren Li?, Jiachang Yue **
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Fig. 1. Schematic illustration of the rotary biosensor. (A) Rotary hincencar withant taraate (R) Ratary hincencar with taraste
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Ha ocHoBe cTpoeHus, IoKanmnsaumm u MexaHmsma genctema ATO asbl 4ensaT Ha Tpu
rpynnol: H+-AT®as3bl F-tuna, H+-AT®as3bl V-Tuna u AT® asbl P-T1na

1. B nmepsyto rpynny BXoAAT pacCMOTPeHHble Bblle AT®-cuHTasbl (F1FO0-ATdasbl)
M3 MEMBPAH MUTOXOHZPUI M XJIOPOMNIACTOB, @ TaKXKe COMpAralLWwmx bakTepmasbHbIX
MeMb6paH. B dur3nonornyecknx ycnoBmax 3t epMeHTbl paboTaroT Ha CUMHTE3 ATO, Ho
MOryT OYHKUMOHMPOBaTb Kak AT®asbl, M NO3TOMY pacCMaTpmMBaloTCA B 0bLLEeM
KOHTeKCTe. (B HopMe ocylecTBAAT cMHTE3 ATO).

2. B knetKax aykapuoT nmerTca BakyonsapHble AT®a3bl, uan AT®asbl V-T1na,
JIOKa/IM30BaHHble B TOHOMAacTe, MmeM6paHax MNP 1 1M30COM, KOTOpble B HOpMe
paboTaloT Ha Co3gaHue NPOTOHHOro rpaaueHTta (ATO — ApH+ )

ConpseHHo ¢ rnaposmsom AT® oHn nepeHocAT H+ yepes membpaHy M3 UuTo30A1,
3aKMCNAA NPOCTPAHCTBO BaKyosien Mam Apyrmx opraHenn [lo cBoen CTpyKType U
cocTaBy cyobeamHul AT®a3bl V-TMna cmnbHO HanoMuHatoT F1FO-AT®a3bl. OHM TaKke
COCTOAT U3 ABYX KOMMNOHEHTOB — TpaHCMeMbpaHHoro VO 1 ruapoduibHOro
V1KoMnaeKkcoB — 1 paboTaloT, BEPOATHO, MO aHANOrMYHOMY NpuHUMNY. (B Hopme
OCYLLECTBAAT ruaponms ATO).

3.  KneTKku *KMBOTHbIX M pacTeHun coaepat ATdasbl, oTHocswmeca K P-tuny. Ana
AT®a3 P-Tna xapakTepHo, 4YTO B XO4€ KaTa/IMTMYECKOr0o LUMK/Ia MEXaHU3M NepeHoca
MOHOB CBA3aH ¢ hocopuiMpoBaHnem camoro epmMenTa 3a cHeT ATO ATdasbl P-Tuna
MMEIOT NPOCTOe CTPOEHME: BO/IbIIMHCTBO (PEPMEHTOB 3TOM PN bl NPeACTaBAAT
co60l egMHbIM NOIMNENTHUA,, UMEILUM CXOHbIE AMUHOKUCIOTHbIE
nocnefoBaTesibHOCTM U MOJIEKYIAPHYI0 Maccy okoso 100 k/a. McknoueHne
coctaBnset Na+/K+-AT®a3a, y KOTOPOM eCTb BTOpas He6o/bluas CybbeauHMua C
HEM3BECTHOM (DYHKLMEMN. Bce AT®a3bl P-T1na cogepxart 6, 8 uam 10
TPaHCMeMOpaHHbIX CMpasibHbIX YY4aCTKOB U rm,qpocbmanyro neT/o, rae v NpoucxoamT
obpatmmoe ocdopunmpoBaHue No octaTkamM acnapTtata. Kpome Toro, xapakTepHou
0CO6eHHOCTbI0 3TUX AT®da3 ABnaeTcAa To, YTO BCE OHU MHIMOMPYIOTCA OpPTOBaHaAaTOM
(H2VO4) — cTpyKTYpHbIM aHanorom noHa ¢ocgara.




