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32 • «a*a & Ka«$laaBaik (Ij6i>)» who claimed that .-,f> // contalaed eo<»t of tha

radloaetiirity 1» saeh axpariBanta. t-aaaibla wnusone for this 41

'52
1-R th* ^rastfaea of y*ie0upler», Air ' .,,!•: -\ :,. .- ^ ^ii'lc activity

•h

thas iT^r- in labelling «x^wri»«ate with *WP^. 'fH«» Iab«lli2% of ' / wa» 

by mrs^it©, cboviiK that it wa* fla^»«d by subirtratw-lwel

oxylstion* It ia postulated th®t in «ubetr«te*l«vel n?io»phoiylsti€ii
3^ 32 32 tb* s»qu«uc« of Imbelli^ of eatK>g«aoua Huci&otv.ies ia •jflr^V ~* ^r V -^ AT P,

by Raoctnnrr- thioklBft««, melwwlrir .aaop.ho«ptete kiaaM 

by -Aeldt •%: chwslbach (19^7) for rat livar »itc'

« mbility of A^J- and ,ii>F to attoulat* th« reapirRti«m of 

, and tii« pljos^liorylaticm 01' svlaaiu^ miel.«otid*« in

2 nin tl» PVMMOQ* of sa4<*a jflg *. ^A th« abs«ii«s« of F:f , or If
« 

com- tion of .jpreater ^J«B ttet of $$ * ¥a« added t ^Jffjp wu sot

hox7l«tt«d v '?nd«r all th» a%0Te ccai^itimui '^ih 7 atiKuiatad tht/ t-e*-. fixation 
of H33Hlf t snd »o:m than 90*- of the *0f was convwrt*^ to ATr At tiw> ii

t,.;t«? 4 transit ion,

(«»} It WM e®aelud»d that j^ap i« th« pripmry oxtarnai. phoephet* aeeentor 
la HB*f> end tlnat -A^P i» fial^ indirectly nboai^wiylated !a oxidatlve 
|»lio«l»lioi7latlon -via tf» agrokrlriGfto reset ion, *hicii requiree add«d Hg?*. Tb»

t»»u4.ut' OA • sawa U^ob> § v&o claims mat A^p was th« prinaxy phoapimta 

ac«»rtar, ausy tm expOjaia^d ^r vroa^ a»tta&pUa&s coocamia^ tit« calculation 
of APPiO rmtioa, and |«j»aibl« arrors ir> tha iAolatiott and aasay of



(lit)

, -i.- the .-•./fgc.t of %/'£* sod

(l) 'ttssapta to {Kurify

for oxidatiTt

th»

fram

fron el toe]. ,.a f vMeh 

at ;:it« 1 in <tapl«i

fraction of 

FtO ratio® of

particle «t &!»» } vith

This cx»4* p**i>*i%tl<M» of factor had a hifjh

aetivity, aad a 

la a cewplex way on th« 

me inhibited Igr

"52^

of

or in&ifcitar* of

SAJDH o® th* ABP-AW- «ad 

' ("' " f met! on

(3) ::« effect ol

ei%t.«-.lycwd ^r tht

. :-i' exp«rita«ntal M«<lltioaay but no significant

' •-- - :; c*ivity were obaarwd* *hese r«sv»ltg sura 

tha efeaoical tbaoxy of oxid«tiv«

r«i«tioa

(4) faa Pt~&f.r e»chaag» activity of tha m4« coupling farter vaa furthar 

ci,.*jr*ot*ri:*Ml, and \ms shown to tee ?u^;c1ii>- - -Ith & M^ ^olaeular w©1 

0aftu--««Mmt eontaiaij^ c. ;.. --^-—v a, b and c, *tMch could fea ap^ 

at 150 tfCK} g fcar 1 i^. i 

ie aaaoci^.tod witii antall 

a aolut»l« or

that tt*« y - .... v.

f tha nacbrana and la not

(3) It wm« «aom that alttou^h s.ueh of Un A^,-A-P ajnaan^ aetivity of 

eruda csmpli^ factor *a« aaaoeiatad with Bgre£Laaaa v tnare u&s aa



(xiii)

af AD F-ATP exchange activity which *aa possibly a«»ociated with th« 

coupling lac tor.

. of reBetratioo of ^"•xalo«c«tat» and L-gyslftte into.

pone t rat ion of oxaloac^t^t* aad Lniwslat* into sdtaehomSrlft

inv«f»ti&at*d by aeaaairia^ t&s «ff @ct of ox,al0«c$tate or !/HRnl«t« on th* 

concentration af intrasiltochojftilrial M-vp?i f uaing th« Aaineo-Chance d

(2) itAIKf oxi-i: *!;ie W*B inhitdt*d by rotenon* plwi matiisyciri /. f »*nd as th® 

activity of th« ^itoelttMidrial «M»JUt«i tieJ^drogwMUMi imd«r the test contiiti 

vas very hi^ii in relation to th» rsat*® of p«Mitr»tion of oxaloae«t«kt« and 

t the initiftl rat* of oxid&tloa oX B&Ui n®a « »«fe0ure of the rat* 

p*«*t«!ti0ia of ax&i3*c«tat«, and tb« iiuti&i r* : t<? of reduction of 

a »»a*ura of the p«n*t ration of

of panatratioit of axmloao^tate aa?3 ij-;.. are 

t*b j^lus a*®arbat«» or fey preincubation with &?P, and 

stimulation was abolished by lAneouplere, oiigAoycin A, aurovtrtia, octyl- 

^latsifiliwsr ana atract-yioaide ifliiiDi-te^ t,n«e atiStulatiaQ by A.*n 9 tout elightly 

incre^e^d or did not aff«et tho etiisulftti<m ligr WU»D plus a^co

(4 i*» |^Ti«?u-j5ti0n of uA4u.'jdC»t».te and L-a«ULa,t« into liver

ob«y«4 r iciia«li»-ff«ftftten Klmetioa, and apparent K v^tluft® w»reIB
40 ^?* and IK- ^^ at 20 . •;'•:,c ^., v&lu«s ««r« »iailfir both in the p 

or abaxHMMl of an 9U«ir^»attjpply 9 but 7 values w«r$ i^re^tly inerf*ase<j ty 

plus a»eorbat€t or .,?i-'.

pi-18 of ths te«iper?tture-d®^ieadeiio« of the poaatration of

and !..««alata above 12° ^av« activatioo-«a«re.>,??, of *lf; and



(xlv) 

•8 KcaJL/»ol« re«p«©Uv*ly f tooth in the ****e«ee or absence of a* energy*

(6) The p«*aeU-fcticn of oxatio«eetat« and L*«*l«te «M ccBpetitively inhibited 

fey Itai'Alate, »aionst«, »auccitu»v^ f &-eeotiu*trate, «aieitt« end ei trecon® t<s , 

both in the pra&eace or abse&ce of -an «tMtrtfMNipp}jr« The ^ valu«e of 

i»fcibitor» war* wii^il^r for pya*j trail cm of

(7) falinoiEycijs or OmdiBlfiia plus KC1 bad a twofold effect on the 

p«net ratios of oxsio^isetate in the presence of nn er.er^y-sur ly. In the 

^•^ittactt of low «©a©eatr<&tiQHfe of EC.l t r-stte*. of penetration af ojtaloac«tgtt 

and iHBtlate w«re stispulated, bat in the preeenee of higher coneentr»tloas

of KC1 r*<ti-y of peaetratioa were

(S) •,-;.-. «nd 38TA (up to 9 ^.) baA no effect am t*» rates of

of 0xal0*c«t%t0 into KO* |nfep«r«<l in tv a PVMWEUMI of : "..l r '""A. If

«®pi' • .. ; '•.••• . u*c""' cj pre-j^r^ti.oa in u;« pre««ae« of 

eti»iii«tiOfi of the

aecnrbate or lay ,\Tr «a» ^r@^.tly reiiiiced* The eneriaMUipecider.ee could be 

reetor»4 'fe^r -addition of 0.1 aK CaCl . It was «oncludf>...1 that b<mad Ce2*

va» re^uiPiKiS for the •tiaulntion of oaealoacetete «*n e*-er'

(9) i'reliAiaejy e«peri»eot» heve been p«rfojmed to

of the *r»Jf«jr^re^ttir«r<mt lor the stipralnti.™ of 

into W. lai^iaii .rntea of penetration of oxal ̂ acetate «r®r«, 

apectrophotoftetriealJLy, ftRd '.vxtre/ .Vfras® ectJrlty i«e« X 

> or oxidation of ajseorbate m* RM^swre^ under 

It W»A fotmd tlmt 1*^-1.7 *egctVK> •oloeulj'A fyf oT*3^ric^f«tr. ^tered the



mitochondria per high-aae*^ bond «0tt*«Bed f but *a tad* oaly 6vpll*» to

rate of penetration, it i# aot knrwi whether th* stelchiorastry

is

(i he«e s»*ults stii£ge*% that L"**iat« enter mite*

the for teoth

carrier ©yete® is

of tfee mitocboadrl&

and activated fey the

for tbe

are

of

11)

were im»*tl#fcteds~

of the reaetioa*

traiu- ift sttb-«itoch/r:

(b) The ATP-driven re<i\iotl<m of H^O* fey auooiAnto in

(*} Hit atitawlatioa of Ute «@plr©,tioa of .B

(d) The etiiciilAtioa oBf tiie penetr»ti<:m of oxeloacet*?.*?

iato rst liver nitoehGOdirtA fe 1WD pliui

(2)

were

oi© plots of tfeft

or AT?,

of

'lot* of r*epix*ti<Mt»driv*a

th«a*

ft <lld not «sbov

breiak, but plofcas of A;f/-driven reaction* afeowi « ©harp breaJc in 

the teeper <tur« retire <*-17e . Below t/il;i ft tran»ltifln»%«i^er^tare l the

Of the r--"tct;v.>tti-. -,.>/rr r^^tiy

(3) It ie yMiulated that the braak in tile Arrfcenius plot* of

in



JOJO

(TAX)



iv i Tspo- •;"T.'-I *•\j: .'. •_ X *.J»T_-;_.Li._^_^__^_^_A>-^JB—^

0<8rai

In a«robic orgaolaMs »o®t ui tfin en orgy »»«<1 to ciriv» 

10 cuppiied by tne aw. action of fatty acids and th« aubatratae 

of the tric*rbaxylic acid cycls to carbon dioxide and *at«r. Jhasa 

reactions ar« cdt«ijra»«d by ^.ulti«ugp» ea«pl«a«» which in plants and 

ante«l» ar« iocs ted in tee aitochoadriaf ««^ «otr«y ia cou«*erv^rt and 

convertea to cuitabae loxoui ^y th« process of OJtid&tiyi, xbQB&h&ry. i j»tJLoft» 

i'ftiB proocee is c«irrie<i out by & 3&rticulat« Kjulti«n^jf»e ooaplax 

in the »«Bbran« of tha witor.. ••. j-i-,i criet&e, mid couples the 

•ntffflr «han^;«B aaaoei&t&d with the pa&&%;% or jreaucing cquiv .^ 

the rwspiintory chain to the formation of ttt© pyropho®ph«*,^ bnn^- 

of AT^.

toccouats of th« rtapir».toxy eiudn and oxidative 

fe« found in tbe review. -^ Jbanoe & ^illiois

(1958, 

and ^itch^li U^-tHL^bV

In this eha.pi.cyr tiios^s »»jM»cts of oxidalive phosphorylatioo which

are relevant to tfe« ¥ork cai^ried out for this thesis will be

of

. ;

current concept of tb* r««piratory chain i© wiasusaria^d in 

v i(fit« IA, Kitducin^ •quiTal«nta enter tiie reapimtoxy chain 

of *p«cific f lavo',«rotaia «ntya«8, aa4 pass aioa; the chain l 

of oxido-rcduction reactiona b«twe«n adjacent carrier®, finally 

trith oxy.en via t.,« cytochroira oxidaaa ewnple.x. DM na^uenc® of tha 

rvapimtory oarri«ra in th« eytoehrait.s b-^. u*one r*^iont and in tba 

cytoc/ira»« oxidaaa ar«» ara atiii ti ci of controvaray.
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2.

?!m eit*8 of aetioo of iahibitora of electron * 

in tfcU tlMMiiftCff* Indicated In Fig* IA. iectron transport f are*

used

tr

^tubrook, Ifjt •, 

tl *ad c, (

inr.iblte

- '" tnfcibiU;-

iohibits electron transport b«tt»««n

thtj oxi<S«.o&

1(111}

that sh&re then

by

ol uri*!-! ior tvery »t-is of

under con,-i.i tioa* t^i«r@t ther* i; no

y that tto» by Ute

>n of ssost isubatrat«« la

01

by the c;

an with ?1A?>H ,t^ ^; -.t.- t H ,,r:^ ;i t»-=

rh* first *ttt*pta to dets^ln® th« ^toichio®*try of

Igr th» hi^rh .»?«••»»« ^cttv-ty cf cr

xbicb

tlwi

of

af

eet«rili«a i^^p."- l*-* to b« r*t-ujrr- , . to the 

in th« ex:,"- i-^ntt.! x^< c«

thl* &o»ure* of errwr, rir^tiy, c«ll

th*

to th* in«wfc«tio: ; u f I«vour*<i th* reaetloa of Cr vitn



that loaaa* 4na to AtS'aaaa b**a»a 

Huntar,

tfca axparifcantally found ?:0 ratio* ara >4 for <X oxo*iutarat« t 

2-3 for *Ai>-iinAtfd iiubstrataa and 1-2 lor »wcciw»te« .i-e s*«ra*a 

found uaiAliy differ sijaiiicantly from a ^-.-i** .™ter, *nicn ic-p

plio«pliotyl*ticm proo*»4c i» a fiJied stoic trie mamier. ~-uch side- 

reactions saa^y be -:ue to ««e.'4Uiieal daiM%*e of tfa« mitochondria during

to cont^-i;.'HUc;n with notur<.»i uncou. iii. - --t, e« t,. unrated 

acids v ?re^^au ^ L&roy, 1-^6; '^oJtezaJc .- ..c..aiwtr*r f 1^>1;» or 

to tha utili&atioa of the energy of ojti»a^tiV© phospaoryiatioa to c.eintain 

the atructuriil and ionic exposition of tbe ifcitocbofltiria, 'j;b@a« oon«id«ratioa« 

jufavt* recently led to a r£j-^x^,,i^av-i-.-ii --i u*t; uiiACicric^' of oicidatit* 

pbo«phoryletion, and report t, hara appwar«d in which it is ciaia:«<j that tfca 

Fr mtio& pr**vioual^' ^e-oor&ily accepted m^y b* for«*»tiy excood^-.. ^aitfe A

I (if) .'he .^riifi.ary • '--te acceator _irt

Kaay at tamp ts i*Kve itien r • c to resolve the identity of the 

nucieotide acceptor to which r. ie fi:-»t Un<ed in a high-energy bond 

duria:; oxidativa 'jho«.-hoiylation. i^rly studies toy slater ^d Holton

Lindterg * ,JC7ie l-er il^t>2) on heart uitoehondri^^attd Kieliey 4 .fi

i^r&uiiw u i,eniiiiia-ttr (v A^t?i/ '*itii rat iivcr antocho- ; L^ 

tr»at AD? wag tha priaary. .aix.rfdi'atochondrial accepter of,...^ ^ 

Fora df tailed litudittjs on trys ;ie:ju*ation and uBti&ation of intrairit--.- .-rial 

nucl*otict«» of rat liver udtociiondria fcy . -ioix,* vitas :-,-. i'otter (l:Oi?» a, bj;

ly^c;; .-ATIU i:t»ldt, Jacob® a Aii*%€:riberir: f ^i-Ji>!3J t led tne;** 

to coiiciud** U'«-*t .'.-)r ia th« primar o^ri^tc- -.cc-. .-



4.
•Ed outsit. . .ji. Jbriwiey • rien tJb65) r*acn«4 a •teilar 

conclusion with t^ea art

worn or ri«ldt t .\lingtnbmrtf afld co~worfc»r» U 

n«JLdt, Jacobs <* jOin«?«ibaBg» l'>t^, i^»o; rtfaif t Klia*«ii!M»r*r A heldt,

fOin»-:«abiMrfe t l*6b>, vltu r^t liver 

tliat 

la receded fey cOMhaatiatAan oiL the

AiV thuc foifted it traoat'«rred to tiie out»i^o of UMP

i' a si^^cii'ic ati-actylOisiao •anai tiv» adwiine n.cleotiue 

«Z2a i, replace ̂  Ly ^Jiicrasl .> - . 

