Aris Kaksis 2024. Rigas Stradina Universitate aris.kaksis@rsu.lv

Oksidesana-Reducesana Homeostazes Biokimija

Elektronu parnese oksidesanas-reducesanas RedOx reakcijas ir nepiecieSama vielmaina (metabolisms).
Reakcijas pielieto elektronu -e” atrausanu ar molekulam, kuras reducgjas sanemot elektronus +e” un tadgjadi
oksidgjot pirmas. RedOx elektronu e” plusma reakcija ir tiesi vai netiesi atbildiga par visu darba W veikumu
dzivaja organisma. Ne foto sintezejoSos organismos elektronu avoti ir reducetas vielas ka bariba; bet foto
sintez€josos organismos sakotngjie elektronu donori ir biokimiskas vielas ierosinatas ar gaismas ~hv=Ecnergijas
absorbciju. Elektronus e uztver no reducgjosiem metabolitiem ar specializétiem tdent skistosiem elektronu
parnes&jiem, kuri parnes uz enzimu Kkatalizétajam reakcijam. Parnesgji atdod elektronus akceptoriem ar lielaku
tieksmi péc elektroniem ar negativu brivas energijas izminas minimumu AG¢<0 lidzsvara. Homeostaze satur
daudzveidigus molekularus energijas parnes€jus, kuri parvers elektronu energijas plismu darba W=AEe¢Fen ,
kur AE ir potencialu starpiba AE=E°red-E ox starp Red un Oks formu voltos V; F=96485 C ir viena mola
elektronu elektriskais 1adins kulonos C, n elektronu skaits iesaistits RedOx reakcijas starp reducéto formu pus
reakciju un oksidéto formu pus reakciju. Elektrokimisko sériju reducésanas sistémas ka pus reakcijas ar savu
standarta potencialu E° : Ox™+ne'<=>Red,;

NQO)eR =T o0k Keq:[[o"m]]; In(0)eReT _ 0,051, .. 0,0591 Iog[[ox'”]j "
Fen [Red] Fen n n [Red]

kur E° standarta potencials dotai reducesanas sisttmai nomérita apstaklos, kad E=E’, jo vienadi [Ox"*]=[Red]
log1=0; naturalais logaritms no desmit In(10)=2,302585093 ; universala gazes konstante R=8,3144 J/mol/K ;
absoluta termodinamiska temperatiira Kelvina skala T=298,15 K (25°C) standarta apstaklos. Cilvéka kermena
temperatara 37° C ir T=310,15 K nestandarta apstakli. Faradeja konstante F=96485 C (kulonos) viena mola
elektronu e elektriskais ladin$ C vienibas; elektronu skaits reducéSanas sistéma n; decimala logaritma funkcija
log() no argumentu attiecibas (JOx™]/[Red]) starp oksidéto formu koncentraciju [Ox"] reizinajumu dalits ar
reducéto formu koncentraciju reizinajumu [Red] lidzsvara konstante Keq=[OXx"*]/[Red].

Reducésana oksidésana apraksta vielmainas reakcijas, kuras tiek parnesti elektroni e* . Péc Hesa likuma un
Prigozina atraktoru deklaracijas ir vért€jama AG energijas izmainas reducéSanas reakcijas elektrodzinéja speka
EDS terminos. Reducgsanas - oksidésanas potencialu starpiba E°red-E’ox, izteiktu voltos V un brivas energijas
izmainu lidzsvara AGeq=(E°red-E°ox)*Fen, izteiktu dzaulos J uz molu ka Prigozina atraktoru brivas energijas
izmainas minimums ir mazaks AGeq<AGwress par Hesa starpibu. Specializ&to elektronu parnesgju loma
elektrobiokimija piemit enzimu kofaktoriem saukti par vitaminiem (dzivibas amini).

E=E"+

Elektronu pliasma veic darbu homeostazei

Protolitiskie atraktori idens koncentracija [H20]=55.3 M, pH=7.36 koncentracija [H3O*]=10"3¢ M
aktive funkcionali elektronu plasmu producgjot pozitivu darbu W=-AG., ka neatgriezenisks molekulars dzingjs
disipativas biokimiskas struktaras virza procesus homeostaze. Molu skaits n ir elektronu skaits kustiba no
reducétas formas uz oksidéto formu. Homeostazes brivas energijas izmaina lidzsvara apstajas uz nulli:

XM eXJge
AGhomeostize=AGa R T InK pomeosase; [1dzsvard quxx apstajas NUIlE AGhomeostize=0=AGu+ReToInKe .

Reducéta forma pievada pliisma negativu (-)Red1-ne <> Ox: elektrisko ladinu n skaitu elektronu ne- oksidétai
formai ar pozitiviem (+)Oxz2+ne<=>Red: elektronu parnesgjiem akceptoriem. Parnesto elektronu skaitu n
plisma no Ered Uz Eox summara reakcija aprékina ka starpibu EDS=E’red-E°ox elektrodzinéja spéeks voltos V.
Ta ka divas 2 vielas atskiras to tieksmée (afinitate) pec elektroniem e pliisma ir labvéliga - patvaliga reakcija, kuru
virza elektronu e tieksmes starpibai proporcionali speki. Elektrodzinéja spéks (ar daziem voltiem +1+3,5 V)
realizé darbu W = EMFeFen piemé&rotu energijas parneséju elektrokimiskaja reakcija, kuri darbojas ka
neatgriezeniski molekulari dzingji homeostazei, izdzivos$anai un evolicijai.
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Dzivas $iinas lieto reducéto formu glikozes molekulu enzimatiski ka 24 elektronu e” avotu. Oksidéjot glikozi
plisma enzimatiski icklaujas 24 elektroni un patvaligi ar virkni elektronu parnesgju starpniekiem nogada sesam
skabekla molekulam: Ozaquat4H3O*+4e=6H20; inversais standarta potencials -E°o02=-1,0868 V.

CeH1206+42H20=24H30*+6H30*+6HCO3+24 €™ ; standarta potencials E°ceH1206=-0,1392 Volts. 6. Ipp.
Summa ir AGeq=(E°csH1206-E°02)*Fen=(-0,1392-1,0868)*96485*24=-1,226*96485*24=-2840 /mo:
Elektronu plismai O2 piemit liela afinitate péc 4 e un nav uguns drosa. Protolizes atraktori samazina skabekla
energijas saturu Gozaqua=303,1 K/mol veidojot uguns drosu anergijas Iimeni Gozgiokim=78,08 ¥/mol.

Rezultata elektrodziné&ja speks dod energiju virknei molekulu energijas parvadisanai ar enzimiem un
vitaminiem, kas veic darbu. Mitohondrija, pieméram, membrana saistiti enzimu kompleksi sajidz elektronu e’
plasmu producgjot trans-membranas koncentracijas gradientu protoniem, genergjot protonu plasmu lejup pa
koncentracijas gradients un elektrisko potencialu, tadgjadi veicot elektrokimisku darbu. Protonu H* kustiba lejup
pa gradientu un potencialu sauc par protonu dzinéja speku analogiski elektrodzinéja spekam. Enzims, ATF
sintaze mitohondrijas iek§€jam membrana, lieto protonu dzinéja spéku potencialu Emembrana €lektrokimiska
darba W veiksanai ATP*sintézei no , ADP%*, HPO4* and H3O* protonu H* plisma patvaligi lejup pa gradientu.
Lidzigi membrana-saistitie enzimi E. coli sajudz elektrodzingéja spéku uz protonu dzinéja speku, kuru tad lieto
ka speku ATFazes rotacijai. Ilja Prigozina 1977. gada Nobela prémijas atraktora deklaracija [3,4] : protolitisko
atraktoru lidzsvara stavoklis ir atraktors nelidzsvara homeostazes stavokla neatgriezeniskai turpinasanai.

Oksidesanas-reducésanas neatgriezeniskums ar pus reakcijam no divam Oks<=>Red Sistémam

Parnesto elektronu no reducétaja uz oksidetaju balanséSanu jaatrisina divas pus reakcijas
(Ox<=>Red sistemas) atlasot no elektrokimijas tabulam.
Pieméram, dzelzs(ll) jona Fe?* oksideSana ar vara jonu Cu?*,
Fe?* + Cu?*=> Fe3* + Cu* aprakstot ar divam 2 pus reakcijam (Ox<=>Red sistémam): lieto brivos elektronus

Red Fe?* - e<=>Fe**. Elektronu donora- e molekula ir Red reduceta forma vai reducetajs;
Ox Cu?" +e<=>Cu* . Elektronu akceptora +e- molekula ir Ox oksidéta forma vai oksidétajs.

Dzelzs katjoni eksiste un funkcioné Fe?* vai_Fe®** forma, ka konjugéets reducetaja un oksidetaja paris, RedOx
paris. Reducétaja un oksidétaja brivie elektroni ir starpnieki: elektronu donors<>ne +elektronu akceptors.
Lidzigi ka Brensteda protolize ar vienu protonu, tomér RedOXx sistéma brivo elektronu skaits ir vesels vienads vai
lielaks par vienu n>1. Atgriezeniska pus reakcija Red ir elektronu donors Fe?* un Ox ir elektronu akceptors
Cu?.

Briva elektrona e- parnese organisko vielu oksidéSanas-reducesanas reakcijas notiek bez butiskas atskiribas.
Reducgjosie cukuri oksidejas par karboxilatiem

brivs aldehids ar vara jonu Cu?*(skatit reducgjosie cukuri):

H
, e
R_C\\O +50H +2 Cu+=> R_C(\O + Cuy0 + 3 Ho0

Summaro reakciju apraksta divas 2 pus reakcijas, divas RedOx sistémas:
M _0"

Red R_C\\O +30H -2 e'<:>R_C\\O +2 Hy0

Ox2 Cu?* +2e +20H <=>Cu20 + H20
Aldehida oglekla —(C=0)—H oksidesana ar diviem elektronu 2 e” balansgjas divas citas pus reakcijas.
Viens-elektrona vara katjona Cu?* reducésana par jonu Cu* jadivkarso 2 , lai balansétu summaro reakciju.

Divus elektronus 2 e iegiist divi vara katjoni Cu?* parversoties divos vara(l) jonos Cu* savienojuma Cu20.
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Dehidrogenésana ir oksidéSanas reakcija

Oglekla atomi savienojumu k&dgs ir astoni oksidéSanas stavokli (Zim. 1). Cetri 2,2<2,55<2,58<3,04<3,44
elektronu pari saista kovalenti oglekla atomu ar $adiem atomiem H, C, S, N, O. Paris | H <C = S< N< O
kovalento elektronu pieder vairak elektronegativam atomam. AREN picaugums AREN =X - C seciba

mazina Cetrvertiga oglekla elektronu skaitu savienojuma ar elektronegativo atomu. |-0,33<0,0<0,03<0,49<0,89

Cetru vértibu summa ir savienojuma: CHs4 AREN=4*-0,33=-1,32 8 e"; H3C-CH3 AREN=3*-0,33+0=-0,99 7 ¢7;
H2C=CH2 AREN=2*-0,33=-0,66 6 e'; HC=CH AREN=-0,33 5 e"; H3C-H2C-O-H AREN=2*-0,33+0,89=0,23 5 ¢’;
HsC=0 AREN=2*-0,33+0+2*0,89=1,12 4 e"; H3C-HC=0 AREN=-0,33+0+2*0,89=1,45 3 ¢,
H-C=0-O-H AREN=-0,33+3*0,89=-0,33+2,67=2,34 2 e"; H3C-C=0-O-H AREN=0+3*0,89=2,67 €’
O=C=0 AREN=4*0,89=3,56 0 e’;

Elektronegativaks atoms "pievelk’ sev saistosos elektronus e” no saistita oglekla. Metana CH4 ogleklis C ir

elektronegativaks par ¢etriem 4 tidenraza H atomiem. Visi astoni 8 saistosie elektroni 8 e” pieder ogleklim.
Etana elektroni e :::C:C::: paris starp =C-C= atomiem AREN=0 ir lidzv&rtigi saistiti un katram :::C:C:::
atomam pieder septini 7 no astoniem 8 saistoSiem elektroniem e". Etanola C-1 ir mazak elektronegativs ka
skabeklis O kuram pieder divi =C- elektroni 2 e, atstajot ::*C-1 atomu ar pieciem 5 saistosajiem elektroniem e". Ar
katru formalu elektrona e” zaud&jumu oglekla C atoms tiek oksidéts pat ja nav iesaistits skabeklis O, ka
dehidrogengjot alkanu CH3-CHs (7 saistiti €7) par alkenu CH2=CHy: (6 saistiti e") vai par alkinu CH=CH
(5 saistiti €"). ST okside$ana ir divu tidenraza — H atomu atrausana katram no diviem blakus saistitiem oglekla
atomiem: (2*7=14, 2*6=12, 2*5=10) . Daudzi enzimi oksidazes ir dehidrogenazes atrauj -2 H atomus.
Piezime: biokimiskas vielas Zim&juma 1 ir bagatakas ar iidenradi H neka ar skabekli O, lai gan Zemes
litosfera un hidrosfera satur skabekli O atomu skaita % 59,93 % un @idenradi H atomu skaita % 20,34 %.
Garrett, Grisham 2nd Ed. 1999. Biochemistry.
Ne visas biokimiskas vielas oksideésanas-reducesanas reakcijas iesaista oglekli C. Pieméram, molekulara
slapekla N2 parvér$anas par amonjaku NHz : 6 H* + 6 e + “N2=>2 (3N Ha, slapekla N atomi tiek reducéti.
Elektronu e parnese no vienas molekulas donora uz otru akceptoru viena 1 no cetriem 4 veidiem:
1. Brivo elektronu e tieSa parnese. Pieméram, Fe?* / Fe* RedOx paris parnes elektronu e uz
Cu*/ Cu?* RedOx pari: FeZ* + Cu?*=>Fe%" + Cu*
2. Udenraza H atomu parnese. Udenraza H atoms sastav no protona H* un viena elektrona e". Biokimija
novérojama divu Gdenrazu parnese: AH2=>A+2e+2H"*, kur AH: ir idenraza atomu ar elektroniem donors.
Piezime: Protolize ir vienigi protona parléksana H* tidens vidé bet nevis tidenraza atoma atrausana.
(H* + e). AH2 un A sastada konjugétu RedOx par ir (A / AH2), kura AH2 reduce otru savienojumu B konjugéta
RedOx pari (B / BH2) parnesot tidenraza H atomus:
AH2 + B =>A + BH:>
3. Hidrida jona (:H") parnese, kurs satur divus 2 elektronus e".
notiek ar B3 vitamina starpniecibu NADH<=>NAD" + :H" dehidrogenazes enzima, aprakstita zemak
4. Tiesi saistoties ar skabekli O2. Saja gadijuma skabeklis O2 savienojas ar organisku reducétaju un ir
kovalenti inkorporéets produkta, ka oglidenrazu oksidesana par spirtu ar parnesi 1/2 Oz prezent&jot ka
O iesprauksanos starp oglekli un idenraza atomiem =C-H <=>=C-0O-H
R-H2C-H+.:0:.=>R-H2C-::0::-H



Metans 8 e’ H Ogludenrazi ir elektronu e” donori un

AREN=-1 32 C. skabekla O atoms ir elektronu eakceptors.