ADP + P, ATP

Figure 1| Structure of the F- and V-type membrane ATPases. Orthologous subunits are shown
in the same colour and shape, and unrelated but functionally analogous subunits of the central stalk
are indicated by different colours and shapes. The a-subunits, which show structural analogy but
might not be homologous, are indicated by similar shapes and colours. The minimal, prokaryotic sets
of subunits of the F- and V-type ATPases are shown. The number of peripheral stalks in V-type ATPases
isuncertain®® =,




Calcium ATPase, E2-Pi state
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The Na+-K+ ATPase---A coupling active transport to ATP hydrolysis
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The N3 Pump. The Nalk pump found in most animal cels consists oftwo aand two B subunits. The asubunits are ransmembrane proteins, with binding stes for ATP on the
cytoplasmicside. The 13 subunts are located on the outer side ofthe membrang and are glycos)lated. The pump s shownin the £ conformation, which is open to the inside ofthe
céll Binding of sodium ion causes a conformational change tothe 2 form, which opens to the outside.
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FIG. 4. The role of the photosynthetic and respiratory electron transport chains (PET and RET, respectively) in the
production of red ax signals, including ROS that provide information on current energy status for plant growth and acdi-
mation responses to developmental and environmen tal cues. The scheme does not imply that ROS readily diffuse across the
membranes, and it is most probable that localized ROS signals are transduced by other components. CI, CIII CIV, complexes
I, I and IV; cyt ¢, cytochrome ¢; PC, plastocyanin; PQ, plastoquinone; UQ, ubiquinone. Other abbreviations are as in Fig. 3.




e 24 Peaaoas apeipuscens o vy HA) 1 HAISH).

Oxacarmews depnn HAY & BAYD weryt merrmemamsl Vs o owee s
[T T AP -,







Pon 26 Cupnnrym ronn




s ot

res ]

wowpem e 05w dhe-48-mem
BEICECEPING
A 2] Cpperype










H,0 Photo- Photo- 2Fd_, NADPH
- - P
' ‘ '- ; NADP® + HE

',0,+2 H°> | 2Fd,,
s | Cyt-b/ '4. Cytc
complex
NADH NADH - - H,0
NAD® ; H® complex i 1,0, +2H®

Figure 5.12 Scheme of photosynthetic and oxidative electron transport in
cyanobacteria. In both electron transport chains the cytochrome-bs/f complex
functions as the central complex.
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IBOJIIOLIA BMOIOIMYECKHMX MEXAHM3MOB 3AITACAHI SHEPTHMH

B. II. CKVJIAYEB

B 0OCHOBY 3BOJIIOUOHHOM KOHUENIINHU
OMO3HEePreTHKHM IOJ0KEHA THUIIOTE3a O TOM, 4TO Ha
3ap€ CTAHOBJICHUS KU3HU a/IcHUHOBAast YyacTh AJ[D
5| AJ1D-coneprammx KO(EepMEHTOB
MCII0JIb30BAJIACh B Ka4eCTBE AHTECHHbI,
yJaBJAMBaKOIIENn  YJIbTPa(uoJIeTOBbIA  CBeET,

KOTOpBIf;I B TC BpPCMCHA A0CTHUIA]I ITIOBCPXHOCTH
OKCAdHa.

ITormomenue ynerpaduoiiera o0eryaio
oopazoBanue AT® u3z AJD® wu H3PO4 wnm
CTUMYJIMPOBAJIO IPOTEKAHUE peaKIMi,
KaTaJIM3UPyeMbIX KO(DEpMEHTaMU.



"VIBTPA®UOJIETOBBIA ®OTOCHUHTE3"
C AJEHUHOM B KAYUECTBE AHTEHHDBI,
VJIABJIUBAIOUIEN CBET

NI «AA€HUHOBBIN (])OTOCHHTe3»

Mopaenupysa atmocdepy ApeBHenwweu 3eMnu,
K.CaraH npuiuen K BbiBOAY O CYLLECTBOBAHUM B HEM
"OoKHa" B 061acTn 240-290 HM,

Npo3pa4yHoOro And Y/bTpadPMUONEeTOBOro CBETa,
MOCKO/IbKY OCHOBHblE MPOCTblE KOMMOHEHTbI 3TOMU
atmocdepbl  (H20, CH4, NH3, CO2, CO wu HCN)
norsaowarT cBeT Kopoye 240 HM, a dopmanbaerma,
TaK}Ke BXOAMBLUMMK, KaK MosiaratoT, B €ee cocTaB, MMeeT
MaKCMMYM NoroweHna aamHuee 290 HMm.