recall tiy t !-..''Ztt«a * ^acLeaaBtn i l^t>^>) hsw point«Ki out Umt r.reTioue 

roeuitft »«y b« incoiicJLu^ive i-c -u: e of th« diiiicuiti^@ iepowa by

•mpMTtii M t u Uon of th« endogsaoua ad«nlo« uucie-tioes oi' ;ait -eh. i..iri»f

•ad al©o becau«» «syoid,n«u»® aad other ,,:,•;,- ^wryi trwiSi'cr syrte..-^ ; .. f ive th«

•bility to redistribute the ahosphoryl ^ru.^r >...-. a^ the? ademine

d tjaat in Bhoft~t«g,r^ incut. • oi"

particle® witb succiunu--- ^c

ao uli;-u the^ j-ri^aaiy. ,pi;Qjanfi;.:-ite sccgptor iurin^; oxidation of 

ur i/^iuvatw plus autl&te by intact b«>ei' h«.nrt adtc, -

••iteti. ol jgJUA6.Uve

-.a- of the _pho«piioiyi«tion «tepe- of cC oio-glut^nst* oxidation 

sftown to b« a euo&tr^t^ : v r. x-yiation cet.^lysed by 

eucclnic trioKinaee* KMUBUJW: «nt» of i'n; r .-.tioa sJ^o^ tn«t t:.vi-w r.re 

(At least/ tiiree eit«s of . aoxylatiuu during the oxidRti^rj of -: >- 

linked rab«tr*t;j3 t and two ait«e d>u¥ii% tha oxidation of succiriate.



5. 
In UvJ aam have the sites fceetn exactly defined, but tii«re la

evidence tiiat tn* thr** «it»8 lie between »in«i eytociuroa* b

, I^o2; >aaadi * Kluhart^ , JL_»> i cytoenrofce b and cytochroat

o; and cytoe&ra-r,." c aito oxy,j«i \Jaeob8, i •!>..)• Ytoaae proposed locations ar» 

boc«d on i'lO or i ; s2» ^eaaure-^ents ov*.-i :,.,,/.-unts of th® rfc-e,/Aratory cnain, 

isolated, by tfc*> uae ol & c iUon ot i^ibitortt ol tsifectron 

H/sd artilici^i eiuctron carriars, e. (:> » external eytochros* c piue 

A isolates tne phORphorylatioa sit« -'^.^ciaitfeci with cytochroe&e 

utiiar artificial electron carriers include ferrieyfuuce, quinon^a, 

aad r; >• j« Tiiese results ar© Cijapiicat&a ty tn« po»aibili\,y ti^t 

©rtliicinl B'ubKtrates CAII act «t sore tlisii on© site. <&•£• can by-pass

A tjeneitive blocit ty a€tiu^ as a bridge lor electron transport 

ix^jc b and cytochroise c vi^ec, ";^ordon.0rand ,.v. raster, 1965 }» 

Th© pho»phory lotion i-ui^ti a^-v, •:. xoae^wiuer^tly iuezitiried by

identifying the croxi^^yor^ijoiirt® in di:fcr?r:e^ spectra 

controlled and nctivc-iy respiring sitoohondrla iChanc© &

Coupling Factors

-'any attaapt« r»&Te tMNMH ttaito to reeoiY® the si^cr^-mia. of o 

atioa by fractioa^tion of aitochosaria u^siafe tL«^ ii-e-ti"w.:s 

bave prcvQd *w>ce£>afui in other bi<>ciiep.iio&i i>roblej.--». ,,ycn studius have 

involved the resolution of &itoci*onaria iato Pjbjrticulatj and

fractions, aatt the iuu-tri«r purification of ___ ' Lc .....at.

for R Qjci'g^^t.i v<e ._. a/i'-y ̂ .i--^ . ^ - ./ . • • .1 v. iv)^c(- *;• v^ ^ -eu c&llea £_

sA in this sppr,-:^ii two, b@€Q to obtain

, but wiuoh r«taine<i th« ability to reco^bine with coupling

re. v.in Uieir -...^i. „-...- 1> t . . *iit»



{!<&«) on* iMant & ?itch«MT U*W fractionated 

suth-fidtocnondrifil particles ) into particuiatt and 

soluble protein fr&etiona, botfc 01 *Licr. •<.;* require*:. icr

of this *ork. in j re en* is l«>-r"t-;ry led to the cl*n'?; thr-t

^ hsd been isolated (Green et al. , 1 -oj ''. 

s to the iao lotion of soluble proteins required

for oxi dative ;>iicK.-pjiorylation have fcc-on tu puriiy proteins

partial reactions of oxidntive phoN-harvl"*i.;n /-uch ••••.« the •.. -'^WT^ exchange

enayme oi \»kdU\A> 5^ L*Vv/\x^Lv(u6:5tei the ^ •? (F,} purified— .-».- . ^ • „-,-,.-_—,.-,_.. ^.,- . — -~± t

tbe group of Hacker (are r"ullstaa et al., 1-j^O; r'en«i'^-:y et 

end the factor oi , an&di \»itiich gtiOTilatBg the

by succinate in urtcn^treated mteitoeboadrial particles^ { see

LSUB 4 ..an^li, l;^o»*

Ttee results of mwsh frsctionation »tudi*a hnv© r^reentlj beeo 

reviewed fey Plater

l(vii) The , oc; -

Bef ••>>•'*» con.-iirtering t- ; ' c'"' probl^s of earcharv-* r^-^ctioru?, in 

0itcchOAdria9 t. :« of action ci inhibitors ind vuioau piers of oxi dative 

phoaphory lotion and tne ^ecnanias of enar&r-lin&ect react ioni» ia mitochondria, 

current i^-^l .-...;• o-nrr«- , i xvjjuiis. oi' ox^autivf pnos^tiuryi-NUioa 

will be briefly disc-. . . The sbovc r>robi«r.3 will t!- - rtl^^isssed in 

re 1.? 1,1 on tr t<u. .-e ry.-;?t':--. ."••^;i«

The weeiuMiiarr; 01* oxidtitlve pr ;i5r lstio)3 i» i -T i'rw. f:ein,-.; 

understood, sod Ii'ss been tut? aubj^ct of v^" ^y^othesfca, .. i... •• «» 

divided into tvo esiin cste^oriss: the ctiectiraJL^ ._and tr.
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(a QfagttieaX hyothesis of. c.xi.

i'hie by P ,, l->oY«L

.mater he main ^or-

is tiiftt the primary event of oxidativc 

of a hi^h-ener^ ci:it*&ical bond, auov.a 

•e ••:« uaod '^y

-i*.- ui the cbefticai hypothesis 

.horyl«stion in the fomsticn

' s "-.'' !- : " ^ica.1 reaction 

will k© u»o:i in thi»

is *

of ti:j« e^riiar h

It is th'ut ^r typ*^a of coupling

occur at ail threo aites oi' oxiactivu (,tioepiioiyl«tion« it is proposed 

th© hi^i-«n«r^y boiwi i» foiled b«t*een one of the capriert' C mid a

group or compound I (not F. )• &to»th<»r tb« carrier is itt iht r«-iiuc««t or

the oxidi£«Ki form ia not stipulated, tb« fei fc-h-«»®rj*y bon..i is

via inter—

modi A ymd fiaally re/;ctK -.dth \^ : to ,;

is support*;! by the proj)erti«^ oi tiic

,,v« '."his ^

~r@ac tions

by ffiitcchundria, and the fcitea oi action oi iniiibitore. oi oxidntive

auch as A .see ^m-u^

of th*

(b)

Ac yet th«r«; is no direct ^videnc« f->r t* « ••-sr

in

of

alternative j, on»ui;-tion vj cxidatiira lion

io tlie cit«alooetotic

"'-ret©

, first by 'unde.

I966b , .

, .na .recently extended by N.itchelJL U9o2 t

's chesjiiosciotic Vo'pothesis is bscca -n
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(l) fkfc ruapi-v,-u-./ c.'iain is arraii^ed anieotropically in a series 

of loops ftcro;. r> t>'@ iiitoebondrial aienbr.:>.ne 9 snob that a flo* of reducing 

4,'quiv^leatr, .v.lunt. the respir*tory chain is coupled reversibly to a

tr&aaloc&tion of protons across tfte •&-nr-"no , »«© ; i c., !,.';•

(2) The mitoehoa ;ri&l cristas contain n ani&otro>ic ' se^whos*

function is to couple reveraibl^' tjje trarialocation of proton® across the

Aitochondri&l e-asbraji* ana the fonrmtion of ^TP (sod Fi^. .

v>; Th*r» are prmeent in tr*e stitociioii^riaa. aoeibrRne sr>«cxiic exchnn

dilfusion carri©r*-ey»t«fi;<8 that permit the reversible excK^n^e ecrosu the

iuea>traae of anioos lor v>n"" ions, inici of cations- for i'.* ions. Tfe* function

of these ^rst«es i& to r®^.ulate ths pi! and osmotic differvntial aeroiui the

;:.<&:.cr.^ae, --:iaci .,^juit Ei*8 entry aaa exit 01 ':;T. •«,.;,u^i K^tiiUvA

aozmal conditions tiiere wo\aid be « sufficiently lar^e el-ctr

potential dii'Tereace aCi*oe«s the K>itocuoaoLrial m<@fsbran© to drive /i i*i'!

eyntJiesiis* Trie aaajor coffiponant of the &l«ctroch«Knicnl potential would

the a.«3**brafl« potential, and titere need only be & rel&tivoiy amali pit

difference (s*e Mtei^ll, l-jt>l y l^t»bb).

(4) Trie postui«t@-i systems 1-3 are located in & Biitochondrial

whichjWitii the exception of specific 0xchftn^*e—diffusion 'cs.rrior-»yRtcstast

is rd0hly ii&p^m«e.Me to ions*

.'itcr.oll (l^tob; -3.«'-J loiter (l\*t»7«u wave discussed the illative 

merits of the two &ain ttypothesee in • x >l".ini!v: the known facts of 

oxid&tiv® phos.jiioryl :tion. '.he ciiefedo^iotic Lyootuesis stressae ti..nt t!ie 

primary even;. , - oxi'<ative r>ho»phorylation is the «joction '-f' Tot-jns, 

uhereas Uie c:>*a.;ical ijr4 '.(0thesis et>A«s that the ^rii.nry @ve?it is title 

formation of a ci.oniosJL hi^h-Qnert^y bond, "f. ^ypotiiea** a<ppee th&t 

L;... *veruLnsl titep of oxidfttivo 3.o;..;:-r iorylf.tion ia catalysed by « aeabrane-



Figure 1C. Possible Proton-translocatinp; Oxido-reduction 

Loops of the Respiratory Chain fafter-Mitchellt 1966b)»

OUT

Loop 1

Loop 2

Loop 3

Mitochondrial 
Membrane.

IN

SH,

2H

2H

H2°

Abbreviations: SH2> substrate; Pe,SH, non-haera iron or 
sulphydryl group of NADH dehydrogenase; Cyt. y cytochrome (

Figure 1D, Proton-translocating; ATP-ase (after Mitchell 9 1966b)

OUT Mitochondrial 
Membrane a

IN

2H-*"

X^ IN, 71 ADP

XO"
ATP

2H"
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bound 

the

*hi«fc 10 oii^owycin-^nisitiw, and caul- voiv»

of Fit> IB,

I(viil) reaction.. <-

i
__OT»

32 ^ unc<nipl«r» mid inhibitors

•uch as oligoRiycln A, fin4 Its activity i«p«ndfi c« th« c tiona of P. , 

ABP and fcfV in a, co&yi^x wrunier (Cooper « tjetmin,;0r, 1^ , <,. ,^..Y to 

both th« etotftieal and cue ;d osmotic hypotht?»f»a it wouia b« catai^'i.-^ by 

i^*%ctionfi J(lii) and I(iv = t w.? un*1«r th® chauical hypothesis reactions 

1(1} and K, ii ; oouid adso regulat* th« rs-te of the ntactiun in tightly- 

coupled

raection Tf occur

in tiie abswnce ol P^ ior; looaely-cou^led mi tocAoadris • la ti ( ,. - -,;• coupled 

it require* F t and in partially inhibited )sy urtcouplere

-., pr«aitt!i«bly <iu» to inter»»ctione with reactions lUi) and i^ 

of the- couoling sequence ( .v-adicina ft !*tmin -wr,

A-r.-'.jv« activity is catp.lyMd fcgr the wreraal of reactions 

1(11', liliij and l(iv) 9 and IB lafclblted ry oll^i^cin ,',, but 

by uncaupl«rs«

and* "?2 °

particles it ia eti'gui^tetl by *'• (Coop«p 

i., ( 196*1 J, th« ruction G«JI b« ««tiv«t*d «ah«r by 

In the abocnoa of respiration, or by respinstioa in th« ata«nc« of

oli.cr^yciru 

to



10.