Visi Cetri 4 elektronu e parneses veidi norisinas ar tident $kistosu
Etans C7 e B elektronu parnesgjiem ka fidenraza H atomu ar FADH2 (vitamins B2)vali
AREN =-0,99 BT ar hidrida jonu (:H") NADH (vitamins Bs). Neitralais termins
Etens C6 e - reducéjosais ekvivalents ir plasi lietots , lai apzZimétu viena elektrona e”
AREN =-0 66 c..C veértibu oksidéSanas-reduceSanas reakcija un nav svarigi vai $is

ekvivalents ir brivais elektrons e par sevi, iidenraza H (H* + €°) atoms

Acetilens 5 & C:iCIH  vaidivi ekvivalenti elektroni hidrida jona :H- vai pat divi brivie
AREN=-0,33 elektroni 2e” nem dalibu parneses reakcija ar skabekli O veidojot
Etanols C5 e- oksigenetu produktu. Biokimiskas degvielas molekulas parasti
B "CC0 enzimatiski dehidrogenéjas zaudgjot divus 2 reducéjosos ekvivalentus
AREN=0,23 HH viena reiz€, un katrs skabekla O atoms akcepté divus 2 reducéjoSos
(spirts) ekvivalentus. Zinatnieki vienojusies atsaucoties uz biokimiskas
Formaldehids 4 e- . . oksidésanas vienibu ka divu 2 reducéjoso ekvivalentu pareju no
AREN =112 :C.20: substrata uz skabekli O. Glucose Reduced form -24 ¢
.. H H H H
Acetaldehids 3 e L 9\:: o H (.) SC;) é
AREN =145 Eoey #CHCHCECHGHGH
Acetons 2 e H RO R HOH .
5 aldehyde  H 7 C:-H, 5 Ce-oC: 7*2+5%2=24 elektroni
AREN=1,78 :C.ChC: CsH1206+602aquat+6H20=>6H30"+6HCO3’;
H H 24H30"+6H30"+6HCO5 <=>CeH1o05+42H,0-24 €7 Ecarizns=? V;
Skudrskabe 2 e -5 6*(Ozaquat4 H3O*+ 4 &= 6 H20) Suchotina E°02=1,485 V;
AREN =234 ZC.B'.' -2840 W/moi=AGeq=AE°eq*Fen=(E°coH1206-E°02)*Fen ;
. B Keq=exp(2840000/8,3144/298,15)=7,06*10%=
Etikskabe 1 & -5 -2840000/96485/24=AGeq/FIN=(E* cor1206-E°02)=-1,226 V
(karbonskabe) :Eoey E*comiz0s=AE e+ E"02=-1,226+1,0868=-0,1392 Volts. 6. laopas puse
AREN=2,67 E 24H30*+6H30*+6HCOs =CoH1206+42H20-24 &7;E° cor1206=0,1392 V/;
Ogleka dioksids 0 e Udenraza un glikozes reducg$anas standarta potenciali ir :
AREN =3,56 o:co

E°H+m=-0,2965 V un E°ceH1206=-0,1392 V
Ziméjums 1. Oglekla C Oksidésanas pakapes no pilniem astoniem 8 e elektroniem Iidz zaud&tiem visiem

elektroniem O sastopami biokimija: no metana CHa 8 e” elektroniem lidz oglekla dioksidam CO2 0. OksidéSanas
pakapes ilustré ar bioktmisko vielu parstavjiem un ar oglekla relativo elektronegativitasu starpibam pret saistito
atomu AREN, summgjot visas Cetras kovalentas saites no -1,32=AREN lidz 3,56=AREN . Fokusgjoties uz melno
oglekla C atomu un ta saistosiem elektroniem e".Kad ogleklis C saistas pie mazak elektronegativa H atoma, abi
saistosie elektroni (zili - : ¢) pieder ogleklim C. Kad ogleklis C saistas ar otru oglekli C, saistosie elektroni e’
izlidzinas vienadsi, tatad viens zils * no diviem 2 elektroniem e'e” un otrs melns pie otra oglekla C. Kad mus
interes€josais melnais ogleklis C saistits ar daudz elektronegativaku O atomu, tad saites elektroni e pieskirti
piesaistitajam skabeklim O:. Skaits n mus interesgjosa melna oglekla C oksidésana zaudg n elektronus e ta péc to
skaits n samazinas un trukstoso skaits klus lielaks n. Tad&jadi oksidéSanas pakapes

triikstoSo n palielinasanas no pilniem astoniem elektroniem atbilst: seciba no metana CHa 8 e‘triikstoSo skaits n ir
nulle n=0 Iidz oglekla dioksidam CO: 0 triikstoso skaits n ir astoni n=8.

-2840000/96485/24=AGeq/FIn=(E°ceH1206-E°02)=(E ceH1206-1,0868)=-1,226 Volti;
E°ceH1206=AE eq+E°02=-1,226+1,0868=-0,1392 Volti; 6. laopas puse

4
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Elektronu tieksme reducesanas potencials koncentraciju attieciba lidzsvara konstante Keq

Atraktoram pH=7,36 lidzsvara stavokli ir patiesa pOH=6.64 vertiba, jo pKw=14= pH+pOH =7,36 +6.64.

Udens daudzuma atlaide [H20]=963/18=53.5 M litra sérskabes [H2504]=[H30*]=1 M $kiduma ar 1.061 9/mL
blivumu tidenraza elektrodam Nernsta izteiksme ir klasiska standarta potenciala Eo_classic=0 V atskaites vertiba:

H(Pt)<=>H"+e"; Eclassic=Eo_classict0.0591logK classicH(pty=0+0.059 1 log[H*]=0+0.0591log(1 M)=0 Volti.
Termodinamiska hidroksonija jonu uzskaite pieprasa tideni: H(Pt)+H20<=>H3O*+e un E’'1=0,10166 V.

Attieciba [H3O*])/[H20]=1 M/52,5 M=XHn30+/XH20 ir mol dala aizstajot molaritati [H*]=1 M klasiskaja potenciala
izteiksmé. Udens uzskaite dod termodinamisko standartu E°4=0,10166 V potencialu skala.

Nernsta izteiksme ar klasisko mérijumu nulle pieprasa termodinamisko standarta potencialu E°'1=0,10166 V :
E=pry+ NAOReT 100 ;%:g— =E,+E°H+0.0591*log(1/52.5)=0.10166-0.10166=0 V.

Ja attieciba ir viens 1=Knpy=XHnzo+/XH20, tad potencials E°’4=0,10166 V ir termodinamiskais standarts:

InL0)eReT XHg0"
ol

E=E'n+ slog & - X0 =0.10166+0.0591*log(1)=0.10166 V. Metala oksidésanas brivas energijas

izmaina ir atskiriga endoergiska AGeq=E HeF*1¢1=0.10166*96485*1=9.81 K/mol pretstata Alberty eksoergiskai.

Alberty Hesa vértiba ir eksoergiska: AGHess eq=GHzo++Ge-~(GH(pt) +GH20)=22,44+0-(51,05+0)=-28,61 “/mol .
Brivas energijas izmaina ir noteikta nulles atskaites skala GH20=Gco2gas=Ge-=0 X/mol. Iterativi izskaitlotais
absoliitaja skala idenraza standarta potencials ir: E'n=-0,29654 Volti. Lidzsvara brivas energijas minimums ir
eksoergisks: AGeq=E°HeFe1+1=-0,29654*96485*1=-28,61 “/mol sakritot ar Alberty datiem. Absoliita potencidlu
skala noslid par AE=-0,29654-0,10166= -0,3982 Voltiem zemak. Nernsta Iidzsvara konstante ir lielaka par vienu:

KH(pt)_red=[H3O]*[e]/[H20]/[H(Pt)]=EXP(-AGaiberty/R/T)=EXP(28612/8.3144/298.15)=102954 .

I veida elektrods metals H(Pt) / iegremdéts ta katjonu H3O* skiduma pielietojums.

Liela atruma protolizes atraktori [H3O*]=10"2% M , pH=7.36 un Gidens masas [H20]=997/18=55.3 M uzskaite litra
rada metala idenraza stipru reducgjosu potencialu: EpH=7,36=-0,29654+0,0591*log(10-"%/55,3)= -0,8345 V un
brivas energijas izmainas minimumu AGegpH_7,36=E°HeF*1=-0,8345*96485*1/1000=-80,5 “/mol .

Nernsta pus reakcijas metala reducéSanas potenciala E°v=-0,29654 V energija ir AGeq=-28,6 “//mol.

Platina plaksnite iemérkta hidroksonija jonu [H*]=[H30*]=[H2S04]=1 M sérskabes skiduma

H*+e-&H(Pt): E=E°+0.0591°log[H*]=0.0+0.0591°log(1 M)=0 V ir klasika. Attieciba
?Hz [H3O*]/[H20]=1/52.5=XH30+/XH20 dod klasiskas nulles O vieta termodinamisko standarta

= = potencialu: E°v=0.10166 V un no Alberty datiem absoliitaja skala absoliito

0 o
Pt standarta potencialu E°1=-0,29654 Volti.
absoluti E°H=—0.29654 \Y klasiska nulle E5= 0 Vv 0110166 V EV
N \ \
R X . . . o
E pyn=Ep + 0. 0591*Iog( H.0" ) termodinamiskais E;,

Absoliitais standarta potencials E°'H=-0,29654 V pamatojas uz Alberty fidenraza datiem GHzgas=85,64 ¥/mol Un
GH2aq=103,24 Y/mor , Kuri ir noteikti tidens un oglekla dioksida gazes nulles skala GH20=Gcozgas=Ge-=0 “/mol.
Pie pH=7,36 , [H30%]=107% M ar potencialu E=-0,2965+0,0591*log(10"¢":36)/55,3)=-0,8345 V metals H(Pt) ir
stiprs reducétajs. Brivas energijas saturs viena mola fidenraza metala ir: GHey=51.05 %/mo.
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Table 1. Standard potentials E° | Classic water [Thermodynamic. | Absolute
Nernst’s half- / inverse reactions Data from [1-24] disaccount 0 V |scale 0.10166 V | -0.3982 V
OH =HO+¢ CRC 2.020 2.1217 1.7235
4H20=H202aquat+2H30"+2 & Suchotina 1.776 2.0837 1.6855
H202+2H20=0 2aqua+2H30*+e" David Harris 1.276 1.4811 1.0829
6H20=02aquat+4H3O0"+4¢ Suchotina 1.229 1.4850 1.0868
HNO2+4H.0=NO3+3H30*+2e" University Alberta 0.928 1.2352 0.8370
NO2+3H20=N0O3+2H30*+2e" David Harris 0.835 1.0913 0.6931
Hydroquinone+2H20O=p-quinone+2H3O*+2¢ 0.699 0.9041 0.5059
H202aquat2H20=02aqua+2H30"+2e" University Alberta 0.695 0.8477 0.4495
H202aquat H20=02aqua+H3O"+H" University Alberta 0.695 0.8477 0.4495
Fe?*=Fe3*+e- University Alberta 0.769 0.8707 0.4725
Ubiquinol+2H20=Ubiquinone+2H3O*+2¢" 0.459 0.6638 0.2656
Succinate?+2H20=Fumarate>+2HzO0*+2¢" 0.4447 0.6494 0.2512
ButyrylCoA+2H20=CrotonylCoA+2H30*+2¢" 0.399 0.6038 0.2056
AscorbicAcid+2H20=CsHsOs+2H30*+2e- DC.Harris 0.390 0.5947 0.1965
glycolate+2H20=Glyoxylate+H+HsO* D.C.Harris 0.324 0.5287 0.1305
HOO +H20=02aquatH3O*+2e Aris Kaksis - - 0.07587
Fe**=Cytochrome F Fe3*+e~David Harris 0.365 0.4667 0.0685
[Fe''(CN)e]*=[Fe'"'(CN)s]*>+e University Alberta 0.356 0.4574 0.0592
Malate?+2H.0O=0xalo-acetate> +2H3O*+2¢" 0.248 0.4528 0.0546
Fe?*=Cytochrome a3 Fe*+e- 0.350 0.4517 0.0535
Lactate” +H20=Pyruvate +H3O"+H (H"+2¢’) 0.229 0.3823 -0.0159
FADH2+2H20=FADfree+2H3:O"+2¢; 0.195 0.3998 0.0016
CH3COO +2H20=glycolate+H+HsO*; D.C.Harris 0.161 0.3652 -0.0330
CeH1206+42H20=30H30*+6HCO3+24 e7; 61" page Kaksis 0.0701 0.2590 -0.1392
H25ag+2H20=5mombic+2H30*+2e7; CRC 2010 0.142 0.3467 -0.0515
CH3CH20H+H20=CH3CHO+H30*+H"; KortlyShucha 0.190 0.3432 -0.0550
Fe?*=Cytochrome a Fed*+e- 0.2900 0.3917 -0.0065
2GlutathSH+2H20=GlutaS-Sthione+2H3;0*+2¢- 0.1841 0.3888 -0.0094
Fe?*=Cytochrome ¢ Fe3*+e- 0.2540 0.3557 -0.0425
LipSHSH+2H20=L.ipoicAcidS-S+2H3O*+2¢ 0.1241 0.3288 -0.0694
Fe**=Cytochrome c1 Fed*+e- 0.2200 0.3217 -0.0765
B-OH Butyrate+2H20=AcetoAcetate +2H3O"+2¢ 0.0681 0.2728 -0.1254
isocitrate>+2H>O=a-Ketoglutarate> +CO>+2H30"+2e- 0.0341 0.2388 -0.1594
Nernst’s Hoaq+2H20=2H30"+2¢"; Kaksis AGress H30+=58,12 ¥/mol | on graphite electrode oxidation ~ 0.3020
Inverse: 2H30%+2e"=H2aq+2H20; AGHess H2ag=-58,12 “/mol on graphite electrode reduction  -0.3020