MMEeHHO B 3TOM "OKHe" pacnosiaraklTcA
CneKTpaJibHble MaKCHUMYMbl Nyp1MHOB 7
NMMPUMUANHOB.




[lyTb OT cMecu opraHn4eckunx U HeopraHM4ecKkux
MOJIEKY/JlI K NepBoU KUBOU KJ/IETKE

Ewe B 60-e rogbl C. NoHaMnepymMa 1 COTpyaHUKMU
3KCNepuUMEHTa/IbHO MoKasaiu, YTO 061y4YeHune
ybTpacpnuo1eToBbIM CBETOM

® CMHWIBHOM KUCNOTbI BEAET K XMMMYECKOMY
CMHTE3Y aJleHUHa U ryaHuHa.

® CMEeCM MeTaHa, aMMMaKa, BoJopoJa M BOoAbl
BbI3blBa€T 06PA30BaHME KaK MYPMUHOB, TaK U
NMUPUMUAMHOB, NPUYEM C HAUMBOJIbLLMM BbIXOJ0M
ANs afjeHMHa.

® M3 aJj€HUHA U p1OO3bl OCYLLECTBAAETCA CUHTE3
afeHo3MHa M Jajiee 13 aJjeHO3MHa U
aTuAMeTadocdaTta aeHO3UHMOHO- U

ancdocdarnbl
® z6queHme cMmecn AAD® u aTnnMeTadocdarta gaet
T



K. CaraH n C. [loHamMnepymMm npuBoAaAT
cnepyrowme AoBoAbl B M0JIb3y 3aK/IIOYEHMA O TOM,
4YTO B Ka4eCTBe aHTEeHHbI A4
yabTpacpMoeToBoro ceeta ageH1MH Mmeet
npenmyLlecTBa rno CpaBHEHUIO C ApYrmMMuH
nypuHaMH U NTUPUMUAMHAMMU: Y aAeHUHA

1) HanbGobLLEee NOrJoueHNEe CBETA B
cneKTpaszibHOM "OKHe"( 240-290 HM), 0 KOTOpPOM
LL1a peyb BbllUE;

2) HaMboabllaa CTabUABHOCTb K
pa3pyLLMTENIbHOMY AEUCTBMIO
Yy/IbTPaPU1O/IETOBOI0 CBETA

3) 6osiblllee BpEMS KU3HU BO3OYKAEHHOIO
COCTOSIHUA, BO3HMKAOLWEro B OTBET Ha
NornoLeHMe yibTpadMoNeTOBOro KBaHTa.




MEXAHU3M ©OCOOPUINPOBAHHUA 3A CHET YJIBTPA®OUOJIETOBOI'O
CBETA B IEPBUYHbBIX KUBbBIX KIIETKAX

MexaHu3M ageHnHoBoro oToCcUHTE3A:

1) ageHuHoBas Yactb AAD noraowaet ybTpacdro/IeTOBbIM
KBAHT, YTO NEPEBOAUT €€ B BO3OYKJEHHOE COCTOAHUE C
HapyLIEHHOW CUCTEMOMU ABOMHbIX CBA3EU. MpU 3TOM aMMHOrpynna
aZleHMHa, COOTBETCTBYIOLLAA B 06bIYHOM COCTOAHUM
apoMaTM4eCcKon, npuobpetaeT CBOMCTBA aMdaTUIECKou (T.€.
aALMKJIMYECKOM), YTO 06JIerYaeT ee 31eKTPOPUIbHYIO aTaKy
aTOMOM (pocdopa HeopraHu4yeckoro gocoara;

2) BO36YKJeHHbIN ageHnH AJ® docdopunmpyeTca, faBas
naomep AT® (PAAD), Tpetnn dpocdopml KOTOPOro HaxXoaAMTCA
Npy aMmMHOrpynne ageHuHa;