AfP, but layer et •>.!. U^) found tfce reaction to b« i. .at of th« 

oxidation reactions of oxidativ* phoephoiylation. It ±» ir^rt 

reaolve this point, as the reaction should <i«?,*od on the 

hhich fonta the first anitfuriae-uuau, ui ^>- v:..!«pical nypothe»i» this

i. .--"Ctioft 1(1) *?hicfc would te offoctH by the redox st^t* of G, 

in th* ch«»i-os£iOtio hypothesis th«r© vould b% xu> ©uch
1 H

If Tifc. A_ A;? tiurr«»ct^ -.TP-ii
IB to fefe -iree^ded by H- '0 - P. ©xch«n^«. It is inhibited

uncouplers sad oli^o^yoia, but ^ar^q^K- ^ i: : u<gj\r_hifaJij5rT r- 1 te
1 i:;

p. - ;•? * •:; @jgch«fl^»i ifhidb ia not explained i . ii... ,aatt€«pt to"™~* « ——— " "••"'-

*xpl«sia thie ®n<,«sl^ has b©«B 8E<J« %y Cooper ily66j, in which it is

that ••;•'!.'? i» the first phoa;>ho£yiat«d int»rj«i«idi«t® of oxldative

1 A
?he obfldLcaJ. ,n/pothe, t -.^ild predict that t. - H* ; '" t 

*,T? - ;: ',.,0 and J'. - AT? exehaivss inaction i'. could depend OR the 

state of the electron tr^neport otrriera, but t;v--rv: is no fi» 

of t^ds. 'fh» choRioeBOtie hypothenie can be r»coticll<»d with th» 

of th« exchan^« re©«tione provided ih«t the AfFae«s reaction Involves on

''«id poteitly an X«>$ int«inMdiat« which reacts with ?. and

arid •Jncoupi^rg of •« ':hv

fomatlon of AT* by oxi dative phosphory lotion ia prevented 

by inhibitor and uncouples of oxidMtive phospboiylation* The site® of 

action of uncoupiars and of those inhibitor® of oxidative phoBphorylation 

ueed in the exp«riii.ental work iunrt been included in Fig. IB. 

(a-/ >mc ' rg,

1 ' rs such as 2:4 dinitropheaol ( ;mp) uncouple
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oxidative phosphorylation, accordin..;, to the chemical hypothesis, by 

hydrolysing non-phosphorylated hi&h-energy intermediates (eit'r er 

X^I or CM) (Lardy, Johnson x Kc^urray, l^t?8; Beret A :'later, 1>61; 

Chance, Williams & Hollunger, 1J63). Tetrachioro-trifluororrethyl 

b«a*iraida*ole (TTFE) (Beechey, 196^), and carbonyl cyanide ir.-chloro- 

phenyl hydrazone (GCP) (uoldsby cc Heytler, 1963), are claimed to 

uncouple in the same way as DBF* According to the chefiaiosrootic 

hypothesis, uncouple re act by making; the mitochondria! wembr^ne 

permeable to H*, and thue collapsing* the pH differential across the 

membrane (Mitchell, l^oobj.

(b) Oli^OiEcycin A. .Aurovertin and dcyclohexylcrirbo d^i 
(DCCD)

•>lijaR\ycin A and aurovertin iniiibit oxidative phoa-
1 rt 1 ft

phorylation P - i'i exchange, FJ . - 2L n exchange, \;r * - H? 0

exchange and ATPaae activity. U-ardy, Johnson dc KiCfcurray 

Lardy, Connelly a Johnson, 1^64 )• Beechey et al* (19b6), ciaiffi 

tiiat DCCD acts in the same way as oli.^oniycin A* Aurovertin is 

lesfe efiective than oligomycin A in innibitini;r / Trase induced by 

uncoupling a£eut& v^oniioiiy ^. ^aray, iJ64}« Doth tne 

and cnerai-osmotic hypothesea a^ree tiiat oli^oasycin A. acts by 

inhibiting the formation of ATP frc« X^I (or

In lower concentrations, oligowycin A atidulates 

oxidative phoephorylation, and ATP-driven reactions in sub-fiiito-



12

c; ondrlal particles (Lee & £raater, !;;»,• Lee & Kmeter, (1

suggest that in ada.it.ijn to inhibiting ,ViV formation, oli^c

irUiikitb U-. :•• irolysis of nott-pho6;snoryimeu iut.. ••

(c) ,^c,tv I,:u^ rir^ne

JuaoidiiMt and it® Alicyl d«rivstivee inhibit ozidativ* 

r'hos,)horylatiw)ii -^ , ,.•;.: ,*ii« t 1963). C !ctyltguanidine differs fro* 

A in its sif- ia th@ foiiowiiu respects:-

(i) It is icuch JQOr« effective in Inhibitin 

«t Uite 1 than at other sites (rrc . , 5; Haaa,

(iij ifthibitloa aets ia slowly etwp^red with tiiat by

»•

of tfae inhibition or respiration by DM? ie 

act intiiontanoouo! as it i& with oli^€^iycin A*

According to the chaisicai hypothesis, guimidinos act at a 

point cl ..*«]." tu u.tt respiratory clinic tiian oiigoKycin A plater, 

For the chprci-.-.aeotic vi«w of tfc® ^ode oi action of , «,,u
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--' t- *— -••

•:rurd, i^ci^ni, * Contest (1964 1* showed tr-t Atrv^t.viopid* 

co»p©titiv«ly inhibits the binding of .vJenine riuclco tides to icitochondria^ 

and iruiitits respiration in th« presence of acceptor U'tat« 3)» 

but not in the presence of DM' or ari;«:,> u-j (rruru .-. Azsone, 1^64;. 

Atr**ctyiO3ide inhibits the phosphorylntio-n of added ADF, without ai't'ecting 

the phoaphor>i.'itlon 01 ths endo_«nou« ADP of stitoclsondria , .eidt, Jacobs

outh<vr0 aiigf««ted

that atraetylosiae upecilically inhibi -,.. «,<»*? adenlne nucleoti^e Tans location 

ay s tea in the mitochoudrirU. ffiejabr'Uio.

I(x) ^e^y-i.in^ed ioactiona of itochondria

It wae diacoverad thst * nuffber of en<ler,'ronic rc^ctiona in 

Eidtochondris could be Jrivwn either fey i? uiider aa&erobic conditions or 

by coupled rec-;>i ration «v©n in t^w presence oi uiA;;,v:-;'cin . \^ 

1^63 )• A list of the i*ell-e;ib&tantiat<Kt ener»cy-lin!<«d m.«-ctioni; 

ia Tablfe 1A« Tne properties exhibit©'! by t?ner':y-lin-'- • ran.ctione include :-

(1) An ener^y-requir--:" :.-.t ; .-;, . li^j by eitner '• "r1 unler Anaerobic 

conditions, or by coupled respiration.

(2) The vr? driven react ion is inhibited by oli.j-...ui,ycin A, «urovortin, 

octyl4iv*ni'Jino or stractyloside, but these inhibitors r^.ve no effect on the 

r«spir«tian-driv«n reaction or iiuleed gj,*- r tiiui/ition.

(3) Uncouplers inhibit tbe re.iction vhr,t^.r i. ,v." >••« vi - jy 

r»eq>in*tion, by inhibiting the eup ly of ener&y*

Aecorrtin. i: u cf^::ic«l nypothesia of oxi dative urylation 

the energy utili»e<t in f' • ctiv/«* is> in the fona or non-^noe. t»-->ryl»ted 

high energy intercalate^ since oJlifjoff:ycin A does not inhibit tho reactions 

when they are sup .x>rted by respirntion, woccrdin^ to the c



Table 1A. EnderR'onic Mitochondrial Reactions Driven by 

the Energy of Qxidative Phosphorylation.

1• NAD reduction driven by succinate oxidation. (Chance

& Hollunger, 1957).
+ '' 

NAD reduction by succinate plus ATP, (Low, Krueger &

Ziegler, 1961).

NAD+ reduction by ascorbate plus TMPD and ATP. (Low,

Vallin & Aim, 1963)*

NAD reduction by ascorbate plus ATP. (Sanadi, Andreoli,

Pharo & Vyas, 1963)*

2. NADP* reduction by NADH in the energy-linked trans- 

hydrogenase reaction. (Danielson & Ernster, 1963).

3. Translocation of divalent cations into mitochondria.

(Chappell, Conn & Greville s 1963; Brierley, 1963). 

k» Translocation of monovalent cations into mitochondria

in the presence of valinomycin or gramicidin* (Pressman?
•

1965; Chappell & Crofts, 1966).

5. G-lutamate synthesis from dLoxo-glutarate and NH with 

L-malate as hydrogen donor. (Tager & Slater, 1963).

6. Swelling and shrinkage of mitochondria* (Packer,

Marchant & Mukohata, 1963| Chappell & Crofts, 1966)«
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tiia reaction* are drivwn r.y u*o •o'iuctrocbestic«.a ^tentittl 

acres© the *it0ahaairi*l Bc&ibrfta*.' davaloj^d by the pro ton-tram) locating 

raapir&tory chain or the j,ro ton-translocating ATi-'aae.

I ( xi ; ?*lto<ui.ondriaX Tea Yraaaport

{« __ .-t oi ..;.iy
2* 2* 2* 24•• ' by g-

ia a reaction which a«y b«s driven by autatr^tc oxidoticm or by 4fp

H65)» In tn« (&ba«rae« oi" • 

is a <idcr«eii>e in the rate of ra« pi ration iftoi ifee £/r»at«r part of

P -'a *»0 ratio ie t>.o with^ hydroxybutyr^ta and 3.# i^ith auccinat*

eubatr&te* Thue aac)i cner^y-coiw^rvia^; ait a of t&a r«»^ir«tory cimia
^H

support the u::t»<i£a af 2c«t *.

AT? c-ftn ss>u ; p-.;ri. IJ;PJ u.:, ?.ax.'i,r •.:; e in tr.«$ piiiaseocft of r,
o 

*ith a ?, JO r^tio of I...,- aiv* R •-« *?O r-.-tin of 1.8t>. F 4 tt'..-t«k« untiar

th«-3« conditiotii' ap- ..-.^r» to be paEoLv«? u.s It occurs after ^-a u 

(H0»8i fet ai,, ij-Us ,

ia the «bfiM»nca of r ar*> capable of «ocu£ul£tiiv: '*'n<' ia a

rovarsible an^rtor-dapMn-iatit raoetioo. Th« aubaequ^ot §^tdition of P,

to th* uptake oi tfint ioa in a jr-ef.r.i ration iod«p«tiJ<»ftt reaction. 

' :."hi» find! UP-, su? ^rt.r. the oonclujeion t?At tha utm^e of the diva la nt

iu ir«f. ea«r,^/~ut

n& r|* v '*ii| .^r«villtt -. Goto, i-:••>; ;."ri«rl$y f '<:-&£*?. nn ... .?i 

• <-i at j>' '<•*.• uu© il appears ia th® e^Uuf:1. lor



(b) J&* tr'm-.: location
or.

'*n«i

t cntioa ia tfea sr*ecnca of

, ia th© presence c

substrata, »IK* >-,;,. •, *^*i i^u** ion, cause th« u^tn -te -,-* ui 

£«t«l ion ly jsitocriondrlm an<i t ^ ';;. .-srsnc© of H* ion«j in

, with a ^J^J^K* ratio ^k i. Ul & Crol'l»,

-ii«n -. -:-*l»o present 

occurs. r'r*«pir»tion ie stistul^t*^ »^ aitocfcoatfrial

diff«r» froiR v&linossyciii iii that it«* f Li*, X t Hb and Ca «r* translocated,

T?*iino»yein ••jo^e not act vitlt Ma and Li *

that:-

(1) 

to

(2)

fh« is relatively

-JmsdciSin &n

of the

(3) is

by st.

K

rat® of 

cations*

w to

th«

la

trin»loc«t«di into H* f »ith

of v*lina&yc.in o 

ia

of ®a®rfy* In the prBc.-.«aco oi /•,
of tfa« »itoch-jn;iridn for P., and th« ««t «ocu£-.ulcttioa of

rcaulta in e««IIia^ of tiw s

Th«

y i:ond f but rt€«Atly 

with conditions (Coc*cr«ll t it arris &

(cj

lo

of K* u to b« 2K"

fer. reporter *hich 

I:)o6).

Kiteh«ll .: 5 oyle • 1366*, b, sfiow^a th%t s--.i car.
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ej««5t proton» teith the following

^t® oxidation 

411* to for suecinate oxidation

v i*ehell in tare ret® these result® n& etron,- 1 evi'1ej*e« for the 

hypotbeaia ol oxidaUve ptooephoryiation, but they could also to* explained 

fey thu alternative hyp©th®»i*8 th*jt proicn ejection i» a 8«condarT prc'0@ss 

driven by ni^HNner^y inter»etfiat«fi of ^--*>^"ttv« phosphoxy lotion anct 

P«rtyi.p8 largely tiba r»eult of tr«neiQCatioij of divalent cations Into th* 

mitochondria \ »««'•'. '' *-»r t l^/b.'» 

(d) - ?u -.m . r-

or> of :Jimpp«]l and co-^or«:ers »«^««8ts tJ-.at there 

«|KW5ific traaeiooatiois 8yat«^» lii r«t liver H4tocho-n'iria, for tb«* 

oatry of r (Chftpp*ll & L'rofts, ljo^-: t lar citrate an«i ijaalAt« (Chap v--i*ll f 

1964) and other inionp (Chap pell ST. llaarfcoff, 1 ;:»6'7). Chappell hue evideciic 

th«t the trj; ..^tlon systesca ara specific for Uio ardoaic i',o^riae t and 

•f!'ectiv«ly e-stsiyse »xca«ng» diiffttslon s. slnst C : i?" i---n» 1. all * 

Creits, 19^'- /• Chsppcll coaeider* tr.at «ud.on trr,:u;isc'tti^n i • rive 

proc*BK occyrrint, iAibr^uently to nn *jnervy-r«r?u!ri.R. tr^nsloesstion of 

cations ( - . »ll f Cahn .x -»r«vill« f 1^ ; .