H2aq=2H(Pt)+H20; AGaieny_sp_rey=2GHEy+Ghzo-(Grzag)=-1.14 ¥/mo

Ksp_ey=[H(Pt)]?*[H20]/[Hz2aq]=1.584

H(Pt)+H20=H30*+e"; [H30*]=1 M pH=0 classic zero 0; [H2SO4]=1 M 0.10166 -0.2965
Luciferin+tOH=?luciferin+CO2 aquatOH +3H(3H*+3e")+e" 0.0000 0.1017 -0.2965
Fe**=Cytochrome b Fe3*+e” 0.0770 0.1787 -0.2195
CH3CHO+3H20=CH3COOH+2H30*+2¢e" Suchotina -0.1180 0.1382 -0.2600
Glycaldeh3-PZ+H20+HPO4?>=13PGlycerate*+HsO*+H-; -0.1314 0.0218 -0.3764
NADPH=NADP*+H; -0.1170 -0.0153 -0.4135
NADH=NAD*+H-; David Harris -0.1130 -0.0113 -0.4095
O 2aqua=02aquate- Suchotina -0.2450 -0.1433 -0.5415
Ferredoxin Fe?*=Ferredoxin Fe3*+e- -0.4320 -0.3303 -0.7285
CeH1206+4H20=2C3H4O03+4H30™" + 4e" Stryer -0.5427 -0.3380 -0.7362

2=Shombic+2 €7; CRC 2010 -0.4763 -0.3746 -0.7728
HS+OH =5mombictH20+2e"; CRC 2010 -0.4780 -0.3248 -0.7230
H(Pt)+OH=H20+e" Suchotina -0.8280 -0.6233 -1.0215
Ubiquinol6+2H20=Ubiquinone6+2H30*+2e- CRC 2012 -1.0500 -0.8453 -1.2435

Hidroksonija protons reducgjas satverot elektronu no (Pt)+e" kristalrezga. Hesa brivas energijas izmainas
(PYH+H20 < H30"+€; AGHess(PyH=GH3o++Ge--(GH20+GH(py) =22,44+0-(0+51)=-28,61 X/mo
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E°Habsolute =AGAlberty(pyH/F/1=-28610/96485/1=-0,29654 V. Liela atruma protolizes atraktors [Hz0*]=10"7"3¢ M
nulles skala Gey=GH20=Gco2gas=0 “/mol aktive metalu tidenradi (Pt)H un gluikozi CsH120s to stipru reducétaju .

Tabula 1. Standarta Electrodu Potenciali klssikais, termodinamiskais, absoliitais Voltos.
Reducata forma = Oksidata forma Hz_O atlaide Termodinamiska. Absoluta skala
klasika nulle E, skala 0.10166 V -0.3982 V
H | H(Pt) +H,0=H3;0" +(Pt)+ e klasika nulle 0 0.10166 -0,2965
H(Pt) + OH=H,0 +(Pt)+e’ -0.828 -0.8294 -1,2272
Haaqt2H,0=2H30 *+2¢" ; rafits Kaksis - - 0.302
O | 6H,0=0,9 + 4 H30*+4e" 1.2288 +1.48466 1,0865
H20,+2H,0=0 2aqua+2H30*+€" 1.2764 +1.58416 1,0829
4H,0=H;0,+2 H30* +2¢° 1.776 +2.08366 1,6855
H202aqua +2H20=02aqua+2H30*+2e"  University Alberta 0.6945 0,8477 0,4495
HOO +H;0=07,quatH30*+2e"; Kaksis - - 0,07587
N | NO; + 20H=NO3 + H,O+2¢'; Suchotina 0.01 0,060162 -0,33804
H NO2+4H,0=NO3 +3H30*+2¢7; Kortly, Shucha 1,63 1,93765 1,53945
NO©@+6H,0=NO; +4H;0"+3¢"; Kortly, Shucha 0.96 1,26765 0,86945
NH4*+13H,0=NO3 +10H3;0*+8¢’; Suchotina 0,87 1,139027 0,740827
Br | 2Br=Br,(ag)+2¢7; CRC 1.0873 1,18896 0,79076
Bi | Bi O*+6H,0=BiOs; + 4H;0"+2¢; Suchotina 1.80 2,210645 1,812445
Mn H*| Mn?*+12H,0=MnO,+8H;0*+5¢"; Kortly, Shucha 151 1,858848 1,460648
H2O | MnO|+40H =MnO4 + 2H,0+3e7; Suchotina 0.603 0,635997 0,237797
OH- | MnOs#=MnOs+e7; Suchotina 0.558 0,65966 0,26146
Pb | Pb?* +6H,0=PbO,(s)+4H;0*+2e"; Kortly, Shucha 1.455 1,865645 1,467445
S | H3S03+3H,0=S0,*+2H3;0"+ 2¢"; Suchotina 0.172 0,428153 0,029953
S03%+20H=S0,% +H,0+2¢; Suchotina -0.93 -0,87984 -1,27804
S2=5(s)+2e; Kortly, Shucha -0.48 -0,37834 -0,77654
H»S+2H,0=5(s)+2H3;0%+2¢’; Kortly, Shucha 0.141 0,345655 -0,05254
25,03? =5,0¢> +2¢7; Suchotina 0.08 0.18166 -0.2165
Fe | Fe?*=Fe®+e 0,769 0,8707 0,4725
Ag | Ag(s)=Ag*+e; Kortly, Shucha 0.799 0.90066 0,5025
I | 2Ag(s)+20H" =Ag,0(s)+ H,O+2¢’; Suchotina 0.345 0,395162 -0,00304
Cu | 3l=lg+2¢7; Kortly, Shucha 0,6276 0,72926 0,33106
F | Cu(Hg)=Cu?*+(Hg)+2¢; Kortly, Shucha 0,3435 0,44516 0,04696
Cl | 2F=F,(g)+2e; Kortly, Shucha 2.87 2.97166 2.5735
2CI=Cly(g)+2¢;; Kortly, Shucha 1,358 1,45966 1,06146
Cr | Cly(g)+4H,0=2HOCI+2H30*+2¢"; Kortly, Shucha 1.63 1,93765 1,53945
2Cr¥+21H,0=Cr,0-,* +14H;0*+6e"; Kaortly, Shucha 1.33 1,7921 1,3939
C | Cr**+11H,0=HCrO; +7H;0"+3¢’; Kortly, Shucha 1,20 1,6793 1,2811
Cr | HyCy04+2H,0=2C0O,+2H30*+2¢’; Suchotina -0.49 -0.28534 -0.6835
Zn | Cr=Cr¥+3e; Suchotina -0,744 -0.64234 -1.0405
Al | Zn=Zn*+2¢; Kortly, Shucha -0,7628 -0,66114 -1,0593
H, C Ubiquinol+2H,0=Ubiquinone+2H;0*+2¢° 0,459 0,664 0,2656
Succinate?+2H,0O=Fumarate?+2H;0"+2¢ 0,445 0,650 0,2516
AscorbicAcid+2H,0=C¢HsOs+2H3;0*+2¢" 0,390 0,595 0,1965
glycolate+2H,0=Glyoxylate+2H3;0*+2¢" 0,324 0,529 0,1305
CH3CH;0OH+H,0=CH3CHO+H30*+ H- 0,190 0,343 -0,0550
CeH1206+42H,0=30H3;0*+6HCO3+24¢e" ; Kaksis 0,0701 0,2590 -0,1392




Ox: O2aqua +4H30*+4e < 6H20; E 02=1,0868 Volti; Red: 4(Pt)H+4H.0<=4H30*+4¢" ; E’=-0,2965 V
Osaquat4(PYH=>2H20: AGeqarizo=(E°H-E 02)+F+1+4=(-0,2965-1,0868)*96485*4=2%-266,94 /o
AGeq2H20=2GH20-4GH(Py-Go2aqua=2*0-(4*GH(py+330)=-533,9=2*-267 X/moi ;
GHP)=(2GH20-AGeq2r20-Go2aqua) [4=(2*0+533,886-330)/4=51,05 K/mol; GryH=51,05 X/moi ;
ja homeostaze nulle ir GH20=Gco2gas=0 ¥/mol .
RedOx pus reakcija 298,15 K(25 °C) un 310,15 K (37 °C) izteiksmé (1) reducgjas izteiksmés ar konstanti Keq:

n [Red]

Pus_reakcijas iesaistiti liela atruma protolizes lidzsvara atraktori pH=7,36 koncentracija [HzO*]=10"2¢ M un
tidens koncentracija [H20]=55,3 M. Udens protonesana H* veido hidroksonija jonu HsO* un nosaka
homeostazes reakciju gaitu. Termodinamiskie aprékini pieprasa lietot izteiksmés standarta reducesanas
potencialu E°H20 un Keq . Ta péc standarta reducésanas potentialus E°H20 dotus Tabula 1 ir nepieciesams lietot
Sin publikacija: classic standard E° and thermodynamic E°n20 or E°37; .

Piezime: aprekinos Standarta temperatara lieto standarta potencialu E°H20(V) un

kermena temperatara 310,15 K (37 °C) lieto standarta potencialu lielumus E°37(V) .

Standarta reducé$anas potenciala lietoSana Prigozina atraktora brivas-energijas izmainas minimumam

Liela atruma protolizes lidzsvara atraktori lauj eksperimentali noteikt reduceésanas potencialus Ered un Eox
divam 2 pus reakcijam. Ta péc EDS=ERred-Eox lielumi ir starpiba reducétajam minus oksidétajs. 'Elektroni pludis
uz pus reakciju ar pozitivaku E°ox2 un tieksmes stiprums ir proporcionals reducésanas potencialu starpibas
negativai vertibai AE°<0, jo vienm@r E°red1<E°ox2 : AE°= E°Red1 - E°ox2.

Energiju AGeq padara pieejamu §1 labvéliga elektronu plasma no Red1 reducétaja uz Ox2 oksidétaju. Hesa
likuma produktu summa minus izejvielu summa AGHess=ZAG’ produkti—2AG°izejvielas If lielaks ka minimizeta AGeq.
-W ir proporcionals ~ AE® vértibai. Oksidéta forma Ox™ veidojas zaudgjot elektronus ne” plasma. Sini procesa
RedOx sistema veic elektrokimisku darbu W=-AGeq=-AE°*Fen iztergjot dotas RedOx sisttémas brivo energiju
parvertiba no reducetas formas Red1 un Ox2" uz oksidéto formu Ox1™ un Red?2 :

Redl - ne=>0x1™; Ox2™ + ne” < Red2; W = -AE°*Fen = -(E°Red1 - E°ox2)*Fen =- AGeq= -(GRed1-Gox2) 4)
Seit n ir parnesto elektronu skaits ne” reakcija.

Vielu kimiskais potencials [

Profesors Ilja Prigozins vielas A kimisko potencialu p rada cik lielu brivas energijas AGa izmainu ienes
viens 1 mols §is vielas A miis interes€josa sistéma citu vielu maisijuma.
Faktiski cik lielu brivas energijas daudzums piemit vienam 1 molam citu vielu maisijuma. Brivo energiju AG°a
satur tiras pasas vielas A viens 1 mols, jo nav citu vielu maisijums. Vielas A kimiskais potencials pa ir
viens mols vielas A Ana = 1 mol , kurs ieklaujas citu vielu maistjuma:
=AGA = AG®s+ ReTeIn(Xa) , kur Xa ir vielas A moldala Xa =— "2 bez mervienibam  (5).
Anp Nkopejais
Tiras vielas A kad Na = Nkopgjais moldala ir Xa =1 tad In(1) =0 un
M = AG°a ir standarta briva energija veidojoties vienam 1 molam tiras vielas A no elementiem.
Pretruna jédzienu konflikts: tirai vielai AG®a ir lielaka ka maisijuma lielums vienam molam | MA ‘ < ‘ AG°a ‘ )
Minimizacija maisijuma l. Prigogine, R. Defey. "Chemical Thermodynamics".1954, Longmans Green & co ©.
Prigozina atraktors brivas energijas izmainas minimums
Kimisko potencialu summa izejvielam ir vienada produktu summai sasniedzot lidzsvara maisijumu
Red<=>0x"* + ne";W = - E¢Fen = GRed ; Yuredt EeFen = Xloxn+ + N Lle- (6)

HA

Vielas darbu paveic parvietojoties pozitivi (n+) ladétai Ox"* no metala virsmas uz skidumu, ta atstajot elektronus
ne- gaze metala kristala rezgl. RedOx sistema ladeta Ox"* parvietosanas elektriska darba d&] starp metalu un

Skiduma pusém nepastav vienadiba pired # poxn+ + N pe- , Ko kompensé darbs W = - EeFen = Gred Un atstato



elektronu skaits ne” metala ka redzams (6) izteiksmé. Brivas energijas izmainu Gred kimiskaja reakcija aprékina ka
kimiska potenciala summu starpibu: produktiem Xpprodukti MINUS izejvielas E{lizejvielas
GRred =(ZHoxn+ + N pe- ) - Zpred= EeFen, un lidzsvars iestajas kad elektriskais darbs kompensgjas ar brivas

energijas izmainu —~W = Gred= E¢Fen , veidojoties elektroda absoliitam potencialam E, kurs paliek nezinams.