3) dpocopmn nepeHocHTCA € alEHMHa Ha KOHEYHbIM (BTOPOM)
dochat AAD. TakoM nepeHoc A0MKEH 06/1er4yaTbCsl TEM
06CTOATENBCTBOM, YTO PACCTOSSHME MEKAY aMMHOTPYNNOW
afeHMHa 1 BTOPbIM docdhatom B AZAD B TOMHOCTU paBHO pPasMepy
eule 0lHOro (TperTbero) d)OCd)aTHOI'O ocTaTKa. [lepeHoc
(poccpoprna ¢ a/IeHMHOBOW "TO/10BbI" HYK/1I€0TMAA Ha hoctaTHbIN
"XBOCT" [JOJI)KEH COMPOBOX/JaTbCA ero cTabuinsaumen,

MOCKOJIbKY BECbMa J1abMJIbHbIM hochoaMmj, 3aMEHSETCA Ha
MeHee nabmnbHbiM bocdoaHrmapua (puc. ).




Puc. 1. Cxema , adeHurioeozo“ pomocurmesa —
NPeoNonNazaemMozo NePeuiHO20 MeXaHuIMa 3aNaAcarHia
3Hepeuu & xcusoii kiemxe. Keanum yiompaguonemoeozo
ceema No2nowaemca A0eHUHOS0N Hacmovio
adeHozuHOugocama (AAD), nepesodz eé

€ go3bVxHcOéHHoe cocmontue. BozbyxcoeHnue obrezuaem
NpucoeduHeHue Heopzaru1eckozo gochama (D)

K aMuHozpynne adexuHa. B pezviomame obpazvemca
DAD, uzomep aderozurmpugpocpama (ATP),

20e mpemuil pocham NpucoeduHér

He K nupodocdamHoMmy ,, xeocmy ", a x adeHuHosoil
,eonoge " AID. 3amem npoucxodum nepeHoc

dochama om ,,zon0ew1 “ k ,, x60cmy ‘ ¢ obpazosaruem
obviunozo0 ATD.



®

IpeanochblIKM BOSHUKHOBEHU S MEPBUYHON KUBOU KJICTKU

BO3HUKHOBEHHE PeryjiMpyeMoro Karaju3a C y4aCTHUEM BbICOKOMOJIEKYIISPHBIX
KaTann3aTopoB- (pepmeHTOB. [10-BUIUMOMY, IEPBBIMU (PEPMEHTAMU OBLIN
pudonykienHoBbie KUca0Thl (PHK) - monuMepsl, cocTaBieHHBIE U3
MOHOMEPOB- HYKJIECOTHUA0B. MOXKHO MoJiararh, 4To aJicHUHOBBINA (POTOCUHTES
karanuzupoBaics komiiekcamu PHK ¢ marauessiMu comsimu AJI® u docdara

CuHTe3 0€JIKOB, BKIIFOUYAs] KOAUPOBAHUE UX CTPYKTYPHI, IEPBOHAYATIBHO
OCYIICCTRIISJICS PUOOHYKJIEMHOBBIMU KHCJIOTAMU. 3aTeM (QDyHKIIHS
KOJIMpOBaHMs ObLIa Mepeana ie3okcupruoonykienHoBsiM kuciiortam (JAHK), a cam
KaTtaJmn3 ctaia oocmykuBaThest kKomiiekcamu PHK v cienpanbHbIx O€JIKOB
(pubocoMamu U hakTOpaMu TPAHCISIUK ), UHPOPMAITMOHHBIMUA U TPAHCTIOPTHBIMU
PHK u cooTrBeTCTBYIOMMMU PepMEHTAMHU

JpyrumM BaxkHEHIIINM H300peTEHUEM OMOJIOTUYECKOM IBOJIIOIUU CTAJIN JKUPBI U
KUPOIOA00HBIE BEIIECTBA, Mpex e Bcero gocdoannmuabl. 3amedaTeIbHON
0CO00EHHOCTHIO (hOCHOITUITUIOB SABIISIETCS UX CIIOCOOHOCTh CAaMOIIPOU3BOJILHO, 0€3
KaKOW-JIMOO IMOMOIIM U3BHE, 00Pa30BbIBaTh TOHUANIIYIO IJICHKY, HEIPOHUIIAEMYIO
TU1sl TUIPOGUIIBHBIX BEIIECTB, TaKUX, Kak HykKJeoTuabpl-kopepmentsl, PHK, JIHK,
Oenku u ymieBonbl. C oOpa3zoBaHuEM MeMOPAaH CTaj0 BO3MOKHO TOBOPUTH O
NEPBUYHOMN KUBOU KJIETKE, COAEPKMMOE KOTOPOI OBLIO OTJIENICHO OT BHEIIHEH
Cpellbl JOCTaTOYHO HAJICKHBIM 0apbepoM.