'fha innit-itioo vl tl*e r«spiration of %nionic mrtmtrattte 

fey M^h ccnoentritlone of uncouple rn (p^a hw^-er, 1962, l-*^>4 v *nd the 

utility of sjltcchonUritt to tcaintain hi&b iaternAl concent rnti^nj* ol

eltrnte ('-i^bie, l.iN*i>}» snggeata th«t the tr --tion of 

<,r-.^»ie into m,oQaoBari.H - ny require eoex^y. ..i^ilsrly, 

re*. ._--.. by uncoupler^ of th® Inhibition of electron transport ^ 

tl»e ftftionic iniiititorci ss^ytml (Chance .Hunger, l-*65), an4
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« Chance, 1/66) could be exp.1 if the mitochondria require 

to maintain hi^h intru^ituchczidrial concentrations of th««* 

aaicnic inhibitors* iecentiy, ;-^rib, ^ai. :.-,- ,> .- ress^an v JL^JJU, L, 

have reported au eaergy-Kle^wnfi^iiCe I'or Uie oxidation of Euccinnte by 

liver mitochondria*

of

Addftd oxaloaceta t« strongly inhibits 0uccin.^t© dAhydro,

t lj.57; J arde« ^ Jr'ott^r, lJ46/ y but i'.e ©i'fect on aerobic succinate
»> 

oxidation in iatsct gtitochoadrifi is not great unl^sia Ca i© present

\uati' reuna ^ v. , , i^oAy, or ox.Hiuac-t.u't^ ii' .^ddft'i befor© til* auccinate 

(Ciiapp®!!, 1^61 )• This ou^geat* tii«t sp«fCi4ii factors n-ay reifalat^ the 

t«uwiloc«tion of OTslc;;c«t?ite into ;. itocaondria.

_swJ,th i&a.j'itG .. aro.

Hydroc«B trj^isi^r frow .-^-i---it« to oLoxc— ̂ lut.«.rat^ plus 

or to &cetuac«tat« r»quin»« a vupply oi energy (?«g«r 19<3'5> I9o4, l->b<>;

, 1^63). Ttie stoicjiii<m:etry of th« requirement for ATH

activity (a«@ ^lin^^nberg, ljt>"5}, on

addition of ?-sal«t« in the presence of <^v oxo-tvluUn •,-.« plus h«- -,uj aaa 

found to be in the ran&* (^-,25 - 1*0} AfP p«r ^lutowit* aynthe&iaed* It 

is difficult to explain thie sasall and variable ener,>y-requir«: ent, but 

it possibly reflects an ©ner^-requ.U-ereni lor th« tranaiocation of the 

anionic aubetratsR r?f th« reaction. :ato-er i!966) iiaa augg®&t«<; i,.^i th« 

•nergy*r9':juireff.'«nt for ^lutafaate synthesis ^.ay d*»;end oa tliis «ner^~ 

controlled ;:ovan(<&nt oi ox«loac«tat« from one ooBpar&ont of th© ititochoaririftn 

to another*

(«) VolttM ch«n.jga in ^Itoch ndrla

4 Crofta (1^6)



Figure 1E. Generalised Mechanism to Account for Ion
Transport and Swelling Phenomena in Mito­ 
chondria (after Chappell & Crofts. 1966).

OUT Mitochondrial 
Membrane.

IN Mitochondrial 
Membrane.

OUT

M

H

I +

CH 7COOH

ATP or

(c)

-Z

CH COOH

"> OH"

The accumulation of divalent cations by carrier-system (A) 
is driven by ATP or respiration (system B). Permeant anions 
such as H2P°4 en>ter the mitochondrion in exchange for 
OH" ions in carrier-system (C).
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raviewad the factors affecting volu»» change* ia nitoefcoadria. Chappell

* Crofts (I%6- consider t*mt th<t respiration of AT? driven •nelline 

of asitochondria is associate witn tr*e OjB&otic changes - • ,b#. 

covenants of iar#e amounts of cations and anions. and iv • \rlsed 

the effects of uncoupling a^ants, cli,:x:ycin A and ciieX-, , , ..data on 

the various typ«e of aitochoadrial volume c)^Hii«f*8« rig. Is, giv«6 tfe* 

fWMtraiiaad AtetianiaK, proposed by u:i*i>t>eil •.-. ^ryits ^^ account. ior ion- 

transport and swllin^ pherto&ana in mitochondbri^* .^udia^ on whether 

an anion fozaa a soluble or .^n inisoiubla cotaplea: vita the 

anion, «w©iliiv; will or Kill not be observed,

of the j-'reaent .. _ji 

In thia tneais an investigation of t:.e following problems haa

CHA^TSR 2 A re-inv«atij?»tioa of th» efficiency ol oxid?nive pho*?.>horylation 

IB Bitocncmdrls*

^ --, i*e*inv«atiaittion of UMB a&tui-e wl tne

acceptor in oxidative

CHAr'i*. ••••:. .4 vtte»pt8 i**r« made to iaolt ••:<•,• •:,. coupling factor with activity

at the firat phosphorylation site. *il» affects of $AB and N . ^ on
32 32th« AD P-ATP &nd I- - AiV

coupiin^ factor wore investigated,

CiifV?jj.i 3 '. direct ; .-.' : y of tii« rataa o.,' ^enetratioa of 

and L-«mlat« into mitochondria was developed.

CHA^rKH. 6 tha Kechaniae of penetration of oxalosetr L« and L-f&al«te 

into aitochondria v&a iav®sti ated, with pwrt.iculnr r«fer®nc« to the 

anargy-dep«nd«nc« of thia procc;r .
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CHAPTER 7 rue temp-jr.^turt-<l«p«wi«nc« oi' a nu^fcur of 

reactions of atl toehoAiirl * ami aub-piitochondrial particles 

inv«ati,', te...
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•»;..»^ 2

;0 *r.TT- _ ., .... ..)

2(i) Introduction

..•Kith u ..arisen, ;, 1^64), reported values of 4*4 - i?»7 with pyruvate, 

4-5 witft ^lutamat* and 2»7 - 5»^ vita auccinate 1'or PiO ratios of b#of heart 

&itxjcr»oa',;ria* turban ^ uristea \iy ; ,4, 1. '-,/.. .r^ ^.i-,'.; ."?.-, tioa of up to

5 vilb succinat®, «.ad ^ to 6*B vrith -T«^ • le at-; ivuU^trite in «X].feri''0nt8 

with rat liver b.i7ocnoa.iri^. '.ynn A iro«j ^lybb) ala?o re^urt«d ix : ratio® of 

lii#her than 7 with ol oxo-^lut«r^ts f eor* than 6 for L-j&alate and jeore than 

4 for auccioste oxidation fcy rat liver tii,uc;iuuur.ia. All threy er .-•'.« •-• of 

«or :-:ara measured oxy^ea uptake t^f tha p.rturiv -.ancmetric tcchni^j®.

This ciiapt^r reports &n iaveMti^ation of th© wxp^rir.ental procedures 

vfeich appear to ^ive hi&h :0 ratios. It was discovered t^kat the r.iethoda uaod 

to s0ft&ure 03Qrt-en caia«i«r,ption could e;ire ria« to consid»r«iV.le aource^ „•;. error 

if ue«d uncriticaiiy, aad th® precautiona ta.-cen to obtain ur.^bi^uoue 

%ill be discutfSfrd in detail. 

<:\n/ •.'^e>/^ ..a

of Intaot

(A) Hjgit Ufiar ltocbon<irla

iivt:r - i tocnondris (Hu) wart prepared from tl;< livers of

Hai /« stunned, tlecspit»t«d and thair livers ra; idly 

r«»ov»d and cashed in ice-cold hoajo^aiaation aedluB: 0.2^M sucrc^a; 

10 ^ trl»-:iCl t ph ?.«>; u.l a^' tris- , pd 7.6, The llv«re vert 

through ft ri»ch«r »ir*c«r, and tb«.n ^...i: o10 Gi-u«ec i»i ^-o voiw;OE 01 .r.

« ffla«B-»tef Ion h<mog«aiaer. fh« hoiao,r0nat«8 wer« spun twic« at



500g for 8 adn. in the (6 x I-A i >o i^uu 01 u:e .o.K. frietrai 

centrifuge, and the pellets were discarded. The supernatant V«H snun at 

5>4CQg for 15 Kiin. and the hie;h-&peed supernatant discarded. ?he 'Huffy 1 

layer of the mitochondrial pellet was slouched off, and the 'heavy* mito- 

cr.onuria were resuspendad in U»2t>M sucrcuo; 1 rv trie-ilCl, pil 7.t> . The 

hi£h speed spin was repeated a second tino, and the mitochondria were 

finally suspended in. O.^tJM sucrose; 1 ^ tris-HCl, pli 7«6 at a protein 

concentration of lt>-"50 mg/ml.

(b) Beef Heart f itochondria

Heavy beef heart mitochondria (HHHW) vsr@ prepared by th» 

method of Hatefi et al. (1961) in a medium containing 0.2SK sucrose; 10 

tris-hCl, pli 7»6; 0.1 iaK tria-SDTA.

;rhe lean meat fros freah beef hearts was minced, and then 

softened by preincubation at G~4 with the bacterial proteinase, ii

after which it could be broteen up in a glass-teflon homo^eniber. The 

mitochondria were then isolated by differential centrifugation as described 

for rat liver, and Ii0ht mitochondria were discarded by sloughing off in 

0»2S£ sucrose. The heavy mitochondria were su&pe:itied in 0»25- sucrose; 

10 rnf-! tris-HCl, pH 7.6; 0.1 mi>? tris- ;i} n \ at & protein concent ret ion of 1O-20

Preparation of *non~» ho.sphorylating oubMtiitochondrial particles ( l : 

N(M*-pho»phory latin^ sub-ffiitochondrla.1 particles, capable of

oxi iizing only aADH and succinate, were prepared by a modification of the

rr.ethoa oi -i^ane et al. (19^6).

Light be«f heart mitochondria were subjected to sonic oscillation

for two periods of 3o sec. at 0° uaing the precooled probe of the i'.: .L»,fc,
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ultrasonic power-unit, *n a »*diuas containing >C 2:' -1; 5C »" : - '-*» P^ 7.4; 

''••25$ aucro&e. Untroicen mitochondria were spun down at 25, , i'or 7 :?in. in 

the >:.) bead of toe ,'pinco fcodel ... ultra centrifuue* The supernatant w?ir- 

spun at 1C6, ,v: g for 4-- rnin., fund tne pellet rosu&pead&ci in the ea»e e«4iCBU 

After t$pinaiuf? dovn for A Moond tin.* for 4-'- Bin. nl l •*>,'. : u^ t tn« pellet 

finally resuspended in 0«2*>^ micro.* -e; 10 aft tris-dCl, oil 7.o. 

^in-- .lion of PiO ratios

The detoriiruitiou of • :0 ratios involves; two measurement. : the 

amount of P, esterified, %ua Ui« eaouia of substrate oxi-iisea, .;.& i.-.-at 

ootnmniently ^«^i»ur«d by determining oxygen conewspti on ̂  -which a«y be 

©it^ier Esano®©triaaully using Ui@ •.~.arbur& mppdratu^, or 

the oiygen electrode*

of \;x

(a) ^laaqBetric eatination of

of re»p-riiig s:itochondria

conventional ^arbur^ t*c.aniqu«?» (see Uir,Lr«sit t r.urria «& 

, using a rotary 'arbur^ appar&tua iHraun, Fel»un/;en^ ls> 

doable oide-mm acaoaeter f lASrcs were 'u&@d in &11 ejcp<irla©nt& t aad ware 

aim&en at 12o oscillations per minutu* After an initial >f rio'i of thermal 

equilibration, incubations w»re initiated ty tii>pintj tii« first &i;e-«rtt, and 

»t the end of the incubation, rfr^ctioii® were etopped by tipuia^ perchloric 

acid from the aacond ti^e-arEt.

(b) _ .•.r^aic .estiy^.tion ox" '.x/.-r/en C<^pj^ption

Three typas of oxy&ea, eleciro * « -: to taeasure polaro- 

the oxygen consumption of r,-x itrin^r n itochondriiu



(i) Th» VJ VT* fl>- •' •ttnnr. a!^Ctrod« Of

i. dii - --• 't

Initially ••'.lenajurec'.-ants of oxygen consumption were made 

the vibrating platinu'. «:lc»ctr ?•?<? -:>f the v<

* . etftod euffarwd 

(l) The vibrating platinum electro- ta necessiitettad the uss* of an opan 

v»R3«i, ; •-•x>,;«n ««» »tirr©d in during tli© courf»« of an incubation, 

Corrections had tc V-s ^r.rlied for the siirriru in of oxygen, vihich were.

large wtien the jjicubsstion Esediiffl» «a» wore th«n ^ -.leiOeted in

(2) It was not possible to stir the contents of the incubation veeeel 

aaequately. Accordingly thin aethc 4 in favour of method* 

(ii) and i.iii).

(ii! -c elf A}
-.. .,—— -. ,»^. • • LI mi, umiiu n^ ._ , _ . . _ . . . . ...... .A^,

The Clark eloctra.i« c»ll described by C'r^.i --ii ;i)64) t 

and obtained fro* ^ank Pros., 1-ottishar, .M§bri%e had the follo*ln: 

(l) 'Hie electro la was at th© baee of the cell and pro;, i by a

/Ion aesibnuM*

12) .l£ic.Au«uonc coula &a veil aiirred »y a saagnetic flea without 

cauain£ noise on ths recorder.