Lidzsvara kimiska potenciala summa izejvielam un produktiem ir vienadas un reducéta forma satur brivas
energijas izmainu -W = Gred =? E?*Fen tomér absolitais potencials E? paliek nezinams . Acim redzami, ka
kimisko potencialu summa oksidétai formai papildus ir skaits n brivo elektronu kimiskais potencials n pe- . Sie
lielumi zinamajas RedOx sisteémas atskiras un atrodas intervala starp -90 + +90 kJ/mol. Elektroni ne” atrodas
metala (Pt) brivo elektronu gazg cietaja faze ka tira cieta viela ar mol dalas koncentraciju Xe- = 1.Ar kimisko
potencialu izteiksmém (7) minétu ieprieks aprékina brivas energijas izmainu Gred bet joprojam ar nenoteiktibu, jo
absolutas vertibas E un Ge- elektronam paliek nezinamas
GRred + ReTeIn(XRred) + E*Fen = Goxn+ + ReTeln(Xoxn+) + N Ge- + neReTeIn(Xe-) @)

AGeq = AE*Fen = Goxn+ +N Ge- =GRred + ReTeIn( Xoxn+ / XRed )
Hesa likuma aprékinos lielumu absoltita vertiba lielaka brivas energijas izmainai ka Prigozina atraktoram

Iidzsvara: | GHessRed | = | AG°oxn++ NAG®e= AG°Red ‘ > ‘ E°Red*Fen | = ‘ GeqRed | un (8)

brivas energijas izmaina oksidétai formai lidzsvara: | Geqox | =|-E°oxeFen | <] -(AG°oxn++ NAG®e= AG°Red)

, lai

gan atseviski Red un Ox sistémas relativi salidzinasanas potenciala skalai absoltitas vértibas Geq paliek nezinamas

gan reducétajam: GRredHomeostaze=ERed* Fon=E°Rred*Fon+ReTIn(Xoxn+/XRed),
gan oksidetajam: Goxtomeostaze = ~-Eox*Fen = -E°oxeFen-ReTeIn(Xoxn+/XRred) : 9)

Nenoteiktiba kompensgjas balansgjot RedOx reakcijas divu pus reakciju summa. Oksidesanas-reducésanas
reakcija veidojas no divu RedOx sistému (pus reakcijam) lietojot reakcijas ekvivalences [+m'ene’| =|-n‘eme’|

likumu més balanséjam oksidesanas-reducésanas reakciju un ieglistam no abam pus reakcijam summaro :
(-) Red:& Oxi"™+ nelem’; (+) Ox2™ + me <> Redz|*n’
m’sRed:1 + N"sOx2""=>m'sOx1"*+ n'*Red: ; izejvielas veido produktus tiesaja reakcija.

No $1 vienadojuma aprékina lidzsvara brivas-energijas izmainu AGeq Uz ekvimolaru daudzumu
oksidésanas-reducésanas reakcija no E° lieluma reducesanas potencialu tabula (Tabula 1):
AGeg= M'*AG°Red1 - N"*AG°20xn+ = M'*E°Red1°Fen - N"*E°20xn+*Fem = (E°Red1 -E°20xn+)*Fe(M'n=n"'m), kur
n’/N m'/N= nm ir kopgjais ekvivalentu elektronu e" skaits iesaistiti RedOx reakcija un n'm’ < nem. var bt
mazaks skaitlis par N kopgjo dalitaju Red: vai Ox2™*. Brivas-energijas saturs G atbilstosi (9) zinamam
koncentracijam Xred Un Xoxn+ katram dalibniekam (Gred un Goxn+) reakcija.
AGeq = M'*GRed1 +N'*AG20oxn+ = M'¢ERred1*Fen -n"sE2oxn+*Fem = (Ered1 -E20xn+)*Fe(M’'n=n'm) =

= (E°Red1 - E®20xn+)*Fe(m’'n=n"m) + ReTeln((X10xn+® X2red)/(X1red® X20xn+)), kur (10)

xm o X" g ir homeostazes koncentraciju attieciba produktu reizinajums dalits ar izejvielam.
10x™ ~"2Red | 1 14 5vara brivas energijas izmaina AGeg= AGmin i Prigozina atraktora konstante

X1 ¢ X; Keq aprékina no AGeq = (EoRedl - E°20xn+)°F°(m'n:n'm) ; Keg= eXp(-AGeq/R/T)

Khomeostaze=

1Red ox"*



Acetaldehida reducésana ar NADH hidrida H (2e") tunelé$anu un protolizi:

HsC-CH=0 + NADH + H30*& H3C-CH2-OH + NAD* + H20 (11)
AGHess=AG °cHacH20H+AG H20+AG°NAD+AG °H30-AG°cHacHO-AG°NADH= -159 M/mol;

CRC Handbook of Chemistry and Physics 2010 , 90th Edition David R. Lide
AGHess=AHHess- T*ASHess=-194 W/mol; eksoergiski Hesa likuma produktu summa minus izejvielu summa.

Brivas energijas izmainas minimums ir AGeq Iidzsvara Keq nodibinata Red-Ox pus reakciju standarta potencialos
Pus reakcijas un standarta potenciali E® p&c avotu David Harris un Kortly Shucha uzskaitot fidens koncentraciju:
Red NADH <=> NAD* +H(2¢) ;E*1=-0,113V;

Ox CH3CHO+H3O* +H(2e") <=>CH3CH20H+H:20 ; E°2H20 =0,190+0,0591/2*log([H20])=0,2415 V;
Balansgto (10) elektronu n = 2 = m skaits 2e". AE® aprekina elektronu donors E°! minus elektronu akceptors
E°?H20, jo acetaldehids akcepte elektronus no NADH tunelgjot hidrida H*(H*+2¢”) jonu un n ir 2:
AE°=E°%120-E"1=-0,113-0,2415 =-0,3545 V. Brivas energijas izmaina lidzsvara negativa labvéliga homeostazes
saistiba AGanaerobiRed=AE *Fen=-0,3545*2*96485 C/moi=-ReTeIn(Keq)=-68,4 “/mol. Ooksidésanas reducesanas
brivas energijas izmaina lidzsvara ir nulle AG=0, pretstata homeostazgé AGunomeostaze 70 Negativa anaerobi:

—68400
[NAD*}[CH,CH,OH] [H,0] _AG aneerobi 8314029815
AGAnaerobiRed=-R‘T‘ln(Keq); [NADH] . [CH CH O][H O+] , 1< Keq= € ReT =e ! ! :1012;
3 3

Konstante Kanaerobired=10'2 rada Iidzsvara atraSanos talu produktos. Anaerobos fermentésanas apstaklos
[NADH]/[NAD*]=10/1 reizes pie pH=7,36. Skabekla O2 klatbiitné aerobi attiecciba [NAD*]/[NADH]=700/1 reizes
lielaka koncentracija par NADH, kas izraisa etanola oksidésanu par acetaldehidu ka zinams aeroba fermentgsana
veidojas etikskabe. Ja etanola koncentracijas attieciba ir viens ka producéta etanola vienads acetaldehida
daudzums aeroba fermentacija: tad brivas energijas izmaina ir pozitiva AG=-0,2 /mol , bet anaerobi

AG =-27,9 Imo =-68,4+40,5 ar NAD*/NADH=1/10 producg etanolu virs acetaldehida praktiski 10% iznakums un
reakcija novirzita etanola virziena ar negativu -27,9 X/moi: Anaerobiski virziba uz etanolu ir negativa:

AGanaerobi=(E°Red1-E "20xn+)*Fe(m'n=n'm)+ReTeln _ - ; = lapas puse 8;
1Red * 7,0 0+
[NAD*}[CH,CH,OH] [H,0] ,1 1 553

='68,4+R.T.ln [NADH][CHBCHO][H3O+] - _.E.W )_ _6814+4O!5= -27;9 kJ/moI;

10
Aerobi: AGanaerobired=-68,4+8,3144*298.15*In( 700.i. 553 )=(8,875*10%)=-0,2 X/mol negativa.
1 10 107736

AG pnaerobired=-68,4+=8,3144*298,15*In(700/1*1/1*55,3457/107(*"-*6))/1000= -68,4+68,2=-0,2 “/mo ;
AG perobicox=68,4+8,3144*298,15*In(1/700*1/10* 107 (-"-%6)/55,3457)/1000=68,4-73.91=-5,51 K/mol.

Glikozes oksidésana ar tideni SkistoSiem elektronu parneséjiem produce 6HCO3+6H30*

Oksidésanas reducesanas energetikas principi aprakstiti augstak daudzas metaboliskas reakcijas iesaista
elektronu e parnesi. Pieméram, glikozes oksidésana piegada energiju ATF producésanai. Glikozei oksidesanai
ir: CeH1206+ 602aquat6H20=>6HC O3 +6H30*+AG+Q eksoergiska AGHess= -3049,55 K/mol. Ta ir daudz lielaka
brivas energija atbrivosanas ka nepieciesams ATF sintézei eritrocitos mitohondrijas pie pH = 7.36 lieto
-55,16 K/mol 45,9% no 100% 120,23 X/mo1. Stinas neparvers glikozi par COzaqua viena lielas-energijas-atbrivosanas
reakcija, bet gan sérija kontrol&tu reakciju, dazas no kuram ir oksidésana. Brivas energijas atbrivosana $ajos
oksidesanas solos ir tadas pasas kartas amplituda ka to prasa ATF sintézi no ADF, ar energijas uzkrasanu.
Elektronu e atrausanas oksidéSanas Solos tiek parnesti uz tident skistosiem koenzimiem divu elektronu 2e
parnesanai, tadi ka ar hidrida H(2e") tunel&josu NADH un/vai FADH: ar divu tidenraza atomu 2H (2H*+2¢")
parneSana (vitamini Bz un B2).

Enzimu klasteru kompleksos oksidésanas elektronu e parneses kanalos caur simtiem 100 to dazado
substratu elektronus parvieto tikai nedaudzi universali elektronu parneséji. Parneséju reducésana kataboliskos
procesos producé uzkrajumus no atbrivotas brivas energijas ar substratu oksidésanu. NAD*, NADP*, FMN, un
FAD ir adeni-skistosi koenzimi, kas paklaujas atgriezeniskai oksideSanas < reduce$anas daudzas metabolisma
elektronu parnesé e . Nukleotidi NAD* un NADP™ mérktiecigi viegli parvietojas parneses kanalos no viena
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enzima pie otra; flavina nukleotidi FMN un FAD parasti ir loti ciesi saistiti pie enzimiem, kurus sauc par
flavoproteiniem un kuri kalpo par prostétiskam grupam. Lipidos-skistosais hinons ta pat ka ubihinons un
plastohinons kalpo ka elektronu parnesgjs un protonu donors ne tidens membranas vidé. Dzelzs-sera olbaltumi
un citohromos, kuros ciesi saistitas prostetiskas grupas, kas paklaujas atgriezeniskai oksidesanai <
reducesanai, ar1 piedalas elektronu e” parnesé daudzas oksideSanas-reducesanas reakcijas. Dazi $ie olbaltumi ir
tdeni-8kistosi, bet citas ir periférijas (pie membranam) vai integralas membranu olbaltumvielas.

Nodalas kopsavilkuma aprakstisim dazas kimiskas nukleotidu koenzimu 1pasibas kopa ar dehidrogenazem
un flavoproteinu enzimiem, kuri lieto tos. Hinonu, dzelzs-séra proteinu un citohromu oksidesanas reduce$anas
kimiju pielieto oksidativaja fosforilésana un foto fosforilésana.

NADH un NADPH darbojas dehidrogenazes ka udent skistosi elektronu parnesgji

Nikotina amida adenina dinukleotids NAD™ ta oksidéta forma un ta analogs nikotina amida adenina
dinukleotida fosfats NADP™ ir salikts dinukleotids saistiti ar fosfatu grupu anhidridu saitém (Zim. 3). Ta ka
nikotina amida gredzens lidzinas piridinam, Sos savienojumus dazkart sauc par piridina nukleotidiem.
Vitamins niacins ir avots nikotina amida apkartnes dala nukleotidos.

ADbi koenzimi paklaujas atgriezenibai nikotina amida gredzena reducésana (Zim. 3). Substrata molekulai
oksidégjoties (dehidridesana) atgistot divus elektronus 2e un protonu H* hidrida H- tunelésana, oksidésana
veido nukleotidu NAD™* vai NADP* akceptgjot a hidrida jonu (:H" lidzvértigs protonam H* un diviem 2
elektroniem e°) parvérsas reducetas formas NADH vai NADPH. Otrs protons H* atdalas no substrata sasniedz
tdens molekulu H20 parvérsoties hidronija jona H3O. Pus reakcijas katram nukleotidam ir Iidzigas:

(1) NADH & NAD* + H(H*+2¢) E°l=-0.113 V (David Harris)
(2) NADPH <~ NADP* + H(H*+2¢e) E2=-0.117V (CRC)

NAD* vai NADP* reducesana parvers benzenoido gredzenu nikotina-amida dala (ar pozitivi ladinu gredzena
slapeklim N(+)) uz hinonoido formu (ar neitralu slapekli N). Reducétais nukleotids absorbé gaismu 340 nm:
oksidéta forma ir caurspidiga (Zim. 13). Plus zime formula NAD* un NADP* neatspogulo fosfatu negativos
ladinus molekula (tie katrs ir negativi (-) joni), bet drizak ka nikotina-amida gredzens ir oksidéta forma, ar
pozitivu (+) ladinu pie slapekla N* atoma. NADH un NADPH, formulas "H" apzimé pievienoto hidrida jonu.
Kopégja koncentracija NAD*+ NADH audos ir ap 10> M; bet desmit 10 reizes mazak NADP* + NADPH.