XOpoLUMH KaHAUJAaTaMu Ha POJIb JHEPreTHYeCKOro pe3epBa NepBUUYHBIX KIETOK
MOTJIM OBITh HEOpraHUYeCKre MUpPo- U mojaudocdarbl. OHU U CETOJIHS UTPAIOT
3Ty pOJib Y HEKOTOPBIX BUJIOB KMBBIX CylllecTB. Hanmpumep, B KiieTkax rpu0oB
nonudocdarsl 00pazyrorcsa u3 ATD B ycaoBUsX M30bITKA SHEPTreTUUECKUX
peECypCcoB M pacuierisgtorces, AaBas AT®, rpu nedburuTe HCTOYHUKOB YHEPTHUHU.
OpHako B MOAABJISIONIEM OOJBUIMHCTBE JOMICAIINX JO HAC OPraHU3MOB (DYHKIIHIO
JIETKO MOOUJIN3YEMOT0 SHEPTreTUUECKOTO pe3€pBa BIMOIHAIOT HE nosndocdaTsl, a
yIJIeBOABI.



VABTPA®UOJETOBBIM WJIU AJEHWHOBBIN
OOTOCHUHTE3

ATmocdepa
hv hv hv

¥

. [nukoreHes £

Puc. 2. Duepzemura NepeusHoOl H#CUSOH KIemKiU, OCHOSaAHHAR
Ha ,, aderHurocoMm " pomocunmesze. Ilpednonazaemca, “mo
VIeMPaADUONEerNOoeble KeEQHMbl, OOCIUSAA NOSEPXHOCIIL
NEPEUHHO20 OKeaHa, LUCHIONb30SQAIUCD KISeMKOU OAA cuHmesa
ATD, xomopbvlili 3anycKan CuHmMes Vaieeooopooos (aruxKozeHes).
Kaemxa, yenexaeman y110mMoKoOM OKeaHCKOU €006l

C MOEEPXHOCIL HA HEKOMOPVIO 2AVOUHY, OKA3bIEANach eHe
docazaemocmiu yiempaduoiremoeozo obavierusa. 30ecs

NP OUCXOOUNO PACIYCHACHUE HAKOWIEHHBIX VENes0008E U CUHMES
ATD, ucnonvzoeqsuLezoca O1a COSEPUICHUA KIEeMKOU
DQ3AUHHBIX MUNOE NOAE3IHOU pabomvi.




INPOTOHHBIE KAHAJIbBI U H+-AT®4a3a IPEJOTBPALIAIOT
JAKUCJIEHUE KIIETKHA

FAMKONME =i H*

-

Puc. 3. Kax nepeuynas kiemxa Moana u3bagumoca
om uoroe H, obpasyemvix 21uxonu3om:
a — obnezuénnan oup@yzua uoxoe H nocpedcmaom
benxa (axmopa Fy), obpazyroyezo H -npoeodawuii
MYMb CKE03b KNEMOYHYIO MeMbpaHy; b — xomniexc
daxmopoe Fyu F; (H -AT®aza) axmugHo

omkaxusaem u3 knemiu uonst H™ 3a cuém
zudponuza ATP. Membparnvie 1unudst noxazarsl
20PU3OHMATBHOU WMPUXOEKOT, Denxu
He 3QuUIMPUX08aHb.