(3) The CQll -*a;i adequately eealed frca the afeaeaphere by a tightly 

fitting livj, «n*i additions of nM^eate could be »a^e throu^ih a asctall hole 

in the lid by &.®suiz> .:> icro-nyrinsje without introducirv' • i.r cobbles. 

r-: '«1i« •»»..• ji l-Jbmt^'-l f^r 1 hoijr «t fh« t«w-nrr«iture of the 

incubation V-ath f vhich also acted as th * -.nt to the water jacket 

of th« apr-aratua. >hen the cell had been filled with the incutatioa 

the lid was carefully lowered ao as to force out air bubbles. t«:r.»u c> r. the 

hol« in the lid.
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(iii) . yrin^e *iz;, M ..,iar>i electroae attached luarland
ot a.l«. ;. > r -->•-•

*.n a pKr'itu: wnich allows aaBpiiiv: of incur-ationa and

oontinuous recording of oiy^en consuBption WAS describe •-.-• »y liarlsnd ot al, 

ri^ot>j« i'nis apparatus was obtained frou Jencons scientific Co. :.td. t 

Heiael uoapstead and conaiat«d oi e ayrin^e-repettc, into which v-:a 

»n ..I.L. CXark electrode* Thii» appftratus v«« used to follow th« 

:.horyl&tion of AMP auvl A;)ir during 3tat« 3 and iitate 4*

ijjiJLibrntlon .01 me oxy^Mi qpftVyt oi' incubation aedla 

The oxygen content of water, at dii'f«rent t«w|M9rature3 and in 

equilibrium vith air at 1 ataospbere it& tjiven in the International Critical

-abl«8 (l^b), and at 30 i« O.b^-5 Vi atono/ml. However, the solubility of

oxy '«n in aqu«ou» solution i® affected \jy the ionic •trofi^'th of th« 

aad also th« ooncentrationa oi" uon-eiectrolytds, i^oidell, I-»H).

i'he oxy^er; content at 30 of the esediuBo used in &itt>chondrial

incubatioaa wm* determined by the method of Cnappell v i," - . solution 

of MADS! ime first accurately aaaayenl t^jr the K.-ethorf described r. .o.r 

\l^i?), and Measured aaaplua of it were oxidized in the Cl&rfc electrode cell

by i'f prepared by the modification of the method of Crane et &1. (l^o) 

above. Fly, 2.A shows tht* results oi euch a calibration* A 

»25*; aucr^-i-o; 3 m^- trir.-.i''i., - ; ? 7.6$ b T^' '•':•• ul5 ; 

bovine edrum Jklturaen 1 • -\) t was found to contain ;J.4ot»

g oxyg«n/al at >; u t and the response of the electro le wse pro ortional

to oxy.ren concentration over the whole oi the r^n.-c i : susurea, 

obtained by Chnpoell (1-^64) for a citoehondrial incubation laediu _„„ ,.a 

v*-c at,i3BJs/fiil at >J° atid is in ro- ••; enable ae;roe?:'ent* 

•Eperip.ent". Uj ''.iUr. in-d v:aue of ^•4o*> ix^ atOBi



Figure 2A. Calibration of the Oxygen Concentration in

Sucrose Medium at 30°.

100 p.
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Scale 60 
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1.6

Medium: 3.60 ml. containing?- 0.25 M sucrose; 50 mM 

tris-HCl, pH 7.6; 5 mM KPO, ; 5 mM MgCl2 ; BSA (2 mg./ml.); 

ETP (1 mg. protein); 2-20 pi. 100 mM NADH added from a 

calibrated Hamilton micro-syringe 0

At 30° 1.00 ml. of medium contains 0<,465 atoms

of oxygen
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at 50 IB 92 of tfa* oxygen content of distilled water, '-"op 

at other temperatures the oxyg«n content of distilled water given in the

aj. I'abloa \1928) w*r» ftultipliod by i «92.

at of .

(a) >ce of j'.

CMMmtration of f, in the Aitoohondrial s»e<Uu/- 

w*r» »ea»ur«d by th« nathod of iditorl (1942), t). 

&«rifieation bein.^ ^rlfwn V tho di- . ?ice in concents tion.

of

In tne p

pho*phfttft of 4T? 

waa found th«t up to tr of the

, ) during- trie incubations, fcy •; 

as a coataadaaat of th«

to 6 

to

in th«

Tt

was assayed sp«ct. -rically at 354 rj^ , u»inj? 

:-iOto««t«r f by the reduction of NADf* cfe^ -d by 

pluit ' ,i®xoi8t«fl erase \ see

21 i)

A.DP

b

AT-

2Uv) 

2(v)

Th* a«ount of hexose w ono phosphate s/nthe»iae<- tt, cotibined 

of ad«nyiat<3 kinaa* and hexoieittuw (Haactionc 2(v) «nd a ii)
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determined in a control experiment in which 1 '.CM was added to inhibit 

respiration. This amount was subtracted from the amount of tfMP found in the 

experimental flasks.

.Both j/. disar-Dearance and Hl'V formation were determined in many 
i

experiments, and ,jave similar values for P. esterii nation. 

ADPtO Ratios

Chance & tiilliams (1955 a, b) introduced a method of measuring 

the efficiency of oxidative ohoopnorylation bat.ua en iue discovery by 

'Engelhard t (1932) and Lardy (1952) that in the absence of enzymes hydro lysing 

ATP, respiration is inhibited when all tne AD? is phosphoryleted. ;ince 

oxidative phosphorylation has a very high affinity for At; , there is a sharp 

•cut-off in the rate of oxygen uptake at thi& ^vjuio v^ate 3-^4 transition 

of Chance «ic Ho Hunger, 1963). By means of an oxygen polaro -r-\ph the amount 

of * extra oxygen 1 necessary to phosphorylate a ioiown amount of ADP was 

detei^ined,

(a) Definition of 'extra oxygen 1 in ADF;0 the deter^iaction 
of ratios

The results of a typical experiment in which AT)p was added 

to stimulate the oxidation of succinate plus cysteine sulphinate by HBHM 

are given in fi^. 2B. In common with most workers in thio field the 'extra 

oxygen 1 uptake was defined as the total consumption of oxygen during the 

burst of utate 3 respiration (= A.B = A'B 1 in Pig. 2B) . Other workers have 

chosen to subtract from this the corresponding: amount Jtfite 4 respiration 

and defined 'extra oxyberi 1 uptake as (A.'?' - 4'C-> or ( "^-^< i (e^c. Ozawa, 1966),

As discussed by Chance & Williams (I955b), and Genoa (1^^) ^Vir*- ^ AO 

justification for this correction, which would overestimate ;\DP:0 ratios.

(b) The time course of phoschorylation of ADP

As stressed by Hagihara (1961), it is important to validate
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Z7

inetnod of ioe <&a a efficiency •';.

»oryi'ition by assaying u.^ net -. ;;. ^.iU.oa oi ttaucu a-wii^w 

nucleo tides* The tlae eoura^ ^ . .. -ry 1st ion of added was atudied 

u*ing the ayrinre-reijette with an ..I.L. . ; eloctro-^e v at 

described ty uarlend «t al. (196^). !n ^cn«ral osch incub-Uon con tain «d 

: ' proiein of "" " in a tot-.l v-:a&«p« of 17-1? "

cted Into ' .? rr'l of ic?-e:> •'?.! . -?he mixture we.;

"allowed to settle* '?h« cl*r*r .- at then assayed for

by careful dropviue addition of ^1 'i ' , -nd trie v>reeiMt&tft of ^ClO ®.od

of »«.tabolitt»

;;' contains traces of ir)? --nd 5" or «ore , the 

-: "a i:tcr ;:--*. »ill tolutiona of

• .refully assayed for , 

.eutralized perchloric acid extracts of mitochondria obtained by the asethocis

described above vere also assayed for A-r'1 , ;-.'r and

aa*ay«d by tbe sethode described by Adjw (1965),

described

-.u- -ere

-v the isethod

Hltochondrisl pr^?tein wae aosmyed by the biuret B.ethu«i of Go mail,

fc.i' prc.% by

in 1R ?laC1? plug

on ...

The efficiency of oxidutive wr the :0

or the tol

....-&1 th

Oxygen con^ *at the ffianaa.8tric



28.

. e0t©rifica'ion by I- A' * foi*KMon ^nder t;

4'«ccc-dtitions of :«dth Ba/us«n

The K*jir. cc-jfip'irt- ynt of the cubur* flaa* contained in 2«->:

or

»ub«trat0at- 1- f*"Zftol«* tris

.-.-' 7»4; 1C x mol«s ©odium p

plus

pliu 1- tri®-L »>»!.« te

or i.

? u

7.4;

r. T cont?».ini«d In • .? c?.l:-

t :"i 7*4.

centre-veil

ox*

ou . .* n-,1 of I"'

to obtain full tner&al «<mi libr -tio«, th* incubation*

1» The ineubwtiona wer® sg'toped -iX""t«r a further

by ti;- 

by-

to e;-rillibrntfr for a farther ^-

i-aa in whicli both sid®«-?4jciie wer« tipped after th« 

ioitial preincubution. j'his an^lX voiui&e change \»hicfe resulted sa^ aubstracted 

fron the filial voluts© cha»v;©« ^ the other iricubation,e» This control *. is

&l»o assayed for initial iaveie of r. and J9IP. Oth«r controie.

incubntions in the of ^«

- *> ;.,*. conixoi

<?Oi,bin«id action of nexokin.-. . - *

*« to

in thw

of respiration.

(b) ^/ mi

«i*t«r1ft<j".*:ion fom&tion under th«



conditions of lyjan & Brown

"'••,& , ru; eo> .. fv;. -.-nt oi' the srbur,.f flna* contained in 1.9^ ssl 

2GC (xmol6» s e; 1> ^ Koles tria- vl, ]>•• 7.4; 1 

7*4; .5 yv>ole« f ; 4 yN roles glucosa; 1 ^ rolr-p 

; i>.5 IT*-. ::, .A aud : U> (4-15 «#• protein/, or (l-^/ , : . . • in 

id«-in. protein 1 contaififtd in : -.3 »1 ?J * ^-aioles K- • " f r- 7.4} K'Q

oe and t«»e ^ut&tr'-teB ^ici-cri 1 r \ a 

1 of ^.^

Kr

. ,, ».
4 £. 4

Contained u.2 »1 of !•>• KOH. Th« incubation proo«r<1ur«

!!!)?&, s\F and trl.e-5.iCl were »ix«d to forr n ®t«bJ0 emulsion ol*

*T-?» ae aea>ct-il>od 1^' },ynii -s ^r^wn { 19 '•>*:> • 

(e'T< AJ.tHf mifci ae HtlMMHI ,(!.*. -.?,

• 'xy^*n coii8\jmption WR» ?<;««ksu.r»d nol«ro.;raphlc«illy in 

«leotro*le ceil described by wiMip^li i-^^4,; * AJ. : r?iiios 

determined ly the method of Chsao* * feililaM \19t>3b under ti«« conditiona 

of ffiith a iianj^en H?t>4;» ' }> (^*^> •*• protein or 

protein ) 9 w^r« irtcubcttud at 3--w in 5.<v,

oxo~F*lu.taret« plus l.^> »r tri«-*r.filonstc» 7..*;

plus 3 w^ tria-l.*«l»t«f ?M 7.4; 3 m1" tris succinct©; 1.5 rslf tpi« cy 

pulr-hat«, pH 7.4, and \-,i> iB^mole rotHnoiut/n^* protein, ?*itOf 

add«d last »nd nllowad to re®pir® in otst* 4 ffi r 2-'ji »?-in. 1-2 ,^,>le« of

were th«n a<1d«d froR e cr.libmted Hamilton fricro-syri -i.. ••-,•.;.' tl «

uptaica durin,; th« bur at of .;tat« 3 r«aplr*«tion calcul.--.t*d a^ *acrib»d above, 

(d5 *fter

Oxygea conauaptiorv WSM n«e»ur«d polaro^r«--»hic«llj- at 3 >° in

t*i« Clark •lectrode o«ll described by Ouinpvll H466S «9nd P. aateriiication



by ii;*;> iomation under the conditions oi' l^yim & Brow* 

U-S !&#• prot«in)vr .5 - 2 «#• protein; were p

ine -I/a tea in uu. •...-.. .iv, r,.^ cell it 5 ° iur >-;» &in« in ;.•* --.1 containing

400 ^iasol®8 »uer.->j5*: ?-•• ^> c-.^lv-n t.ris-HCl, ph 7,4; 2 ^M* •-:•!*' a trie- ,

•1.0 raole so<liu ; ao ^ soles g -,

.i 5 »« H • ;"^o incubation waa

v^K 

concentre tioiiti of aubatrates le.-crib«d under (a)*

incubation tm-.^ of 4-4i &in. wre «*s«4, x 2.0 ^1 swwaple k«as then

and u-iCA^y • /-. -uu* ..-»> J"«i of ice-cold •. , ': "^'* •'•* "a *

The teasipl© ^zifc car^full,, .i,,-.ir»ilia»d by drop*ia« additior. at 0 ,

and tfcua cry»tal« of KC10 allowed to -settle. . •„: su^tsraatant wtu-, uifi..^y 

i or Hr; , D^ end &CB controls were ran *« deocribod

e A ,,

hicaliy *?t 3oa in

the Clark «ioctrod« cell, »uvi r^ e»t«rlfic : -.tion 'leteirtdn^d by ;::•;• i'orsr.ation 

under the coa&lUofte oi ..'i&itn ••, HeJUMHi ^i^t4'» Ki>' U.'j »t» ' 

ru-jii^ U-'»^ - 2 f«i» protein) w«re incubsted in 5»v-' ^.l cont^irdn, the 

co»ponent« «f> in (c) plus the hexokir^.:^ trap: luO*K^, dialysed "

; ^ jxmol«» AD?; 40 ^ »ol#s ^luoone* Th® incubation was started 

th<? R.itochondriA in •! or ,«;• o.-i ;.-i ,25 aucr- •''-•>. i t-^r aa 

incubation oi" <'~<(>. »iru a 2«'=".; ial aliquot was removed tBixed ^it^, « -nl of

ice-cold (''•#•'• tiClt v 4 6r : he«jO. iand aaoajed lor >u- ,« .4 ~2 4 ; "^

HBHW (t>-l^ <«£• protein, *are incut x,.: ->t 2t>° in tno -v/ 

rejpette polaroejraph described bv ;^rl/:n.i rt .si. (1965) in a nediu»? containing 

in 17-19 &1, - .2l; to-.,cr «e} 5^ si" tn. -...i t 7.6; 5 B!S' i«gCl,.; t) a.*-
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Figure 2G. The Time Course of Phosphorylation of ADP

by HBHM at 25.

IIBKM ADP 
(4.9 rag. (3 
protein) pmole-s)

Samples 
0

.
Extra oxygen 
=. 3.00 lunoles 
ADP:0 = 2.81

1 min,

t t
3

t
The incubation contained in 17.2 ml.:- 0.25M sucrose; 

50 mM tris-HCl, pH 7.6; 5mM KPO^; 1 mM tris-EDTA, pH 7.6; 
5.8 mM sodium pyruvate; 4.8 mM tris-L-malate, pH 7.6; 
HBHM (4.9 mg. protein).