Daudzas $unas NAD*(oksidéts) attieciba virs NADH (reducéto) ir liela, veicinot hidrida H- parnesi no substrata
uz NAD* veidojot NADH. Pretstata, NADPH (reducéts) daudzums ir parsvara virs oksidetas formas NADP*
veicinot hidrida H™ parnesi no NADPH uz substratu. Tas atspogulo specializétu metabolisma lomu diviem 2
koenzimiem: NAD* visparigas funkcijas oksideSana parasti ka dalibnieki kataboliskas reakcijas un NADPH ir
parasti koenzims reducesana visdrizak vienmér ka dalibnieki anaboliskos procesos. Nedaudzi enzimi var lietot
katru no koenzimiem. bet vairums dod stingru prieksroku vienam no abiem. Funkcionala specializacija lauj
§tinam uzturét divas 2 pretgjas kratuves elektronu parnesanai, sledzis divam 2 atSkirigam funkcijam, viena un
taja pasa Stnu nodalijuma.

Vaira ka 200 enzimi ir zinami katalizes reakcijas kuras NAD* vai NADP* akcepté hidrida :H" jona formu.
Reducéts substrats AH2 vai NADPH vai NADH hidrida :H" jona donors oksidétam substratam A.
Balanséta summara reakcija ir HsC-CH2-OH + NAD* + H2O0 & H3C-CH=0 + NADH + H3O* (12)
kura AH2 ir reducéts substrats un A oksidéts substrats. Visparigs nosaukums sadas pirmas klases enzimiem ir
oksidoreduktazes; tos apzimé ar1 par dehidrogenazeém. Pieméram, alkohola dehidrogenaze katalize pirmo 1.
soli etanola katabolisma kura etanolu oksidé par acetaldehidu:

Red substrats AH2+ NAD* +H(H'+2e)® A +NADH E®'=-0.113V (David Harris) (11)
Ox substrats A +NADPH < AH: + NADP* + H(H*+2¢) E2=-0.117V  (CRC) (11)

Piezime: oglekla atoms -CH2-OH etanola zaudé tdenradi H atomu ka hidridu un disocié no spirta —
OH=>H" protonu ; savienojums tiek oksidéts no etanola par aldehidu (Zim. 3a).
Reducgjot NAD* vai NADP™ hidrids :H" tunelg&jas no divam pusém nikotina-amida gredzena: no priekSpuses
A vai no mugurpuses B ka paradits Zim&juma 3. Studijas ar iezim&to izotopu atomiem * substrata ir paradits, ka
izveletie enzimi katalizé hidrida H™ parnesi tuneléSanu gan no A puses vai no B puses, bet ne no abam.
Pieméram, rauga alkohola dehidrogenaze un mugurkaulnieku laktata dehidrogenaze sirds parnes hidrida
H" jonu uz vai atnemot hidrida :H- jonu no nikotina-amida gredzena A puses: tas klasifice ka A tipa
dehidrogenazes atskirigi no citas enzimu grupas, kas parnes hidrida :H" jonu uz vai atnem hidrida : H jonu no
nikotina-amida gredzena B puses (Tabula 2).
Dehidrogenazes asociacija ar NAD vai NADP ir relativi briva koenzims brivi virziti dodas no viena enzima
uz otru, adeni-skistoSie elektronu e parnesgji darbojas no viena 1 metabolita uz nakamo. Pieméram, glikozes
fermentésana spirta producésanas laika rauga sinas hidrida :H- joni atraujas no glicerinaldehida 3-fosfata viena
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enzima (glicerinaldehida 3-fosfata dehidrogenaze, B tipa enzims) tunel&jot uz NAD*. NADH dodas prom no
enzima Virsmas un pielip alkohola dehidrogenazei A, tipa enzimam, kura hidrida :H" jons tunelgjas pie
acetaldehida, producgjot etanolu:

Reducetaja (pus reakcija) T=298.15 K gliceraldehida3fosfata<> 1,3-fosfoglicerats:

E*?H20 = -0.1314+0,00591/2*log([H20])= -0.1314+0,02595*10g(55,3333)= -0.1314+0.04523= -0,08617 VV
Red OHCCHOHCH:0PO3?+H20+HPO4*+ H(H*+2e")>?>0sPOOCCHOHCH20P03*+H30",
(Ox) NAD*+ H'(H*+2e") <& NADH, E*?=-0.113 V (David Harris); Carnegie Mellon Univ;
AGeq=()*n*F=(-0,08617+0.113)= 0,02683*2*96485=5,1774 ¥/mo
AE°= El420 - E*1=-0,08617+0.113=0,02683 V ;
(1) OHC-CHOH-CH20PO3*+NAD*+H20+HP04>=>>03POOC-CHOHCH20PO3*+NADH+H30*
(2) H3C-CH=0+NADH+H30*©H3C-CH2-OH+NAD*+H20 AGeq= -68,408 ¥V/mol
(aprekinats ) AGeq = AE°eFen=(-0.113+0,2415)*Fen= -0.3545 V+2+96485= -68,408 I/mol
Piezime: enzimu komplekss neatgriezeniski producé un patéré koenzimu NAD™* vai NADH Iidzigi ka molekulars
dzingjs dzen recikleésanu atjaunojot homeostazes koncentraciju C elektronu parnesgjiem [NAD*]+[NADH].

Ziméjums 3.NAD, NADP; NAD* +H" (2e'+H")<>NADH; E0=-0.113V standarta potencials T=298,15 K (25° C)

(a) oksidets NAD* (2e+H*) \H|; <=NADH+H,0 reducgta forma produkti

T T NN Hidrida parnese H |A (a) Nikotina-amida adenina dinukleotids NAD" un tas
H-C=C-0 1w [0 H | A puse fosforilets analogs NADP* reducéjas par NADH un NADPH,

"*_ H_\ZH%WN'H H,H O akceptgjot hidrida :Hjonu (divu elektronu 2e” un vienu H*

fpeotn-amidets, = w a’c N protonu) no oksidéjama substrata. Hidrida :H" jonu tunelé no
o:F:>-o' O~ agenine N H prieks puses A vai no B muguras puses plakanaja_nikotina

o N Ribose /i amida gredzena (Tabula 2)
0=P-0 Y <’Nf§jl | Bpuse] H + H,0 (a) oksideta NAD*+ H™ (2e'+H*)<>NADH reducéta

0 o N N7 H. H '(?
D-Ribose e OC N NADP” ribozes C2’-OH hidroksils ir esterificéts
e v NT ar fosfatu HO-POs* riboze 2°C-O-POs*
Ribose

TA=log(To/T) Absorbcijas mérijjumi A=a+Cel proporcionali NADH koncentracijai C skiduma

Loy NADT Oksideta Ziméjums 3. (b) UV absorbcijas spektrs NAD* un NADH.

018‘4 Reducetais nikotina-amida gredzens rada plasu absorbcijas joslu ar
o maksimumu 340 nm.. NADH produc&sanas laika enzima-katalizéta
0_6‘-| ‘ Reducéti reakcija var noverot absorbciju 340 nm; molaras absorbcijas koeficients
0.4 a=6200Mtecm1, molara absorbcija a=A/C/I Bera-Bugera-Lamberta
0.2 N likums A=asCl uzrada labu jatigumu..

7 NADH

0.0 .

“Vilna garums (nm) ——ko lieto NAD* vai NADP* koenzims
220 240 260 280 300 320 340 360 380(b)

Tabula 2. Stereo specifiskums Dehidrogenazes
Enzima koenzima Stereo kimiskais specifiskums nikotina-amida gredzena (A vai B)

Izo-citrata dehidrogenaze NAD* A

alfa-Keto-glutarata dehidrogenaze NAD* B

Glikozes 6- fosfata dehidrogenaze NADP* B

Malata dehidrogenaze NAD* A

Glutamata dehidrogenaze NAD*vai NADP* B

Gliceraldehida 3-fosfata dehidrogenaze NAD* B

Laktata dehidrogenaze NAD* A

Alkohola dehidrogenaze NAD- A

Tabula 3. Enzimi Enzims Flavins Nukleotids Enzims

(Flavo-proteini) Taukskabes acilCoA dehidrogenaze FAD

Flavina Nukleotidi koenzimi|Dihidro-lipoil dehidrogenaze FAD Glicerola 3-fosfata dehidrogenaze
Sukcinata dehidrogenaze FAD Tio-redoksins reduktazes
NADH dehidrogenaze komplekssl ~FMN Glikolata dehidrogenaze
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flavina mono-nukleotids izoalloksazina gredzens Ziméjums 4. FAD un FMN oksidéto un

(FM N)— +e+H*—) FADH* (FMNH*) reduceto formu struktiiras. FMN struktiiras
{ (semi-hinons) sastavs virs raustitas linijas paradita oksidéta
KI j\/k /& H o FAD struktiira. Flavina nukleotids piesaista
) H,C N _ L divus tdenraza 2H atomus (divi elektroni 2e
H-G-H ]@[ ¢ N3 un divi protoni 2H*), no kuriem abi saistas
EMN :_((':;—Cc)): H3% Doz \N 0O flavina gredzenu sistema. Piesaistot vienu 1
H-C-0O-H \boze idenraza H atomu FAD vai FMN, semi-
1 - + - - - -
H-C-H rerH -l FADH2 (FMNHZ) hinons ir stabila briva radikala, forma.
o=g—o' H H Flavina nukleotidi saistiti Fla_vo-proteinos
___________ 5 N Flavo-proteini (Tabula 3) ir enzimi, kas
AT NN kataliz€ oksidéSanas-reducéSanas reakcijas
0=P-0 ¢ | H,C o ees 08
! ) Rib lietojot vai nu flavina mono-nukleotidu FMN
() O N N | Oze ) _ _ . _ _
EAD Rib0ze ) A gon (p11n1g1 reducéts) val flavina adenina dinukleotidu FAD ka
enins - - . . .
s ; < Flavina adenina dinukleotids kpenz_lmu.(Zlm. éf). Koenzlml yeldOJas no B3
H-O O-H EAD vitamina riboflavina. SapliiduSo gredzenu

struktiira flavina nukleotidos

(izoalloksazina gredzens) iesaistas atgriezeniskas reducesanas, piesaistot vienu 1 vai divus 2 elektronus e” viena
1 vai divu Gdenraza 2 H atomu (katra atoma elektrons e plus protons H*) no reducéta substrata. Pilnigi reducéto
forma saisinajuma apzimé FADH2 un FMNH:. Kad pilnigi oksidéts flavina nukleotids piesaista vienigi vienu 1
elektronu e” (vienu H tdenraza atomu), tad veidojas semi-hinons forma izoalloksazina gredzena, saisinajuma
FADH* un FMNH*. Ta ka flavo-proteini var piedalities ar vienu-1 vai ar diviem elektroniem 2¢” parnesg. Sadas
Klases proteini iesaistas daudzveidigakas reakcijas ka piridina nukleotidu-atkarigas dehid rogenazes

Lidzigi ka nikotina-amida koenzims, flavina nukleotidi absorbcijas joslas &0
izmainas reducgjot. Oksidetam FMN absorbcijas maksimums ir pie A=445 nm ar
a = 15499 M-icm . Olbaltumi dazos gadijumos pazemina pKa pie N(3)-H flavinam
veicinot protona disociaciju un pazemina molaro absorbcijas koeficientu
a= 9200 Mtcm™? ..

ABSORBANCE
5

Vairuma flavo-proteinu flavina nukleotidi ir ciesi piesaistiti olbaltumam un dazi 05|
enzimi, ka sukcinata dehidrogenaze, ir saistita kovalenti. Olbaltumvielas saistitas
grupas ieskaitot koenzimus sauc par prostetiskam grupam. Tas strada kopa ar %00 prs 500 600
enzimu. Flavo-proteini pietur elektronus e” kamér tas katalize elektronu e WAVELENGTH (nm)

parnesi no reducéta substrata uz elektronu e” akceptoru. Flavo-proteinu svariga spéja ir izmainit Standarta
reducesanas potencialu (E°) saistitajam un absorbcijas spektru flavina nukleotidam. Flavina gredzena
reduceéSanas potencials E raksturigs flavoproteinam, dazkart loti atSkirigs no briva flavina nukleotida.
Pieméram, FAD saistits sukcinata dehidrogenaze $ini pieméra ir ar pozitivu potencialu salidzinot brivam FAD
E°H20=-0.29815 V tabula 1. Flavo-proteini biezi ir loti komplicéti enzimu kompleksu dalibnieki: dazos ir papildus
flavina nukleotidam ciesi saistits neorganiskais jons (dzelzs Fe"* vai molibdéns Mo™, pieméram) dalibnieka
statusa elektronu e parnesei.

Kopsavilkums
Hesa likuma termodinamiskas koncemtracijas tiriem produktiem dalitas ar tiriam izejvielam konstante Kness un
izmaina brivai energijai, entalpijai , entropijai no tiriem produktiem minus izejvielas AGHess, AHHess, ASHess.
Lidzsvara stavoklis ir atraktors nelidzsvara stavoklim. Uz atraktortu neatgriezeniski tiecas homeostaze bet
nesasniedz brivas energijas izmainas minimumu AGeq= -ReTeIn(Keg), jo ir nelidzsvara stavoklis. Lidzsvara
stavoklT konstantes izteiksme Keq ir vielu maisijuma produktu koncentraciju attieciba pret izejvielam.
Homeostazes nelidzsvara maisijuma konstantes izteiksme Kromeostaze it produktu reizinajuma pret izejvielu

koncentraciju reizinajumu attieciba. Homeostazes nelidzsvara stavokli ir mazaka ka lidzsvara stavokla konstante

KHomeostasis < Keq , kas saglaba homeostazes neatgriezeniskuma turpinasanos evolucijai un izdzivosanai.

Liela atruma protolizes atraktori atrodas Iidzsvara, kamer homeostazes perfekta kartiba turpinas neatgriezeniski.
Liela atruma protolizes lidzsvari virza dzivibas procesus ar molekulu funkcionalas aktivé$anas atraktoriem :

gaisa 20.95% [O:] skabeklis kops 500 miljoniem gadu, osmolara koncentracija 0,305 M, jonu stpéks 0,25 M,

pH=7,36 koncentracija [H3O*]=10""3¢ M, 310,15 K gradi, genereti koncentracijas gradienti ka [NAD*]/[NADH]

and [ATP*+]/[ADP?].