BAKTEPUOPOJOIICUHOBBIN ®OTOCUHTE3

OO6pazoBaHue
030HOBOTO CJIOS
arMoc(depbl B YCIOBUSIX
MTOBBIIICHUS B HEU
KOHIICHTpaIlUuU
KHCJI0pOJa

e Buaumelii cBeT
ATO | bakTepropomoncuH -
Puc. 4. Baxmepuopodoncurogviii pomocuxmes conenobugsix CBCTO3aBUCHMbIN

apxebaxmepuii. Howot H™ omka1usaiomcs u3 knemxu IIPOTOHHBIM HACOC

baxmepuopodoncuHoM — DeaKoM, COOePHICAuUM PemuHats
& Kayecmse xpomModopa, mo ecmsv ZPYNNUPOERY, NO2T0Warouel

sudwwviii ceem. Homnvi H™ eozepawaiomea & k1emxy, 0euzaace
, 100 zopy *“ uepez H -AT®aznwiii komnnexc FyF ;. ITpu smox

oxazwieaemcs, wmo H -AT®aza kamanuzupyem obpamuyio
peaxyuio, mo ecmv curmes ATD, a He ezo zudponus.




+ XJI0popMIILHBIH

(porocuHTE3

Puc. 5. Xnopodunnouviii pomocurimes 3e1éHvix
cepHvix (a) u nypnypHuix () baxmepuii:

a — xX10poduni, CeA3aHHblll ¢ 0CObLIM DEIKOSLIM
xomnuexcom — gomocucmemoul 1 (PCI),
€03DVHcOaemca KeaHmom ceema u omoaém 31eXmMpoH

10 yenu 3nexmpoxKbIX nepeHocyuxoe Ha HAT .
Boccmanasnusasce, HAT ceazvieaem
eHympuxnemounwiii uon H . ITomeps snexmpona
Ha X10POPUINE KOMNEHCUPYEMCA OKUCTEHUCM
cepoeodopoda do cepvt u uora H™ crapysscu
baxmepuansroii kiemxu. deusxcenue H™ enympo
Kremxu 1epes komnrexc FpF ; oaém ATD;

6 — xnopodunn, ceA3aHHBIL ¢ beakom
pomocucmemul 2 (PC2), nozrowaem xeanm ceema
U 3QMyCcKaem YuKIUHecKuil NepeHoc 31eKMPOHOE.

B 3monm npoyecce yiacmeyiom nepeHocHuxy
anexmporoe PC2 u donoaHumenvHozo beakoeozo
xommnexca III. Ileperoc anexmporos xomnnexcom IIT

conpaxcéu ¢ omxayxoti uonoe H™ uz xiemxu.

Omxauannvie uonst H eozepawaromes wepes
xomnnexc FoF ; ¢ obpazosariuem ATD.




Puc. 6. Xnopogunnoueiii pomocunmes yuarobaxmepui.
Kearnm ceema, nozrowénrvlii xnopodunnom gomocucmemst 1,
€036yxcOaem nepeHoc 3NEKMPOHOE MO Yeni, YO 3a8ePULAeTICA
eoccmaroeneruem HAID™ oo HAPH. Oxucnennviii
xaopogunn pomocucmemyvl I eoccmanasnusaemca
xomnrexcom III, xomopwill, &€ ceoro o4epeds, noay+aem
37exmpoHx om gomocucmemyl 2. Jorupoeanue 3nexmpoxa
@domocucmemoii 2 mpebyem ewjé 001020 KeaHma ceema
(noznowaemoz0 x1opoguriom amoii gomocucmemvl). Ilomepa
3NEKMPOHA HA XA0POPULNE POMOCUCHEMbl 2 KOMNEHCUPVEMCA

3a cuém oxucienus MorexyIsl 600wt 00 O u H' . Depuenmu,

Kamanuzupyowue ecro yens peaxyuti NepeHoca 31eKmpoHa
om H»0 do HAZTD™, pacnonoscenst € membpare maxum

obpazom, wmo uonvt H™ omxaxusaiomecs uz baxmepuarsHoi
KAemKY, ¥Mobysl 3amem eotimu eHymps wepes FoF ;

u coeramv ATP®. B xnoponracmax 3e1éHvlx pacmexuil

NPOUCX0OAM Me HCe CODPIMUR, HO OPUCHMAYUA ECEX
depMerHmoe NPOMuUSONONONHCHA MOT, KOMOPAR UMEEN Mecmo
V yuarobaxmepuu u noxazada Ha puc. 6. CoomeemcemeerHo
V X10poNIaAcMOos GOMOCUHMEMUNECKAR YeNb HAKAHUSaem

uonvt H™ enympow, a xommaexc FyF ; nepenocum ux Hapyxcy.