Sample ADP ATP Total A/JP
bxy.r/en
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Introduction

An important problem in the fi©14 of axidstlve piioaphoryUition is 

the n&ture of the nucleotide acceptor to which -^hosphate is first linked in 

ft faij£h-«nerey bond. It haft been generally asara&d trmt A.^' i« the

acceptor, but recently -;.M«a & ^ac'; ,^mi»n (Ii6v>}, anci vj&mwa (1966) 

evidence that ./yjffi 1© the .prjuEsiry acceptor,

^hla probleit iuuB been Investigated by two methocis;- !v &
55 

of the bound sdgiiirie napJLeoti(ieii of B.BHF; and vT: J H by • »•. wa©

measured in short (2<'-12'.' eec.) incubation?!: with succinats aii aub»tr«t« f a* 

deecribod by 0«aw«. & *«cLenoati (1^46). vbj 'Hie ability of A^*P to relemae 

the controlled respiration of KBH£ was irivesti^at*sd, and Ai\/ :u r&tioa 

deterraia$& l^r the K>«tho4 of Chance A '-*illiap» 11^5b/* The pboaphorylation 

of adeoine aucl^oti :»s in aueJa, incubations wna also assayed entfyir.ice.lly*

gfcj^tffiyy^.By®!' a>artr _••' it-;. r . i^ ..arid. .pl;pg:-hpryiat^o^ 
il .particles

prepared on a «R*11 Bcale by the csethod 01 Fatefi et stl.

) t or oa a large seal® as deecribed by ^anadl * Fluharty (1963). The 

layer of li£Kt Btiioehoodria wae alougiwd off as de»crit«d by Hatei'i <a 

Leeter (I956; f and the h^avy-lsyer aitoohondria were suspended in 0,2^V 

sucrose; 10 w® trie-HCl, i>H 7.6. MSB* w«re stored at -15° for up to two 

weeks before use in » »edi«e containinrr 0,?s* »-jEer-..>ss-; 4 ** ^,gCl ; 1

jsucciruste; 2^ «v tria^iCl, pE 7.6.
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Phoaphory-Utiog sub-^itocJiondrlial particles (JCTf^ were 

ae described fey hatiwen & tiieith (1964J, except that the aedltai contained

la* fttiwl- a*-i«3 no ."iiiCl.* Tb« pallet Jtroa the low speed cei.tr i A ujatlon

(25 fQOOg for 7 »in. . , .leacribed as 'AaOBiJ^^t *a« washed by apianlor 

de-tea is 0«2$r auoroftei 1C at< tria-HCl t pH 7»6, and. reftu&pervtod in the 

••»• »*dlx«»* The pellet fro« the high «p««d e«ntrifu^ation U'-^tC-,,''.^ for

40 mln. ./, described %e * email -'--ti '',,,* "^as wasiied, ass sbov@ and 

In 0.^^ suerc&e; 10 »y tria-'lCl, pH 7,6.
52 of__i_iv . . Carrier-free ij . «»» obtained froo ^"•""-"* i. i

is'0£land y aad »>yrili«d by the ^ethod of Oortowr, Prairie ..-.•. n-acicer v

fca abbreviateti foiKe of this proeedyure was also employed* 2-10 BsC of carrier-*
32 free F, was added to 5-10 ^ soles of !-' , and HC1 added to Jfc. Thi» was

oheated at 100 for 50 laiiu to hydro lyr^e pyrophosyhate and |x$lyphosphate f

diluted to 0.02 .:« HC1, and pmsMsed tjuvu^ a column of I'ovex ^-'.-»X4-H

T'fee elu&te was neutr-liaed »nd adsorbed to a colxwri of I -owe* 1-xS-Cl,

waa then vaot'.ed with wmt@r, and the P. eluted with 0»(T5 8 HC1. i"h« 

•as neutralised to pa 7»o with 1& Kf/K*

ol Mi tochpmlrial .•.'ienine ^

Perchloric acid extracts of &itochoruiria and of »!T?_ wei* chroma to-

graphed aa deacriber! T^ Pre«ffi»&!8 (1958^, ualrx,,,; charcoal*calite or 

r-u:^, toilowsal by ion~exc.-ifti^;e chrojarjlogr^pr^ on

(a) •. .r&r^rattioi\ ol' volij

(4x2) c0i. ctiarooal-celite eoluauna were pro-a.-nred froa acid- 

celite plus ICv fjig. ^orit A cijarcaai 'yCJ^pactty » 2 ^ stoles adenine 

i^e-. "The celite *aa vaahed f :-ft tlmea with 3N' HC1 prior to use, 

of the difficulty of reeioviog all ultra-violet abecrUn^ material
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in this fcay, it &-aa •ub&equ«atly replaced by U <;!>••: •.>«phodex» ;'i'.*» columns were

ft;- . •'.:! r.rior to u&o witn 4-,; al. of a 5Cv atfc#nol, *f- WiL. mixture, and than

10;) ml, 0,1 S HC1. (1 x 3' e&* eolua?n» ot i ^*s* 1-X6-11 oraw&te ware 

and vaa&ed witJa *&ter until mutral before use.

(fe) Stpair^tion ry^oduar^iii

The «-epfir®tioa procedures wa«d to dfttaKrfin© tJ-ie specific
5c!activitiea of r-i&belled adondue nuoleotid«s ar« ^iv«m in Fig* JA «»d 

3""* Radioactivity was counted mi Sta*r« 2, and inorganic 

inod fcy th« a«tliod of Ch#n «t al. (1-^)6). A^F, ASP and .»T 

•t.p*rat«d «t ,-ta#» 4 t and «luted free: the ')ow«x l-Xcn^orsate coluffsn in 

fractions 3, 6 sr*d 9 r*$p«etiv«iy (««• T»bl« 3A/» T'hft radioactivity of 

theee fr^c tie-as wm* couated, tout tfc« ad«nin@ »i«?l«-otid« concentrations could 
not bo Accurately d«t«r»in@«i fey the absorbMic* at 260 sa^ b«cau»« tfe» high 

concsntralions of a?aRoaiuft formate absorbed at tM& w&Yele^th* Accordingly, 

fraction* > f 6 *ra,d 9 *fer« 4e-«salted by adaurbin^; the aaeaiue nucl&otide® to 

a sacorui e«ri€S of charcoal coluKas. Adenina nucleotidae were than « luted 

irith 40 si* of * 50:-: «t Hanoi 9 2& aH-. itixturti y aad reduced to a volim.® of 

t>-10 sal. by rotary ovaporatioa ^» otag® 7;» sadioaotlTlty was aj^aln counted , 
arui aclenins nuciaotida concentre Lion det«r; inad by the akaorbanc® at 26o ttiA- 

S « 14.5).

In c«rtR.in oxp«riBenta 9 »d«ain€i oucl«otid« coacentratioaa wera 

&o determined snsjssicatiiy at ,tta^« 7« AMI* and IBP w®re fteterj^ined fcy the 

asathod of Adas \1965)» aKd ,Vff fey the method of i^Rpraoht * TrautahoJld (1^65 }• 
'fh» r«0\ii.t« of «uob an ax:,erisi«nt «ur« included in Tabl*? 3*. It waa found 

that, although tha alution pattern at Stag« 4 closely corresponded to that 

obtainad by ?r»aa«»an, \1956/» at ^ta^o 7 the -\OP and AfP (fractiona 6 and 9)



Figure 3A. Separation and Determination of the specific 
Activities of ^ 2P-labelled Mitochondrial Adenine Nucleotides,

Perchloric acid extracts of mitochondria 
spun (500g for 10 min.) to remove 
denatured protein.

I
Supernatant loaded on to charcoal-Celite 
or charcoal-G-25 Sephadex columns (Stage 1).

(a) Washed with (3 x i;0) ml. HpO. (b) Eluted with 40 ml/ of a
Aqueous eluate assayed for P. , 50^ ethanol, 2% NH, mixture, 
and radioactivity counted. and rotary-evaporated to 
(Stage 2). remove ethanol and

__________| (Stage 3).

I
Loaded on to Dowex 1-X8-Pormate column. 
Stepwise elution with HCOOH/HCOONH, 
(see Table 3A). (Staged). ^

I
Fractions 3,6 5 and. 9 neutralised with NH , 
and radioactivity counted. (Stage 5)»

I
Readsorbed. to charcoal-Celite or charcoal- 
G25 Sephadex columns and washed to remove 
HCOONH, . (Stage 6).

I
Eluted with ij.0 ml. of a 50^0 ethanol, 2% NH, 
mixture, and rotary-evaporated to remove 
ethanol and NH,, Radioactivity counted, and 
adenine nuclecxide concentration measured 
by absorbance at 2oO mil. (Stage ?)•

Specific activity of adenine nucleotide = 

Radioactivity at Stage 5
Adenine nucleotide concentration at Stage 7
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had lost 4<v6O of their tarsaliw&l phosphate groups, and also 4C-6"'. of the 

radioactivity trust they po®a*tWMi<l at ;>ta^ *»• It &m® concluded tft*t 

.fractions 6 and 9 utere reapectively >V>r arid ; a- at 3tage 4 UTesessan,

^rierley A O'Erien, I'jft6; f a feign percentage oi the terminal phosphate
32 and bm&-& of tb€ ?,'wst» loet titari%T .^ta^-e® '3-7* Thi« ijydroly£*i» of the

groups of AD? and /u*p waa probably caused by the 

01 iormic aci'i at w"t%r€ 4, aji4 th« teat #fcner*t»d during

nt ml ieatioa by KH^ at 3
32f . thus fonssrd would be eouctad nt St«,ge t>, but would bo 

lost when tti@ t&doni&o iiucl»oti<4ee *mr© roadsorbed to tr* eh&rco-fel colimae 

5, 5 tags 6)« Th« eorr«ot radioactivity of the ft4«aliM nuclaotidee i.- ^ivaa by 

radioactivity «t itajgc :>, and siiic® control «zp*riJM»nta whow^d th.->t. 

nucl*otidi«ti var® quantitatively reeovored froa t*m churccal coluane, tfa® 

»p«Cific activity of the

a die, activity/ &t
aucleotide cono«ntr*tiott »t

.of A-!.?^C! ^Ugg* '^ndter certain coaditions A^P releaaed 

th« co&troll«4 r^apiratioa of HBHK. IMs waa- studied by ta© methods <i«scrib«d 

In Chapter 2, and AKFjO ration uer« determined pol&uro&r*phically by the eethod 

of Critic* ••:. ;..illi.:.u;-.<; \1^5bb>» Tiie pao&p&or>*latioa ol M:.F was also eieaisur<»d in 

th* «yrlrv.,.--^^pette polaro^rapJa cell l&urland et al,, l-jnfe) f «ws d0scrifec;4 in 

Chapter 2#

i£L

te by _i#pM

* iv: aeu»nri«n l->6&) c laired tiiat ^'i 7 wr^s the prlinary phosphate



Figure 3B. The Effect of Cysteine Sulphinate on the
Oxidation of Succinate by ETP^.——

1.6 h

jigatoms 
oxygen

I •

0.8 -

0.4 -

8 10 12
min<

Oxygen consumption was measured polarographically at 30 . 
Incubations contained in 3»60 ml.:- 0.25M sucrose; 20 mM 
tris-HCl, pH 7.6; 4 mlvl MgCl2 ; 3ml^ disodium succinate; and 

(0.85 mg. protein)* added to initiate the reaction.

]xpt. Conditions. 
of Preincubation.

No additions

Oxygen Oonsumption (mup;atoms/min./ 
protein)

First 60 sec. Final Rate.

202

0.9 ralvl cysteine 
sulphinate, 3 min,

1.8 mM cysteine 
sulphinate, 3 min.

102

148

208

214



acceptor in oxiciative phoaphoryiation on the basis of experiments involving 

short incubations (20-120 sec.) with succinate as substrate. Gxy^-en uptake 

in this time was measured polara»£raphically, and it was iouno. that there was

a la# in the oxidation of guecinate by Tr... This lag could be abolished by
n,

r.reiacubation with cysteine eulphinate U-2 &M) f (see Fig. 3B). It was 

concluded that : ~!V contain bound ooaloacetst© which inhibite succinoxidase
1-1

activity, but that this con be removed by transpiration by cysts in* aulpbinate

(oinger «. ^earuey, 195k )• Under th® incub^ition conditions described by Caawa
<2 

:-: Kacuainaa (ld>ob}> in which the reaction was initiated by addition of H.

plu® succinat« > tn© extent of succinite oxidation during the first 120 s«c. 

of the incubation ie doubtful (c.f. Fi, ;. 0 JB, Kjcpt. 1). In order to ensure

that auccinato was oxidised by STPg and oy HBEM, 1 m&. cysteine sulphiaate vaa

32 added to all ?, incorpoi-ation experiment® for the initial preincubation of

b mm,
32Incorp.orat ion, of .. ... _.P, into th® bound adenine nucleotldgs of HBll

32ig. 3C shows the incorporation of P., into the bound adenine

nucieo tides of 'aSiaii ;!#V ' » 'lax^e •• ;in -"u l » a^1^ tli-flK during the first 120 eec.

of succin&te oxidation. In the absence of uncouplers, aTF had a higher specific 

activity than ADP at all stages of the incubation. This su oporto the conclusion 

tha^ bound A.DF is the primary acceptor of high-energy phosphate in oxidative 

t-hoaphoryiation*

The procedures used to separate and assay the specific radioactivities 

of Af-'i', A OP and ATI1 (see Fig* 3A) attempted a quantitative recovery oi' the 

adeaine nucleotidee and P. , and the concentrations of these are ^iven in 

Table 3B.

The percentage labelling of bound adenine nucleoti-^ W.-B calculated
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Table 3B. The Concentration of Bound Adenine ITucleoti6.es

in HBKM and ETPTJ . ——————————————n

Preparation Number .of
Expts.

Concentration of Bound Nucleotides 
and j\"Tmpmoles/ing. protein)»

AT? P.A;..:

HBHM

1 Large ETP ' 4

'Small ETPH * 5

1.94 3.58 2.41 40

2.08 3.00 2.04 25

1.21 2.16 1.92 5.34

Adenine nucleotides and P. were assayed as described in 
the text. The above values" are the average concentrations*

Table 3C. Maximum Percentage Labelling of the Bound
^2Adenine Nucleotides of HEHM and ETP,. by ^ P. duringii j. 

Succinate Oxidation.

Preparation

HBHM

HBHM + 0.1 mM 
DNP.

'Large ETP,, 1
JU.

'Large ETP ' 
•^ 0.1 ml^I DNP.

'Small ETPH '

'Small ETPH '
i r\ A wiTtT "Ps'iNTTi

ITurnb e r of
Expts.