13



Organismi ir disipativo struktiiru saturo$i un membranu nodalitu piecu tipu komplekso reakciju klasteru kopas
vielu maistjumos. Liela atruma protolizes atraktoru aktivétu molekulu neatgriezeniska reaktivitate tiecas sasniegt
brivas energijas izmainas minimumu, ta veicot homeostazes darbu W. Atraktoriem nepieciesama energijas
akumulésana ar liela atruma protolizi ta paliekot Iidzsvara stavokli, kamér homeostaze turpinas ka nelidzsvara
stavoklis. Homeostaze tick darbinata ar atraktoriem aktivgjot instrumentus Brauna molekularos dzingjus evolicijai
un izdzivosanai: veicot kustibu, genergjot elektrisko stravu, producgjot gaismu.

Energijas E transformacija cilveka 10% $iinu nodaljumos tiecas uz Prigozina atraktoriem komplekso reakciju
klasteru kopas piecos veidos.
Liela atruma protolizes atraktori aktivé molekulas neatgriezeniskai reaktivitatei, tiecoties sasniegt brivas

energijas izmainas minimumu, ta realizgjas homeostazes paveiktais darbs W. Atraktori pasi energiju akumulg ar
liela atruma protolizi ta paliekot lidzsvara ststavokli, kamér homeostaze turpinas ka nelidzsvara stavoklis.
Homeostaze tiek virzita ar atractoru aktivaciju ka instrumentu Brauna molekularo dzingju darbinasanai evolicijai
un izdzivosanai: realizgjot kustibas, genergjot elektrisko stravu, producgjot gaismu.

Lidzsvara atraktors brivas energijas izmainas minimums AGeq=AGnmin ir fizikala konstante reakcijai
aprékinata no lidzsvara konstantes Keq reakcijai: AGeg=-ReT*In(Keq). Homeostazes briva-energijas izmaina
AGHomeostaze UN KHomeostaze<Keq kOnstantei ir mazaka absoliita veértiba, jo atkariga no izejvielu un produktu
koncentracijam C: AGHomeostize=AGegtReTeIn([produkti]/[izejvielas]), bet vienmér negativa izmaina
neatgriezenibai. Kad AGromeostaze ir negativa reakcija neatgriezeniski tiecas tie$as reakcijas virziena, kad ta ir
pozitiva reakcija tiecas pretreakcijas virziena, bet kad sasniegta nulle AGuomeostaze= O ir iestajies Iidzsvars. Brivas
energijas izmaina AG reakcija ir neatkariga no cela pa kuru reakcija notiek vienigi no izejvielu un produktu
koncentracijam C. Brivas-energijas izmainas AG ir aditivas kompleksajas reakcijas, kas rezultjas sekmigu
reakciju notikumos ar kopgjiem starpproduktiem ir summa brivas energijas izmainas: AG=AG1+AG2
individualam reakcijam 1 un 2.

ATP* producé$ana un paterésana ir kimiska processa tilts starp katabolismu un anabolismu. Tie veido energijas
porcija ka iebtivéjamus kiegelus $tinas un organismos. Eksoergiska sakabinasana ar endoergiskam reakcijam
pievieno produktos energijas kiegeliSus parversoties par ADP3 , HPO4* vai par AMP? un HO3P-O-POs®. ATP*
hidrolize parnes fosforil, piro-fosforil vai adenilil grupu no ATP* uz substrata vai enzima molekulu, kas
sakabina eksoergisko hidrolizes energiju ar endoergisko substrata parvérsanos. ATP* pasniedz energijas
kiegelisus anabolisma reakcijam ieskaitot: informativo molekulu sintézi, molekulu un jonu transportam cauri
membranam lejup un osmoze pret koncentracijas gradientu, bet lejup elektriska potenciala AE gradientam.
Muskulu kontrakcijas ka atsevisks izn€mums visparinajumos; iniciétas konformacijas izmainas muskulu
kontrakcijam tiek virzitas ar tiesu ATP# hidrolizi.

Stinas satur metabolitus ar llielu negativu hidrolizes AG < 0 brivo energiju ieskaitot fosfo-enola-piruvatu,
1,3-bis-fosfo-gliceratu un fosfo-creatinu. Liela energijas satura savienojumiem ka ATP* ir augsts fosforil grupas
parneses potencials; tie ir labi fosforil grouupu donori. Tio-esteriem arT piemit augsta briva energija G
hidrolize.

Oksidesanas-reduceSanas reakciju atrisinajumu dod divas 2 pusreakcijas (sauktas RedOx sistémas) katru
raksturo standarta reducésanas potencials E°H20 reducétajam un oksidétajam. Kad divas elektrokimiskas
pusreakcijas saslédz k&dg, elektroni e pliist uz pusreakciju ar augstaku reducesanas potencialu E. Brivas-
energijas izmaina lidzsvara AGeq oksidéSanas reduces$anas reakcija ir proporcionala reducésanas standarta
potencialu starpibai AE°=(E°Red1-E°20xn+) no divam pusreakcijam: AGeqg=Fen*AE°=-ReT*In(Keq).

Daudzas oksidesanas reakcijas ir dehidrogené$ana, kuras viens 1 vai divi 2 tidenraza H atomi (elektrons e” un
protons H*) tick parnesti no substrata uz tidenraza H akceptoru. OksidéSanas reduce$anas reakcija iesaista
specializétus elektronu e parneséjus. NADH un NADPH c koenzimus, kuri ir joni P2>" Ps* daudzas
dehidrogenazes. Abi NAD* un NADP* akcepte divus 2 elektronus e un vienu 1 protonu as H. FAD un FMN,
flavina nukleotidi kalpo ka ciesi saistitas prostétiskas grupas flavoproteinos. Pakapeniska glikozes oksidéSana,
kura produceé 36 molekulas ATP% un 24 e elektronu parnese Uz se$am 6 Ozaqua puUsreakcijas:

O2aquatd H3O*+ 4 e= 6 H20; E°H20 =1,383 Volti.
24 H30O*+6 H3O™+6 HCO3+24 e'= CeH1206+42H20; E°H20 =0,157 Volti. 6. laopas puse
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Problemsz1. Entropy Changes during Egg Development

Consider a system consisting of an egg in an incubator. The white and yolk of the egg contain proteins,

carbohydrates, and lipids. If fertilized, the egg is transformed from a single meiotic cell to a complex mitotic

cells in organism. Discuss this irreversible process in terms of the entropy changes AS in the system,

surroundings, and universe. Be sure that you first clearly define the system and surroundings-environment.

2. Calculation of Prigogine attractor free energy change minimum AGeq from Equilibrium Constants Keq

Calculate the standard free-energy changes AGeq the following metabolically important enzyme-catalyzed

reactions at 25°C and pH 7.36 from the equilibrium constants Keq given.

(@) AGeq = - ReTeIn(Keq) = -8.3144*298.15¢In(6.8) = -2479.0215*1.916923= -4752.093331 =-4.752 kJ/mol
Glutamate + oxalo-acetate <>aspartate amino-transferase <> aspartate + a-keto-glutarate Keq= 6.8

(b) AGeq = - ReTeln(Keqg) = -8.3144*298.15In(0.0475) = -2479.0215*-3.04703= 7553.65288 = 7.553 kJ/mol

Di-hydroxy-acetone phosphate <> triose phosphate isomerase <> glyceraldehyde 3-phosphate Keq= 0.0475

(€) AGeq = - ReTeIn(Keq) = -8.3144*298.15¢In(254) = -2479.0215*5.537334=-13727.170039 = -13.727 kJ/mol

Fructose 6-phosphate” + ATP* <> phospho-fructo-kinase <> fructose 1,6-bisphosphate? + ADP3*Keq= 254

AGeq = - ReTeIn(Keg) ; for equilibrium is zero AG = 0 = AGeq + ReTeIn(Keq)

3. Hess law calculation AGr = Gproduktis - Greactants produktis minus reactants Constant K = EXP(-AG+/(R:T))

Hess law constants K for each AGr on page 15:http://aris.qusc.lv/BioThermodynamics/BioThermodynamics.pdf

Glc 6-PZ+H;0*<=>Glc+H,PO*; AGi= -13,8; K=EXP(-13.8*1000/8.3144/298.15)=EXP(-5.5667)=261.573

Glc6P?+H20 => Glc+HPO4>+AG+Q; pH=7,36; AGeq= -RT*In(299.13107%)=37.2336 “/moi ;

AG=AG°cic +AG°HpP042--AG°H20 -AG°GIcep= -419,74-1089,28-(-237,191-1318,92)= -1509+1556,1= 47,1 “/mol

Keq=K Hzpos4- [[H20]*K=10"1% /55,3*261.573=1.1436°10°*261.573 = 299.13+107 ;

o I [Gle]-[HPo ]
Prigogine attractor equilibrium constant (GIc6 2T .0l =
2

Keq=K Hzpo4- [[H20]*K=299.13+10"°

Glc]-[HrO,z
K®7¢q=3; [Gle] [2. T ] =3¢10""=KHzros- /[[H20]*K=1.15210"261.573= Keq; Calculation Prigogine attractor
[Glc62]-[H,0]

free energy change AGeq=-ReTeIn(Keq)=-8.3144*298.15In(299.1310°)=-2479.0215*-15.0195=37233.6634 */mol
H2POs ag+H20+AG+Q<=> HPO4s? aq+H30" ; Knzpos-= 1.1436¢10° (Kortly Shucha)

(a) Glucose 6-phosphate?~+ H3O*;<=>glucose+ H2POs; K=261.573; AG°0=-13.8 X/moi pH<7,199

Glucose 6-phosphate? + H20 <=>glucose+ HPO4? ;  Keq=3¢10""; AG=49.3 ¥/noi pH=7,36

Equilibrium for Glucose 6-phosphate formation different at pH<7,199 and physiologic pH=7,36.

-15.9*1000/8.3144/298.15 = EXP(--6.4138) = 610.221 = [Glc]*[Gal]/([Lactose]*[H20])= Keq*[H20] =
= 610.221*55.3457 = 33773.1084 =K’¢q

_ [Glc]-[Gal]
(D) Kea = [Lactose]-[H,0
(b) Lactose + H20 <=> glucose + galactose Keq = 33773
(c) Malate <> fumarase > fumarate + H20 Kegrzo = 0.004615
3.1*1000/8.314400/298.15 = EXP(-1.2505) = 0.28636= [fumarate]*[H20]/([Malate]) = Keq/[H20] =

F H
 0.255400/55.3457 = 0.004615 =K’sq: K'eq = - “m?;:‘;i:e[] 201 (28636 : AG® = 3.1 kI/mol

] = 610.221 ; AGr =-15.9 kJ/mol

4. Experimental Determination of K°eq and AG®

If a0.1 M solution of glucose 1-phosphate is incubated with a catalytic amount of phospho-gluco-mutase, the
glucose 1-phosphate is transformed to glucose 6-phosphate. At equilibrium, the concentrations of the reaction
components are:

Glucose 1-phosphate <> phospho-gluco-mutase <> glucose 6-phosphate

[Glc1P] =4.5210° M 9.6°102 M = [GIc6P]

= 0.096/0.0045 = 21.3333 = K°eqAG°=-ReT*In(21.3333) = -8.3144*298.15*3.06027/1000 =-7.58648
Calculate K°eq=[GIc6P]/[Glc1P]=21.3 and AG°=-ReTeIn(21.33)=-7.586 kJ/mol for this reaction at 25°C.

5. Experimental Determination of AG* for ATP Hydrolysis

A direct measurement of the standard free-energy change AG® associated with the hydrolysis of ATP is

technically demanding because the minute amount of ATP remaining at equilibrium is difficult to measure
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accurately. The value of AG® can be calculated indirectly, however, from the equilibrium constants of two 2 other
enzymatic reactions having less favorable equilibrium constants:
AG’1=AG 0+G HPoat G H30+-G "Hapros-G " H2o= -13.8 + (-1282)+(-284.7)-(-1323)-(-306.7) = 49.306 kJ/mol

270%1.1436010°° = 3.09663010°7 =K °eq= Khzpos*Keq; AG°= -ReTeIn(270)= -13879 kJ/mol

H2PO4+ H20HPO4? + H3O" ; K°Hzpos = 1.143610° (KortlyShucha)
Glucose-6-phosphate” + H20 => glucose + H2PO4 ; Keg= 270 ; AG’eq=-13.879 kJ/mol

Glucose 6-phosphate” + H20<glucose + H2PO4 ; K% =261.573 , AG®o=-13.8 kJ/mol
[GIe]+ [HPOF 1+[H:0™] _y ;.o
[Glc-6P ]e[H,0]

K’eqe K H2Poa=K eq1=

=4.7262+107=1.1436%261.573210"° =AG’eq1=37.16 kJ/mol
(1) Glucose-6-phosphate” + 2 H20 => glucose + HPO4? + H30" ; K®q1= 3.097+10"";AG 1= 49.3 kJ/mol
(2) ATP* + glucose => ADP? + glucose 6-phosphate™ ; Keqz= 890

3 _ _
Keae = ADP_12[CIC=OP ] 590 :AGeere= -16.836 kaimol
[Glc] e [ATP* ]

Using this information, calculate the standard free energy AG® of hydrolysis of ATP at 25°C.