‘e —
= v-a.pl."(‘*\
._"_’\'d‘r".




JBIXATEJbHBIM MEXAHU3M
OHEPIT'OOBECINEYEHUSA

Puc. 7. Mexarniiziy ObixarmendbHO20 GOCHOPURAUPOSAHILLEA
& A3pobHBIX DaAXKIMEPLLAX i MUINOXOHOPLEAX.
Depriernmrvie Kommnexco: I, 1IT w IV xamaruzupyvron:
neperoc s3nexmporos om HAJH x O> ¢ obpazosaruest
co00vi. Ilepernoc 3AeKMPOHOE COMNPAICEH C OMKAHLKOLL
wonoe H . Bozepaweriue uornoe H wepez FoF ;
rpusodum K curmesv AT D.




CXEMA 3BOJIOUNN KU3HA

1. OOpa3oBaHNE 230THCTHIX OCHOBAHUI (ITypHUHOB U MUPUMUJIMHOB), a 3aTEM U HYKJICOTU]IOB
n3 H20, NH3 , CO2 , HCN u HEKOTOPBIX IPYyTUX MPOCTEUIINX COCTUHEHUN N0 IEUCTBUEM
yiabTrpaduosieroBoro n3nyueHus: ColHia.

2. Ucnionbp30BaHKE OCTATKOB aJICHUHA,  3aTeM TAKXe JAPYTUX MTyPHUHOB M MTUPUMHINHOB B
HYKJICOTHJIaX JJIS MOTVIONICHHS yJabTpaduosieToBoro cBeta. [Ipu aToM sHeprus
VIABTPa(PHOIETOBBIX KBAHTOB OKa3bIBaeTCs ABWXKYLIEH criion Jist cuHTte3a AT® uz AJID u
docdara uau I OCYIIECTBICHHS APYTUX YIHEPTOSMKUX peaKIuii kKohepMeHTaMHU-
HYKJICOTHUaMU (a1eHUHOBBIH ()OTOCHHTE3).

3. O0pa3oBaHKEe pe3ePBHBIX BEMICCTB 3a cueT d3Hepruu ATD (IiIMKoreHe3) ¢ TeM, 4TOObI UX
NocJIeIyIoNee pacilenaeHrue Moo moajaepxars pecunre3 AT® npu oTCyTCTBUU
yIABTpadroIeTOBOro cBeTa (IJIMKOJIN3).

4. I3meHeHue CeKTpaibHBIX CBOMCTB aTMOC(Ephl, CTaBILIeH MII0X0 MTPOHUIIAEMOM IS
yabTpaduroiaeTa, u 3aMeHa "ajieHuHoBoro" hoTocuHTe3a Ha OTOCHUHTE3, UCITOIL3YOIIUMA
BH/IUMBIN CBET. B KxauecTBE MUIMEHTOB UCIIOJIb3YETCS PETHHAJD, a 3aTeEM XJI0popuiui. B
pesynbrare AT®, OpIBIIHI O TOTO KaK MpeoOpa3oBaresieM CBETOBOM dHEPIUH, TaK U
"KOHBEPTUPYEMOM IHEPIETUUECKON BATIOTOM", yTpaurBaeT MEPBYIO U3 TUX JIBYX (QYHKIIHH,
COXPAHUB TOJBKO BTOPYIO.

5. YBennuenue koHueHTpanuu 02 B atMocdepe B pe3yibrare AesiTEIbHOCTH
()OTOCHMHTE3MPYIOIMX OPraHU3MOB U TOSIBIICHUE ()EPMEHTOB, MOVIOMIAIIMX KUCIOPOJ C
LEJBIO €r0 JETOKCUKALUH.

6. Co31aHre COBPEMEHHBIX JAbIXaTeJIbHBIX CUCTEM, ITpeoOpazytomux B ATD >Hepruto
OKHUCJICHUS] CyOCTPaToOB KUCIOPOIOM.