3

3

4

4

5

5

Average
AMP

0

0

0

0

0

0

Maximum 5£ap
ADP 

52

31

6.4

4.6

0.45

0.12

'e Labellin •
ATP

102

13 •

13.2

1.9

2.1

0.35

Conditions were as for Fig. 3C and maximum labelling was 
obtained after 2 min. Adenine nucleotides were separated 
and assayed as described in Pig. 3A, and the percentage 
labelling calculated as described in the text.
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fro®, tfe« ej*cifie activity of th* F, added f and tha * rfr«cific wctiTlt:v of

£tu€i«K>tid«a

-
X

aaattlfic Activitra«u»J-Tifr-r.inrii-irn..«i.:j. .,.. . - ._.

activity of 1 1 adds* 
labalUiitf of A»? and rfP occurred after »60 i^ee., and i* felimi in

?€* ffe# »axiauB! p*.rCMWita^e laheliiBo; of *«&•' azid AfP tt«&4» tilgh in .•

and lov it* 'li^ht sr**. Be-t0: or th« 1^1-^.Ulfif of

iabibitvd fcy w*ccrupl«r»» fout th* l«b«lJlia^ of A.y*- ira» iniaibitftd

leua, «nd ^«p«»d*d on tlie pr©^&rstiora» 80-^Of- of th* latxtlling of bound

of 'mftll Wl* * was inhibited fey unooupi«r» f N«d the ienibition ««• ir
H,

•t 20 0MM, tJoaa *t 120 me. in *i«irg® ?:ift,« and SKiK tha i&hibition
n

*«* l««w at 20 sfec, tTA»a «t 120 aae* «a.i<S tb# 6p«eific activity
X2 

of AD ? exeetded th« Bp^tiifici activity of *t r at tdl st*g^» of tft»

0I'i<-ct 01 iftaL oa ttfoc lab^I: of touo

smia aoujne* of ineor^oration of P. into 

of uncoupl«ra t 'sfowld ba *xp .-ct«d to b»

lotion* ?« teat thia ^pytiVBtl . •• l-x.-t»ri»«attt ^ex« jHMrfo«%.tta ia tlia 

of *i R5 fc";

Fig. 30 abow* that arsenlta inhi.bita tfoa iat»alliflg of A&F

labtfiii*^ of AT?* In tli® prfcssenc® of iura«nita y tiw ap«oii'io activity

of I,T^F *a« fairer tij&n teat of /tD^?» ®vsm in tlta p.r«««ac« of oaooupiar

nod th* ratio JKaBte.n^ftjst.i»-ifry AT^ m& isereasad, awa^la.!!? in

tfe* initial at«£*a \I:.! fi>®«. ^mS >•} »««.}. It th«



3D. The Effects of Arsenite and DNP on the Labelling 
of Bound Adenine Nucleotides of HBHM by ^P,..

50000

ij-0000

50000 
Counts/
100sec./
pinole

20000

10000

0 80 120
sec

Incubation conditions were as for Fig. 30.

Symbols Additions .S£ec_ific_Activity AT"* P 
Speciiic~Activity 

_(at 30 secj.

ADP; o——OATP.

ADP; o——QATP. 

ADP; A——*ATP. 

ADP; ^——r ATP.

None* 

0.1 mM DKP 

M arsenite.

arsenite 
0.1 mM DNP.

0.59

3.10

2.80
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of A UP in the proatetic* of unooupler wu» associated with substrate- level

The effect of A4d«d .^F . . on .the Controlled ite»piyatio»n of BBHE 

la th« presence of aagnesium, .\/r aa rail ac A>;p stiemlbted the 

respiration of K:;^ t although there was a significant lag (20 sec.) in the 

response to ^ • ri^. 5% abo«i» u.i@ ,--:.d«rograr'hlc Btstfay of AXP:0 rstioc p 

the followizi^ ratios wer« obtained:* fiueci&At« t '.'.tS>«C>94; pyruv«t«

of phosphoryiation of />>'?,

the pha^phojryJlation of a atxt\*« of AWJ* plus A'!)?. In both cases tcore than 

rf'.",^ of tJi« added neionijfit nuclaotide had beau comrerted to A74* at the :,tate 3"^

-State 4 ti*®Ti®ition, and the ratio 6^l; t--" approximately eq'u«ii«d the rntio 

W>- •''*•' * 2^u'/»ut d«t«&naiti«a fey tt*» &€»tnod of Chaaoe & '^iiliaaia (1955b}«

HBiW prepare*i in the preaeaoa of - .1 «M iSOfA g»v» tionsal *Dl? iO 

ration in the &fesene« of add<§d ms.j^ie«i\m t but the addition of AHP prodoc&i 

only a alight atimulatioa of respiration. In the presimce of 1 •£ £,lrfA t or 

6 a^? 'tiyTA t j AJ»P did not Ptij:-ulate respiration, although 

ratios *^r® ©till obtained. ..axyraic a»»mys of adenlae nucleotidee

•howed that i^. tht. abaasce piaaea > _ ins ,i>:.r .

? ..jg<|ftt.ioa...tar. HIMi^ la tbe Aejc® of. :^

ftPP:-,'1 ratios i 2.6-2.3} were obtained in certain ezparjuaenta in 

which eucciaate was oxioi^ed in the &bs&ac$ of cy&teine sulohinate* Ad@nina 

nucleotida« w*r© aaaayed «aa^saica.liy in the inhibited at ate of respiration 

(ft£>";areat :-:tat« 4)« It wn» found that o«ly pypjrt of the added A,^P had 

converted to ,v-'? f and that ttte^r;0 ratio M&U i.^.-i.^. ihua t:!« ir^ 

of reapiration is tbe«« erperifiuinta vaa not due to th» .''tatt 3-^V-tftLa 4
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Fip.'ure 3F. The, Time-course of Phosphorylatlon of Ai.!P by
HBHM with Pyruvate x/lus L-malate as Substrate

HBHM 
(4.9 mg. 
protein)

Samples.

AMP 
(3.40 pinoles)

2min.
^

2.30 pgatoms 
oxygen AMP:0

0
r r
i 2 1.1

Oxygen consumption was measured polarogra-ohically in the 
syringe-repette described by Garland et al. (1365). The 
incubation contained in 17*4 ml.:- 0.25M sucrose: 50mM 
tris-ECl, pK 7.6; 5mlvl MgCla.; 5mM KPO^; 2.8 mlvi pyruvate 
plus 2.8mlvl L-malate, pli 7.^>; and HBnM ( 4.9 mg. protein).

ALIP

3.40
Jt

2

3

4
5

2.65
1.72

0.46
0.05

0.02

ADP

0

ATP

0

0.15 0.41

0.28 1.16

0.97 2.20

0.38 2.81

0.15 3.12

3.40

3.21

3.16

3.63

3.24

3.29

0

0.82

2.60

5.30

6.00

6.39

oxyp;en
0

0.30

0.93

2.02

2.49
Tj.-JQ

-

2.73

2.80

2.62

.^



-v
oG-. jThe__Ti-iie -coups e of Phosphorylat ion offc.:? + ADPj

"by HBKM v/ith ,Pyr-uvate T)lus T^nialate as Substrate

2 min

HBHM ADI- (10.3 
(4.9 mg. juinoles) 
protsin) AM? (2o94 

pmoies)

Samples

0 1 2

oxygen
(ADP1+2AMP): 0 

= ,'2.71

Conditions were as for Pig. 3P.

Sani-o le AMP ADP

0

1;
2.

3

k

5

6

2.94

6.8?

6.13

6.27

4.86

1.14

1.02

ATP Total >ins

10.34

3.77 3.75
3.50 4.49
3.42 5.^4
3.13 6.77
0.87 10.1

0.20 10,6

bxy^en

13.3

14.4
14.1
15.1
14.8

12.1

11.8

0

0.92

2.13

4.30

6.37

10.8

11.1

0

0.35

0.83

1 .63

3.37

5.34
6.30

=-

2.63

2.57

2.64

1.90

2.04
_
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transition, and the AHPiQ ratios *ere spuriously hlgti.

3(1*) Diascussion

(a) ; of the Hucleotides of OiMK and '_Tr

la the at&eaoa of uncouple r®, t*» specific activity of the

bound AY ? of HBWM and i,'iVu iran much hi&her than th*t of AU^f- in sll«
Iftbttilinc exp-^rlaatats and it was eoncluddd that bovpd \. 't : is th* priieft*y 

acceptor of hi^b-^m«rgy phosphate in b*«f heart sdtochondria* Tliis 

vith th« conciu^iojas of H«ldt y Kli(%*»nt>«r^ aiad co-wortetwi for rat liver

The nssulia of Osaua *it M «ho elaia«4 thet up to
32the ?. was Ira-corpora t<&<t into A.DF iri <2 rain, incubations uad«r identical

eoaditioas were not reproduced f but ttaa following- obaarvatioftB CJSJB 'be v^da*
32(1) Carrier-fraa P. «»s ue*d in tueir «x?«riKenta without purii'iestioa,

as ttte p«rc«nta^;« incorporation yf counts wa® vei^ wall, the counts

found in the ADi* fraction ocultH represent a fs&all contaminant of the c«rrier-
32 free r. which co-chrofeatognapnii with *' !>P«

(2) $o Attempts **er® %ada to record 1 :; . and .ftdeidne nucleoti-ie con- 

ceiitr«tioa», and henoe Cialculaitii the apecii'ic. activity of 4D? and A??, which

in esii«ntial in establiahing; a precursor 

(3) -W^ »ho« a lac in suceinate oxidation which naj be relieved by 

preincubation with oyeteina salphinate (fig. 5I<)» 0«a'«a & fcactenaan 

initiated the reaction toy addition of ^x. plus esuecinnte, and it is doubtful 

to *hat extent auceinata na« oxidised in tika 2 ain. incubation.

Uodar tfeeae conditiona. «xch«a^e«-r«actionffi with
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•atotnto-lwwl phoepborylatioo, eould account for neat of th» incorporation*

of B

ffaa bound adaniaa Queleotida* of and r:Tra irere vaxtaally

labelled bgr r1 after '>j-&u &ec. af eueciaate oxidation*

fha bound AIU' and AT? of IWi nara fioctenaivaly labelled t fc<ut the 

lake Iliac of the M>P and AT? of * entail KTP, * wa* wry aemll aad that of

; 'T?H » vfia only modamta (7abl« 3C:»
14 C ft4«aln« laaelaotldas to ssflNiisttre tha rat^a of <t3tefei&n$» of bound

n-acl®0tidea t and eoaoludkMl that 6^-70^' of tba total adeoia® nuelaotida of

rapidly «xch«aii»d t tot that *Mall sTF^* oontainad ralativaljr little 

tidanixit nuclo«tide, aw.o appeared to ocme«ntrat@ th@ non- 

bomnd nuclaotieiMi* It ia, tft*rwfor« t poatulatad that ©^»®t of

ti^ bound ndeniaa nuelectida of BTf\, 1» v«ry ti^tiy bound 9 and dots® not 

participate la oxid&tiva phoaphorylation. or aanohao^a witii addod

.>.<i!ittiaa auplao.t.ida aM.^ gjaifl^trfttioiis <«t. HSHK. ...aL_..--7=--'-- —— MMMMM.,^^ —— -»-. £ ,.„. .,8 .MIU JB.tr;. JlLjuKiL ^F- uT: -. i, Mg8»«i..iL n. n,.

bouad adeaiii* uuciootid© eosuNnntratioaa of HBJ* and KfFt, givena •*--

ia Tabl* 5» ar« $0-60 higrt©r than ttooaa found by Briwlay a O f Brian (1965), 

A possible explsnatioo of this is that, sines HSEK »©rw etared im a 

eontainin^ 1 «$ -II 7', and L^fl* v«re praparaA ia a sadixas eonteitiiag I 

preparations vouM contain »j^f^^.p.^cffl|y|t^ong. af. bpuad

It is unlik»3^ that ai^if leant .aoliiMt aAanina- aucleotidfc

tha prapaffttiona t a® BBF am! STP,, ^sr« ¥«©h«d irith

of 0»25H aucroee prior to

llB'ift and • large ""Wjj 1 (i.e. partially broten ssi 

high coHC*ntr*ticme of P f twit »all «TP cont«ln«d
** *i

lnw«r eoae«ntrat.lon» f indicating that F. ie largely loeat«ci in solution
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in the mitochondria! matrix, &ad i» lost on diftruption of tto* aitoahoadri* 

by sonic oscillation.

of Adenina ^ucl%oti.d«a la the ?«MMBO« of

In th» presence of lancouplera, th© epeciflc activity of 32AD P
32 then th'it of AT P ia results hay* taten described

for rat liver nitocftondria qy Beldt
32incorporation of /'

1196?}, who ehowed that 

into .W occurs l^r th© following sequence of react IOHB:

* CoASH

p

0x0*16 Iv* ta rs t®

COA

;;DP

cucci^yl Co A
C0 HADH

3•»• CoA;.>l^. * u*r

afubdtr-*ta~l«v«l pfio&;>hory lotion ftju^ciated %ith the oxidation

of o^t;i3to-glutsirat© t Ai-i? i^ th© i'lrst adeninsi 'nxicl@oti.de to tm lat-elled, and 

4Tr is subsequently iabelled via ayoi£inaB*«

hypotiseaie for fe«artThe data of Pi#« 3D «apport» the

eubstrata— l«v©I

inhibiting th® OLoxo-&Iutarat@ d«bydroe«oaM «cttpl«ax ( 

little ®£f«ct on tb« 4.ai^i.ujfi& of ATP, but ini-iibito< the
IJO

"by 50# t «o^ iocr«2&3»<i the ratio g^eoii'ic activity fCT ?
'' **T*

activity ^0 p

by

MD.'» Had 

of A DP

-,1 m>* ?np
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5 *K araanit* abolish*-' '--n of tb& labelling of ATP and A0? but tha ratio

ftr;
ep^cil'ic activity

in high. It wa« thu« th*t substrata

(b of the OOP troll 'aspiration ol la

In I Of re.

ot. of th<-.

d th«j if ot v.: '-uic«.,

*1 und«r t;

puriouaJLy h

c assay of adtniat

in tii« afc««ice

oite-J t;tat* ocouxred

ti

it ie this .1

,11 tile 

; n

01 Q xk viuca iaaiuittf iiuctiii^-.c

i by .")

; of

•nurii"&«

froia

•etiaated AKPiO ratio* \jy . iy

founci that at th* J

of th*

a in this way t . :ft-.-- • ,o

- ,- !.ra oxygen* v^^ Chapter kf 

3 ^ tit* 4 tr&soi tioa-poiat

'*a« ... , ,/** and 4 - 

t^e 'A>t?, pres«uted abcrre but cen be Lntd Toy

techniques u-'od by *.'S*iwa to »«*p«!rate arid 

,«>•«*•;,• ; .wnA.itf nuclectl<te0 by *>••-- ;

iy mfUur the

juu'i aucxw., ^

.d been <

to

groupe

conditioaa* II -, - . r ~.~ ,.^*u rapidly 

&b.-/vu, it wifi louout
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converted to \fp at th* ^tate 3-^ State 4 transition.