- [ADP®* ]e[HPO3 Je[H,0"] K [Glc] e [HPO3 ] e [H,0"] _[ADP* ]¢[Glc6P"]
[ATP* ]e[H,0]? [Glc6P~]e[H,0] [Glc] e [ATP*]

3.09663%890°10" = 2.7560°10* =K"eq3 ;AG°1+AG eq2 = -16.836+49.3= 32.464 = AG"3

-ReTeIn(K’eq3) = -8.1344*298.15*In(0.0002756) = 20.3194 kJ/mol = AG’eq3

AG®3=AG’0+G Hpoa+ G H30+-G Hopos-G "Heo= -30.5 + (-1282) + (-284.7) - (-1323) - (-306.7) = 32.606 kJ/mol

(3)ATP*+2H20=>ADP3*+HPO4%+H30"; K’eq3=0.0002756; AG°eq3=20.32 kJ/mol;AG°123=32.464 kJ/mol

Keq®o =0.0002756/1.143610° = 240300 ;-28981= AGeq o= -ReTeIn(K"o) = -8.3144*298.15*In(240300) =

=-30714 ;K°o= EXP(-AG°/R/T)= EXP(-30500/8.3144/298.15) =

. _[ADP* 1e[H,PO;]
eq o0—
[ATP*"]e[H,0]’
(3) ATP* + H20 =>ADP? + H2PO4?% ; K®0= 220409 ; AG°o = -30.500 kJ/mol
6. Difference between AG® and AG Consider the following inter conversion, which occurs in glycolysis :
Fructose 6-phosphate < glucose 6-phosphate” ; K°eq= 1.97
Koo [Glc6P ]
oq= o 4
[Fruc6P~]
=0.5/1.5=0.3 =K’eqAG’=-ReTeIn(1.97) = -8.3144*298.15*3.06027/1000 =-1539.9
(a) What is AG® for the reaction (assuming that the temperature is 25°C)?
(b) If the concentration of [Fruc6P-] is adjusted to 1.5 M and that of

[Glc6P] is adjusted to 0.5 M, what is AG? -1539.9+ReTeIn(0.3) =

( [Glc6P ] )=
[Fruc6P ]
7. Dependence of AG on pH.The free energy AG released by the hydrolysis of ATP under standard conditions at
pH=7 is AG°,=-30.5 kJ/mol. If ATP is hydrolyzed under standard conditions but at pH=5.0, is more or less free
energy released? Why?
ADP* Je[HPO; ]e[H,0" ADP* Je[H,PO,
- ADPZ 1011PO: 10150 ] g 4u1g:isqaiicirzpormicrom A0 1oLH2PO]
[ATP" ]e[H,0] [ATP" Je[H,0O]

Koeq oeql‘ Koeqz -

=K eq3/K H2rpos= 240300 ; AGeq°o = -30.714 kJ/mol

=197 =531331 ; AG°= -ReTeln(K’eq) = -1.5399 kJ/mol

(c) Why are AG® and AG different? AG= AG® + ReTeln -1539.9+-2723.54 =-4.263.4 kJ/mol

=220409

Koeq3
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EXP(-32606/8.3144/298.15)=EXP(-13.1528)=1.94¢105=K °eq; K eq3 = 1.94¢10=

=AG’; K’q3=EXP(--30.5*1000/8.3144/298.15)=EXP(12.3032)=2204009;

AG®3=AG’0+G Hpoat G H30+-G Hopos-G " Heo= -30.5 + (-1282) + (-284.7) - (-1323) - (-306.7) = 32.606 kJ/mol

[ADP* Je[HPO; Je[H,0"]
[ATP* ]e[H,0]?

PH)=19397.7-7981.3= -10.11 kJ/mol (pH=0); at T=298 K (25 °C)

-38.65 kJ/mol (pH=5); -50.06 kJ/mol (pH=7); -52.12 kJ/mol (pH=7.36); -57.88 kJ/mol (pH=8.37)

-11.83 kJ/mol (pH=0); at T = 310 K (37 °C) in mitochondria

-41.52 kJ/mol (pH=5); -53.39 kJ/mol (pH=7); -55.53 kJ/mol (pH=7.36); -61.53 kJ/mol (pH=8.37)

8. The AG® for Coupled Reactions

Glccose 1-phosphate is converted into fructose 6-phosphate” in two 2 successive reactions:

Glucose 1-phosphate=> glucose 6-phosphate™ ; AG®1 = -7.3 kJ/mol

AG=AG"+ReT°In

=32606+R*T*In(0.0001/0.01/a0HOH/a0HOH*0.0110

Glucose 6-phosphate =>.fructose 6-phosphate'AG®2 = +1.7 kJ/mol

Using the AG® values in Table 1.1, calculate the equilibrium constant,

AG’= AG°1+AG"2 = -7.3+1.7 = -5.6 kJ/mol for the sum of the two 2 reactions at 25°C:

Glucose 1-phosphate’=>fructose 6-phosphate” ; K’eqg= Keq1*Keq2z = EXP(5600/8.314400/298.15) =
EXP(2.258956) = 9.57309

9. Strategy for Overcoming an Unfavorable Reaction: ATP-Dependent Chemical Coupling The
phosphorylation of glucose to glucose 6-phosphate” is the izejvielas step in the catabolism of glucose. The direct
phosphorylation of glucose by H2PO4 and HPO4? is described by the equation at T = 310.15 K:

(a)Glucose + H2PO4=>. glucose 6-phosphate” + H20, AGo® =13.8 kJ/mol

. _[Glc6P"]e[H,O] , . . . [Glc6P ] [H,0]? [HPO3 Je[H,0"]
K’a= ; KPa2eK H2pos = 5 .
[Glc]e[H,PO,] [Glc] e [HPO; Jo[H;07] [H,PO;]e[H,0]
EXP(49306/RF/T)= 2.01195544¢10"8 = K°eq3 ; AG°1+AG eq2 = -16.836+49.3= 32.464 = AG"3
-ReTeln(K’eq3) = -8.1344*298.15*In(0.0002756) = 20.3194 kJ/mol = AG’eq3 0.0000105738

(a2) Glucose + HPO4? + H3O*=>.glucose 6-phosphate” + 2 H20, AG° = -49.306 kJ/mol

[H;07]

Ko = [Glc6P ] [H,0]*  _ Khopos *[H20]
[Glc] e [HPO3 Je[H,0"] [GIc]e 4.8¢[H,0"]
AG*=AGo’+GH20-G°H30+=13.8+(-284.7)-(-306.7)=-8.231= 30.83876 ;
[HPO; Je[H;0°].

[GICGP‘]0[1+ ]o[HZO]Z

=2.0119-10*8

[HPOZ Je[H,0"] _

K Hzpos = . ; Pi = 4.8 MM = [H2POs]+[HPO4?] ; [HPO#] = 4.8 -
[H,PO,]e[H,0] Khzpos ©[H,0]
H,0" H,0"

PO +HPOA] — 10 L g o ppoeae MO L),

Ktzpos ®[H,0] Kzpos ®[H,0]

4, , , +
[HPO2]= H8o+ . [Gle6P] =—2 012'[G|C]+°4 8e[H:0'1 _ 1 05740105M

L. [H:07] b [HOTT ) e
Khzpos *[H,0] Khzpos ®[H,0]

(a) Calculate the equilibrium constant K°a for the above reaction. In the rat hepatocyte pH=7.36 and at pH=7 the
physiological concentrations of glucose and [H2PO4]+[HPO4?] are maintained at approximately 4.8 mM. What
is the equilibrium concentration of glucose 6-phosphate” obtained by the direct phosphorylation of glucose by
H2PO4 + HPO4?? Respectively [GIc6P] = 8.5¢108M and 1.27510°'M (pH 7.36 and 7)

Does this reaction represent a reasonable metabolic step for the catabolism of glucose? Explain.
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(b) In principle, at least, one way to increase the concentration of glucose 6-phosphate™ is to drive the equilibrium
reaction to the right by increasing the intracellular concentrations of glucose and

H2PO4 + HPO42. Assuming a fixed concentration of H2POs + HPO4? at 4.8 mM, how high would the
intracellular concentration of glucose have to be to give an equilibrium concentration of glucose 6-phosphate” of
[Glc6P]=250 uM (normal physiological concentration)? Would this route be physiologically reasonable, given
that the maximum solubility of glucose is less than 1 M?

[H01 ),
KH2P04 *[H,0]

] [H,0]
= 23.64M at pH = 7.36 23.64259868
K,, ©4.8/1000¢[H,0"]

(c) The phosphorylation of glucose in the cell is coupled to the hydrolysis of ATP; that is, part of the free energy

[G|C6P_]0{1+
[Glc] =

of ATP hydrolysis is utilized to effect the endoergic phosphorylation of glucose at T = 310.15 K:

(1) Glucose + H2PO4 <. glucose 6-phosphate” + H20 ;AG®01 =13.8 kJ/mol
(QATP* + H20 & ADP* + H2PO4 ; K°0= 220409 ; AG°02= -30.500 kJ/mol

Sum: ATP# + glucose <> ADP?* + glucose 6-phosphate ; AG% = -16.7 kJ/mol at To =298.15 K
3— —
K®o=842.63 <= EXP(-AG°/R/T) =649.3 = K°; K’eqo= [ADP 3‘ [Clc6P ] =890 ; AG’eqo= -16.836 kJ/mol
[ATP™ ] e[Glc]

AG®, =13.8+-30.5= -16.7 ; EXP(--16.7/RF/(T0+25))= 842.631 = K°,;K° = 649.2998 = EXP(--16700/RF/T)

(1) glucose + HPO4? + H30*<¢> Glucose-6-phosphate” + 2 H20 ;AG°1=-49.3 kJ/mol
(2 ATP*+2H20<> ADP*+HPO4>+H30* ; AG®2= 32.606 kJ/mol
Sum: ATP* + glucose <> ADP?* + glucose 6-phosphate- ;AG°= -16.694 kJ/mol

AG°2=AG 02+G "HPoa+ G H30+-G "H2p0a-G Hao= -30.5 + (-1282) + (-284.7) - (-1323) - (-306.7) = 32.606 kJ/mol

[ADP* Je[Glc6P ] _ 1.320.25/1000
K°e[ATP*]  649.2998¢3.38

[Glc]=1.32*0.25/1000/649.2998/3.38= 1.50366804509526E-07

Calculate K for the overall reaction. For the ATP-dependent phosphorylation of glucose, what concentration of

[Glc] = =1.504+10""M not depend on concentration [HzO"]

glucose is needed to achieve a 250 uM intracellular concentration of glucose 6-phosphate when the concentrations
of ATP and ADP are 3.38 and 1.32 mM, respectively? Does this coupling process provide a feasible route, at least

in principle, for the phosphorylation of glucose in the cell? Explain.

(d) Although coupling ATP hydrolysis to glucose phosphorylation makes thermodynamic sense, how this
coupling is to take place has not been specified. Given that coupling requires a common intermediate, one
conceivable route is to use ATP hydrolysis to raise the intracellular concentration of H2PO4 + HPO4? and thus
drive the unfavorable phosphorylation of glucose by H2PO4 + HPQ4?". Is this ~i reasonable route? (Think about

the solubility produktis of metabolic intermediates.)

(e) The ATP-coupled phosphorylation of glucose is catalyzed in hepatocytes by the enzyme gluco kinase. This
enzyme binds ATP and glucose to form a glucose-ATP-enzyme complex, and the phosphoryl group is
transferred directly from ATP to glucose. Explain the advantages of this route.

10. Calculations of AG® for ATP-Coupled Reactions From data in Table 1-2 calculate the AG® value for the
reactions: AG" =20.011+-32.606=-12.595 ; -10.3*4.184 = -43.095;

(1o) Phospho Creatine” + H20<>Creatine + H2PO4 ;AG°10=-43.095 kJ/mol

AG°1=AG 10+G HpPo4+ G H30+- G Hapos-G Heo= 43.095 + (-1282) + (-284.7) - (-1323) - (-306.7) = 20.011 kJ/mol
(1) Phospho Creatine” + 2 H20<>Creatine + HPO4> + H3O* ;AG"1= 20.011 kJ/mol
(2)ADP3*+HPO4*+H30* &> ATP*+2H20 ; AG"2= -32.606 kJ/mol
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(a) Phosphocreatine” + ADP3 <>creatine + ATP* ;AG°a= -12.595 kJ/mol

AG’o =-79.005+-32.606=-111.611 ; 3.8*4.184 = 15.899;

(1bo) fructose + H2PO4 <> fructose 6-phosphate + H20 ;AG°1bo= -15.899 kJ/mol
AG°10'=AG"1b0+G Hpo4+ G H30+-G Hopos- G Heo= -15.899+(-1282) +(-284.7)-(-1323)-(-306.7)=-79.005 kJ/mol
(1) fructose 6-phosphate” + 2 H20 <> fructose + HPO4? + H3O* ;AG’ 1= -79.005 kJ/mol
(2)ADP3*+HPO4*+H30"¢> ATP*+2H20 ; AG°20= -32.606 kJ/mol

(b) ATP*+ fructose <> ADP? + fructose 6-phosphate” ;AG’p=-111.6 kJ/mol

11. Coupling ATP Cleavage to an Unfavorable Reaction.
To explore the consequences of coupling ATP hydrolysis under physiological conditions to a thermodynamically
unfavorable biochemical reaction, consider the hypothetical transformation XOY, for which AG* 20 kJ/mol.

(@) What is the ratio [Y]/[XI at equilibrium? K°o= 3.135¢10

Keg= [Y]/[X] =EXP(-AG°01/R/T)= EXP(-20000/R/T)= 0.0003135;

(b) Suppose X and Y participate in a sequence of reactions during which ATP* is hydrolyzed to ADP? and
H2POx4", The overall reaction is :

(1) X oY ; AG%1= 20 kJ/mol

(2)ATP* + H20 <> ADP?* + H2POy ; K°o= 220409 ; AG°02= -30.500 kJ/mol

X+ ATP* + H20 &Y + ADP3 + HoPOs~ ; AG*o = AG"01+G o2 =AG*0 = 20+(-30.5) = -10.500 kJ/mol
_ [ADP* Je[H,PO;1e[Y]
[ATP* Je[H,0][X]

K’eqo 69.1 ;Koeqo'[HZO] = % = 3810

Khzpoy *[H,0]

[ATP* Je[H,0]eKgy, -(1+ J
=1.994¢10° ;[H2PO4] =

Y] _ [H;07] 8.05/1000
X1 8.05/1000 e [ADP* ] . Kiigrog *[H20]
[H;07]
[HZPOZ]KH2P04 [H,0] .

Pi = 8.05 MM = [H2PO4]+[HPO42] ; [H2POx] = 8.05/1000 - =
3

K°=EXP(-AG°01/R/T)=EXP(-10500/R/T) = 69.0991; aHOH*69.1/8.05*1000*(1+2.543489E-9*aHOH/10-"%)
[Y1/[X] = aoHOH*8.05*69.0991/0.93/8.05*1000 = 1994007.686579

Calculate [Y]/[X] for this reaction at equilibrium. Assume that the concentrations of [ATP*], [ADP?], and
([H2PO4]+ [HPO4*])are all 1 M when the reaction is at equilibrium T = 310.15 K.

(c) We know that [ATP*], [ADP?*], and [H2POql are not 1 M under physiological conditions. Calculate [Y]/[X]
for the ATP-coupled reaction when the values of [ATP*], [ADP?*], and [H2POx| are those found in rat myocytes
(Table 1-3).

12. Calculations of AG at Physiological Concentrations.
Calculate the physiological AG (not AG®) for the reaction :atT=310.15 K
Phospho creatine” + ADP* <> creatine + ATP*+ ;AG°=-12.5 kJ/mol -43+30.5

[ATP* ]e[Cr]
[ADP* Je[PCr]

at 37 °C as it occurs in the cytosol of neurons, in which phospho creatine is present at [PCr] = 4.7 mM,
creatine at [Cr] = 1.0 mM, ADP?* at 0.73 mM, and ATP* at 2.6 mM.

AG=AG"+ReTeIn = -12500+RF*T*In(2.6*1/0.73/4.7)= -13215.2= -13.215 kJ/mol

13. Free Energy Required for ATP Synthesis under Physiological Conditions.
In the cytosol of rat hepatocytes, the mass-action ratio is :

4—
R® [ATP™]

0= - > =5.334102 M. ;at 37 °C T=310.15K
[ADP™"] e ([HPO,"]+[H,PO,])

[ATP*] ) [H,PO 1o Kyzp04 ¢[H0] _

o R 21 - 1=
Pi = [HPOHHPORT; [HPOI = oa e [H,0'] ’
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[ATP*]
[ADP* JeR?
{1+ Kti2po04 ®[H 20]]

[H;07]
ATP% + H20 < ADP%* + HoPO4 ; K°= 220409  ; AG® =-30.500 kJ/mol

Kh2po4 ®[H,0]

[H2PO4]=
e [H;0"]

;AG=AG +ReTeIn(R°0*{H20] (1+ J )=36.99 kJ/mol

+30500+RF*T*In(0.0533*aHOH*(1+2.543489E-9*aHOH/10"(-7.36)))= 36988.76
Calculate the free energy AG required to synthesize ATP# in a rat hepatocyte.

14. Daily ATP Utilization by Human Adults.

(a) A total of 30.5 kd/mol of free energy AG is needed to synthesize ATP* from ADP?* and H2PO4 when the
reactants and produktis are at 1 M concentration (standard state). Because the actual physiological
concentrations of ATP%, ADP%, and H2POasare not 1 M, the free energy AG required to synthesize ATP* under
physiological conditions is different from AG®. Calculate the free energy AG required to synthesize ATP* m the
human hepatocyte when the physiological concentrations of

ATP*, ADP*, (H2POs+ HPO4%) are 3.5,1.50, 5.0 mM and pH=7.36, respectively, at 37°C.

- + ° °
(HPO% 1o[HsO ], b § 11M=[HPOLT+{HPOLT; [HoPO]=5 - [15PO41*Krizpoq *[1:01
[H,PO,]e[H,0] [H3O+]
K°H2r04?®= 1.1436°107°; AG® = -ReTeIn(K°H2ro4) = 51.034 kJ/mol at T = 298.15 K
AG® = -RF*(To+25)*In(1.1436E-9) = 51033.6 :

K°H2po43'= EXP(-51033.6/T/RF) = 2.543489+10° at T = 310.15 K

K°Hopos=

4—
[H2PO4] = 5/1000 : AG® = -ReTeln [ATI; ].[HZO:[ at T=310.15 K
1+KH2P04‘[H20] [ADP*"]e[H,PO,]
[H,0"]

[ATP4_]°[H20]°(1+ K zeos '[HZO]}

[H;0"]

= =60.3976 kJ/mol at T=310.15 K
[ADP° ]¢5/1000

AG=AG"+ReT°In

ATP* + H20 < ADP3 + HoPO4 : K°= 220409 ; AG° =-30.500 kJ/mol

+30500+RF*T*In(3.5/1.5*aHOH/5*1000*(1+2.543489E-9*aHOH/10"(-7.36)))=60397.598= 58998.4

(b) A 68 kg (150 Ib) adult requires a caloric intake of 2 000 kcal (8 360 kJ) of food per day (24 h). The food is
metabolized and the free energy AG is used to synthesize ATP#, which then provides energy AG for the body's
daily chemical and mechanical work W=-AG. Assuming that the efficiency of converting food energy E into
ATP#* is 50%, calculate the weight mate of ATP* used by a human adult in 24 h. What percentage of the body
weight does this represent?

natp = 8360/60.397598/2 = 69.208 mol ; mate = natreMAatp= 69.208050*506.91 = 35082 g

(c) Although adults synthesize large amounts of ATP#* daily, their body weight, structure, and composition do not
change significantly during this period. Explain this apparent contradiction.

15. Rates of Turnover of Dand 0 Phosphates of ATP* A-O-OPO"-O-OPO-0-OPO-O (A-a-B-y-O°).

If a small amount of ATP# labeled with radioactive phosphorus in the terminal position, [y-3?P] ATP*, is added to
a yeast extract, about half 1/ of the 3P activity is found in H2PO4 within a few minutes, but the concentration of
[ATP*]= const remains unchanged. Explain. If the same experiment is carried out using ATP* labeled with 2P in
the central position, [y-32P] ATP#, the 32P does not appear in H2PO4 within such a short time. Why?

16. Cleavage of ATP to AMP and PPi during Metabolism
The synthesis of the activated form of acetate (acetyl-CoA) is carried out in an ATP-dependent process:
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Acetate + CoA* <> acetyl-CoA* + H20 ; AG°1= 31.4 kJ/mol
ATP*+ H0 <& AMP?Z + PPi% ;AG®2 = -45.6 kJ/mol

Acetate + CoA + ATP* <> acetyl-CoA + AMP? + PPi?;AG® = -45.6+31.4 = -14.2=-14.2 kJ/mol

(a) The AG”’ for the hydrolysis of acetyl-CoA to acetate and CoA is -31.4 kJ/mol and that for hydrolysis of
ATP* to AMP? and PPi% is -45.6 kJ/mol. Calculate AG® for the ATP-dependent synthesis of acetyl-CoA.
(b) Almost all cells contain the enzyme inorganic pyro-phosphates, which catalyzes the hydrolysis of PPi? to
H2PO4. What effect does the presence of this enzyme have on the synthesis of acetyl-CoA? Explain!

H2PO3-0-03PH2%7+H20 <2 H2PO4; AG°pp=-19kJ/MOL; AG tota=AG° +AG°pp=-45.6+31.4=-14.2-19=-33.2kJ/mol
H2PO3-0O-03PH2% + 3 H20 < 2 HPO4% + 2 H30*;AG’ppH = 107.21 kJ/mol

17. Energy for H3O* Pumping The parietal cells of the stomach lining contain membrane "pumps" that transport

hydrogen ions HsO* from the cytosol of these cells (pHplasma 7.36) into the stomach, contributing to the acidity of
gastric juice (pHstomach 1.2). Calculate the free energy required to transport 1 mol of hydrogen H3O* ions through
these pumps. (Hint: See Oxidative Phosphorylation.)

Assume a temperature of 37 °C or T = 310.15 K. 1445440

H30+plasma<3:> H30+stomach;Keq = [H30+stomach]/[H30+plasma] = 10Q-PHplasma/q (-pHstomach — 7 4451(°
AG® = -ReTeln(Keq) =-36577 = -36.577 kd/mol
18. Standard Reduction Potentials The standard reduction potential, E°, of any RedOx pair is defined for the
half-cell reaction in equilibrium of each RedOx system:
Oxidizing agent™ + nelectrons <> reducing agent

The E° values for the NAD*/NADH and pyruvate/lactate conjugate RedOxpairs are -0.113 and 0.2291 V,
respectively but E°s7: -0.059 and 0.3193 V.

(a) Which conjugate pair has the greater tendency to lose electrons? Explain.

(b) Which is the stronger oxidizing agent? Explain.

(c) Beginning with 1 M concentrations of each reactant and produkti at pH 7.36, in which direction will the
following reaction proceed?
Pyruvate+ HsO* + NADH => lactate+ NAD* + H20 ;(E°naADH- E°pyruvate)*Fe2 = AG® = -73.000 kJ/mol

[lactate"Je[NAD " Je[H,O0] o )
AG= AG’ + ReTeln =-18.957 kJ/mol favorable direction of reaction
[pyruvate” Je[NADH]e[H,0™"]
AG®o = 96485*2*(-0.059-0.3193)= -73000.5510 ;
AG =-73000.5510 + ReTeIn(1/1*1/1*aoHOH/10"(-7.36)) = -18957.02

(d) What is the standard free-energy change (AG®) at 37 °C for the conversion of pyruvate to lactate

(e) What is the equilibrium constant (Keq) for this reaction?

lactate"] e [NAD"]e[H,O lactate” Je[NAD" J¢[H,0
Keq= [ Iol 1+[H,0] =6.149¢102; [H30"] 'Keq:[ Il 1A, ]:268417
[pyruvate” ] [NADH] e[H,0"] [pyruvate™]e[NADH]

EXP(--73000.5510/R/T)= 6149086393492.110"(-7.36) = 268417.356457188 = K*;

19. Energy Span of the Respiratory Chain Electron e transfer in the mitochondrial respiratory chain may be
represented by the net reaction equation

2 NADH + 2 H30* + O2=> 2 NAD* + 4 H20 (E°NaDH- E°02)*Fe4 = AG® = -552.74 kJ/mol

AG’o = 96485*4*(-0.059-1.3732)= -552743.2680/52000 = 10.6297

(a) Calculate the value of AE® for the net reaction of mitochondrial electron e transfer at 37°C.

(b) Calculate AG® for this reaction. AE’° = E°NapH- E02 =-0.059-1.3732 = -1.4322 V

(c) How many nATP molecules can theoretically be generated by this reaction if the free energy of ATP synthesis
under cellular conditions is 52 kJ/mol? n = 10.63
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20. Dependence of Electromotive Force on Concentrations

Calculate the electromotive force EMF (in volts V) registered by an electrode immersed in a solution containing
the following mixtures of NAD* and NADH at pH 7.36 and 37 °C, with reference to a half-cell of E° 0.00 V.
NADH +H20 & NAD* + H3O*" + 2e Es7 =-0.0590 V (David Harris)

E =-0.059 + RF*T/F/2*In(1*107(-7.36)/10/aHOH) = -0.36983 V

[NAD"]e[H,0]
[NADH]e[H,0"]
(@) 1.00 mM NAD* and 10.0 mM NADH; E =-0.36983 V

(b) 1.00 mM NAD* and 1.00 mM NADH; E = -0.33906 V
(c) 10.0 MM NAD* and 1.00 mM NADH ; E = -0.30829 V

21. Electron Affinity of Compounds List the following substances in order of increasing O tendency to accept
electrons e at pH = 7.36 by RedOx potential Eo values:

EMF=E=Es7+ R-T/F/Z-ln[ } =-0.36983 V

O2g+4 H30*+ 4 e= 6 H20 Suchotina; Eo= 08130V ; Esr= 1.3732V
O2ag+2H30*+2e'=H202aquat+2H20 University Alberta; Eo = 0.2336 V ; Esz= 0.7937 V

oxalo-acetate>+2HsO* +2e= Malate?>+2H20 CRC ; Eo=-0.2225V ; E3zr= 0.3376 V
O2g+ e = O2agSuchotina; Eo=-0.2355V ; E37 =-0.2355 V
NADP*+H30* +2e'= NADPH + H20 CRC ; Eo =-0.3429 V ; E37 =-0.0629 V

a-Ketoglutarate+CO2+2H30*+2e = isocitrate+2H20 ; Eo =-0.4283 V ; Esr = 0.13185V
(a) a-keto-glutarate + COz2 (yielding iso-citrate);
(b) oxalo-acetate;
(c) Oz;
(d) NADP*.
22. Direction of Oxidation-Reduction Reactions
Which of the following reactions would you expect to proceed in the direction shown under standard conditions
pH = 7.36 and 37°C, assuming that the appropriate enzymes are present to catalyze them?
(E°Red-E°ox)*Fen = AG° kJ/mol ;
AG®o = 96485*2*(0.33757-0.059)= 53755.65290 = 10.6297
[oxaloacetate® Je[NADH]e[H,0*] o
AG= AG’+ ReTeln = 10.053 kJ/mol unfavorable direction => for (a)
[malate>” J¢[NAD* Je[H,0]
AG =53755.65290 + RF*T*In(107(-7.36)) = 10052.76
(a) Malate>+ NAD*+ H20 => oxalo-acetate> +NADH+H30";(E malate-E°Nap+)*Fe2 = AG°= 53.756 kJ/mol
AG®o = 96485*2*(-0.059-0.16453)= -43134.58410
AG =-43134.58410-RF*T*In(107(-7.36))=568.3108
AG=AG’-ReT+In(10-"%)=0.568 kJ/mol<=direction favorable to left for (b)
(b) aceto-acetate” + NADH + H3O*=>B-hydroxy-butyrate + NAD* + H20; AG°= -43.135 kJ/mol
AG’o = 96485*2*(-0.059-0.3193)= -73000.5510
AG =-73000.5510-RF*T*In(107(-7.36)) = -29297.7
AG= AG" - ReTeIn(10""2¢) = -29.298 kJ/mol => direction favorable to right
(c) Pyruvate + NADH + H3O*=> lactate" + NAD* + H20 ; AG°=-73.001 kd/mol =>direction
AG®o = 96485*2*(0.16453-0.3193)= -29865.96690
(d) Pyruvate™ + p-hydroxy-butyrate'=> lactate” + aceto-acetate ; AG°=-29.866 kJ/mol => direction
AG®o = 96485*2*(0.33757-0.3193)= 3525.56190

(e) Malate” + pyruvate=>oxalo-acetate” + lactate- ; AG°= 3.526 kJ/mol <= direction
AG’o = 96485*2*(0.52695-0.286255)= 46446.914150
(f) Acetaldehyde + succinate>=> ethanol + fumarate® : AG°= 46.447 kJ/mol <= direction
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