In tct« abawie* of adu^:; 'tv-l-i* or if a concentration of £
<s

greater than that of the M^Cl^ was a<Med, AKr produced only a «a«ll lncr*as« 

la the rate ol respiration. This agr@e<s with tb* reisultit of :;lat«r & Holton 

il-^3) and Undbarg > finuit«r (1952) for haart mitochondria, and of Barkulia 

& Uhnin^er (1951) an-3 i-.icJley a JCielley i!931) for ret liver

Kl«ll«y (1951), it 1© postulated that th© phosphorylatioa of added, AH. 

requires the nctivwtion of iaitoc^on*irial nyokiiuuMi by asagResiuss* The 

in th« stimulation of respiration by AMP ethoim in Fig. 3K, probably represents

canY*raion of AfcV to 4;)? via a-jyoklimse*

Pbosalioxylfttioa of added ADP nas not 4tp«nd*r!t oo add«4 

an«i prcc^ffQ«tt tuituoui aa appreciable lag* It WBUB tr.us concluded

,1,8s th.^ , primary _ wit>rn»l acceptor of hiid»-«i«r^jr pshosphmte ia

oxidative

(l) Th« prisary phosphate atce«ptor in oxi^ative phoaphr.-ry lotion both

' beef heext K:-i tochoadria ic \:i?»

(2) In th« pr«is0nce of uncouple r$, AD? ie labellesi «or« rmpidly th«a 
32ATP by

32 oad «*| i® incorporated via eruccinic thiakin«i9ef nuciey^ae ^oa^pri-o^; t,-

<ina©o and rvniciiMs«« In thia 9«i;uonce of r«*actioite ADP is th« fii-st 

auclooti.:le to be l«b«ll«d*

In HbU^A^P is pho»pi3oryl«ted indirectly via myoicimtaa, &ad this

of



4S.

fftAFIRR 4

^

KD BY ^ysmv?^ FH/VCT ; .?:. HK-:ot^:i? FOI
QIIMTTVB PBPS/HommOK !M .<,-.,.-

Tfce ¥ork of ureen *t al» (1963) •uggA.sted that

c«tal.ya* th« tcralnal r«MCtioas of ozittative

to Meaetions l(ii/» l(iii , and l(iii) of

in Figure lB t and involving ib^siv-en&ray in^er^^Hatfts.. of

Ij&ith :.-, Hanseu (1962) claimed, to h*mt isolated, a soluble coupling

factor t&ich ua* specific for ^ite 1 of ex-idatiir® pfeoaphoryl&tion ^iHDS to 

cytochro&e b t and further details of tM® work ¥©r« £iven by iireew et &!• 

(1963)« -.Vidsace for the existence of Mgfc^mtrgy intermediate* of oxidativ* 

phosphorylfttion at ulte 1 wan r-rovided ^y , i^chot '196'), who claimed to have 

a protein-bound high-eftarty derivative of SADt mad Griffiths (1963),

a cotapOTjRHd of H&Q containing-; hi^i-eiiergy phosphate• 

If hi|^-energy intermediates of «A.i) are invol-y®4 in oxidative

on at ,>ite 1, and if tfce :>ite 1 coupling factor catalyses 

Reactions l(ii;» lliii) ami l(iv) of Figure IB, it is predicted that high

of i-i/,i) or j:^\BM woiild &tfect tne F -ATP or

reactions catalysed by tlie cour>liRig faetor*

Oeine the methods described Vy aitu - Hanaen, (1962) -nd I 

et al* (1963 , and furtner information ^iv«ii in a personal ccssfflsvmicwtion 

i>reen, I'o4.', •.••t.t ^..;t:- ; v.v,»re as«i<ie to isolate a soiubi* coupling i actor 

specific for lt<? 1 of oxidative pnospliorylation. ;\*p©raatmit fractions 

with coupling activity were obtained, but the activity was not specific
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for Ate l.

;iecently mien as the evidence i'or si teMBpeeific coupling factor* 

and high-energy intermedia tee of oxldfctive yiMMatoiylation containing 

reapiratory carriers ha» b@en ebowa to be uneatiai'ftotcxy (s«e slater 1967ft)» 

and thua the original baai& for the investigationa described in thi» chapter 

itfi no longer tanable;. However t supernstaat fractiona Isolated Iron sonicated 

HBJ'^' were shown to have coupling activity for tJ-te oxidation of NAI»l or Eucclnate

by depleted aub*<dtocbondrial particles t «nd also contained high AD F«»A'1T
32 exchange activity and low P.-A^P exchange activity. Taia chapter deecribes

32 32attempts to characterise the &jr i^-ATP exehenge. ?.«AfF «ich«n^e and1
activities of th«&« frmctioisa, mid aa Inv^&ti^atioa of th& ®ff«ct» of 

ead KADH on the «xolmi%*«» '3ctivitiea.

f. R soluble ?-'dtocaonxiriftl •• actor
ler .^refta. .e.t

of H-'Hr* (20 TI?^» orcteift/Bl. ) #ere eunpended in

KC1; 1^ K^ tri&-!iCl f pH ?.^j ^ ^; tri8-,/:« t pH 7.5* 25 al. volu®»® 

e-rinleated Tor Uf x 3 j &ec* u»ing th« pre-coolcsd probe of the $•;>•£• 

oscillation power unit t and the pH van re-adjuated to 7«3 with 1 V tri» base. 

Cr'tibrokea eitochondria were removed fcyf eeairifuging; for 6 cdn* at 20t ';;"-:X; g. 

The •ttpwmatent *»B th«n epun at 60 t '.:00 g for 60 Kin. The 'pellet

«x . t r/j c te4 particle^ ) wm« euspeoded in ';»2*3 2* aucr^ee; 1C tff tri«-HCl t pi! 7.6, 

•pun down for a eecond ti»-e at flo,'-'".- 1 g' for 60 »in« 9 and fia&lly reeaspen/ded 

.in the ea*e eediim"'. The •upernatamt was brought to 4^/::- ilMlA ) ?SO satMi'atioa
^ £ ^

by careful Addition of 25. b ^./ICO »1. of »oUd (BH.L^O. with stirriTw. and42 4 ^*»
© allowed to £st&n<i at 4 for ^

The C»-45-* ^ H ^ J ':"; P^cipi^*** *»e a^un -ic«n at 2 , . ,: for



*>*..'

The *uperaatant %m» decanted, asd the reeidu® ^-» dissolved in 5 . s^

.2 «&, <\TF| pH 7«fc VAi'?-bui'i'«r; at ft protein concentration of K—J5 

he solution wan dialys«d gainst 1' voltes of ATP-Vuffer for 

2 fcr., and then overoi&iit against s furtiier 100 voltttets of ATV-buffer* J 

precipitnte w»a r^Koved by centrifu&int; at 30, '.XK/ ^ for 1 min. TWLe

T

fraction TB®» abowi to contitin coupling activity for the oxidation
32of -': 'V: -1 or

32"£».**.••AfP eatehsmg-Q end nyoki&tM (»ctiviti«iis f -ViTase activity, aad lov 

^xch^Ajj*^ activity.

:':.re?aj*tlon of. '>ubH»itochon4ri«I /'artlclee

Four different preparations cf MibH»itiX!AondriaJ. ;:articlec were u»ed 

as test-pur ticifts in the ausisy of the coupling activity ol' ^upernatunt fractions.

cXea A ,-r . ., / w»r« prepared a» deewsribed abc-ve

by the method oi Green et al*

(b) J^\T ""'e:r** P^^pmred ao^ording to the tt«tho<i of Ilnnaxte Is

(c) y..'--TPa w®JP» prepared according to tto* oethod of U.nnane & 

fitehener (i960).

t :̂ ) *®r6 prepared eAOvtrding to the method of Henaen n

32of labelled
32 52AID ? was p JTC- <•?••»»•' j t^ rc«etla^ ?«5 *C of cerrior-fre* .". vith

*."$? in the 

by
32The A0O» was sliced, vith ?-5 nole& of carrier *.:>?

the other produwsts of the reaction by ioo»oxchan;<;e erir.:,-ffiatOfe.raphy on « 

(1 x 3)cm. column of iXnNor 1»X6 Cl f uein^ the elutivn procedure described



51*

fj-^»

..A..<o ••» •- i */'^ wa* fre«*i from «alt fey aaworptioii to A (1 sc 3

.• - -

ja^:> ration

exchong* activity *** «i««»ur»^ b^r « »o<4iflc?.tion of

4 j.«tkaiA^»r vl^&^S *^ «i*)»cr.ilwwS 1m F
"%2

of ' ^

activity WAB aaasyed fe^ a »o41f loatidA of

4C« Tt vts^

32 to a«f ;-.••-; •.!••• •- •....:.• tiv.*a :^*«^ ©T tfe® "^ f . from tfe® Vf^*? for»«4 t« the i f

j* of tlw »xtfiAtioii proe«<lura y and th* |tT®es.«tioat t«Jc«a. to

0f ®oy» tb&m 99 »^ of ttw P. «r$ 40a«rl!«i^ la

1*

i& th* ssjs« eov<att« fit 154

r«eor4itr« thia ««tthn,i «•« a« fttfaptftticm of th« iTPiiat aMay of

al. f I96o) f m& la a*«erll>«d in

of

flit H*sO ratloa of iu1»*«ltealMmdri{il partielae *«r«

la Cfc

In Us* >-arfoy.r^ ap«Miratu« or polarrygna^)iieally in th* 

aioetrod* e«il» •.-atarifieation wf ?, wass »afia«ii<a4 fey tb» 

of 111? in tli® $mmim* of



(*} .of . $he C

J^i, L...-J. iraetioa w«s ^a*»«d through *

x 2} om» column of CM* WIUGJU oad. b««n

fraction whieh fni,.

ith 50 *$?

to th» Ct^~

activity for «uV«iti^chi:»ndriAl particles with &<',BJI or

AD5 ?

trin-«c«tat«

and
32̂All tl» A?fnMt

a (6 x 2} «»• &olmn of ^

h«d

«ad coupling activity wan

pii 7.6, 4f?sse and ? -ATP •xehctr

f r.'-as tli« eolmm fey 4^ a^N trl»*4MMitjiUi| #J1 7»6, t^ut al'tbo-ugh th* 

act3.»lti«9 w©r« Inereiased, tfe« rseowry of activity VAA v©jy lov. 

Coupling atetivity could not b« found in an^ wf the fraetloae *lut»d by a

linos? 5^-6' . ;<0 ^ «T%di«&t of trl«-tic«t&t«, pH 7.6*
32 AT.' ase «atJ P-ATP •MteAgo aotiviti^a ««r* stabilised fc

0«.2 «J« ATP. ; • nMtiofiatioi) oi 

on a (40 x 2) cw. colwwa of in a »«diu» cottUinlog 5C aft 

ia hifciw r^cowrlo® of ,r
32

th* -Jgoo w*pfc*d«x f feut 

fractions.

ectivitits in a fraction vnieh v^« only alighily

vity could not b* fouad in any of th»

It «»• 0ube*queaUy abom that Uj« fraction th*



32P.- 1 ?? axchanga activity aad Boat of the ••??•*• activity of the cructe

cc>n#i.iviw-i of swuU Buo-aitociiundrial p«rticla» containing

e*

3iaoa attwpta to obtain a purlfiad coupling racier 

unauccaaaful, feac&u&a of tha instability of tfea coupling activity, the

of tha 0-45# (SSLLitf',' f motion wr© studied. TWa er«4«

coaudnad coupli»iC activity Tor tba ozidatioa of I^DE or sueeinata
12 "^2 by daplatad partielaa ami al«o efttAJjraad tha AD F-4,Tf and ' ?.-*T?

reaction®.

Tab la 4'» givaa tii# PJO Katio® of aub-«ito<thondrial particlaa 

four 4iffi»r«nt Bsatho^is. -mble 4B acu:jw« tita affact of tba

,J*»0. friajetiaa en tha PtO ratios of thaaa partielaa* 4 c 4
fraction only inor«as«<i tha ?$0 ratloa of SEP «a4 KKT?H » PiO ratios **r* 

vaiy low, but .5 «<• «B(pan»t«Bt protaifl/a^* parti eld pro tain incraaaad

tna >*:v ratios liy k&fi* ?|0 rstioa »»r» iaeraaead wito eit3a«r SADH or 

succinata as ®ybatrat«,

Table 4C sliov^ tha coupling activity of tha 510 a^ trie-

aoatata aluata frooi CK-»;:^ffc»a«x« Similar results war* at>i&in*54 to tho-s© of 

i'abie 4B t but laan »tt;p*rnat?-nt protein *eu required to inone^BC tba ' :>>

tc> their op

by tea ^.rusA
4-

sff set &_/••' * • - 'tn..Jf -m ir.a J/ rVr--.a;cr.^n..:e-> ctlvi t
of tia^ "^^.... :. , , ^30. Fr..•.jr:m:,l.-T-n.l----—— -----

•»figure 4£ shovs tint affacta of i^AD and r?A:r*ft oa tfea

ATP axe»a«A^ activity of tbe "'-4^' (SR.}..^. fr^etioa« Vaxiasal rat«$ of4 « 4



Table liA. P:C Ratios of Sub-mitochondria! Particles..

Sub-mitochondria! 
Particles.

Number of 
Preps,

Average P:0 Ratios.
NA DH 3 uc c i na t e

Salt-extracted particles 
(S3P), (Green et al.,1963)

^, Linnane & 
Titcfiener,1959).

0.05

0.09

0.06

0.15

3TP^ ? (Linnane & Ziegler,
1953).

0.71 0.66

&
Smith, 1

10 0.38 0.36

Oxygen consumption was measured manometrically in the 
Warburg apparatus or polarographically in the Clark electrode 
cell. P. esterification was measured by the formation of 
ID.GP in the presence of glucose and hexokinase, and was 
corrected for HM? formed by the combined action of myokinase 
and hexokinase by performing control incubations in the 
presence of 1mM KCN. Details of these methods are given in 
Chapter 2.

The incubations contained sub-mitochondria! particles 
(0.5-2.0 rng. protein); 0.25& sucrose; 50mM tris-KCl, pH 7.6; 
5mM l.IgClp; kO pmoles glucose; 100 jag. dialysed Boehringer 
hexokinase; and 0.1 mM ADP. The substrates were 3mM disodium 
succinate or an NADK regenerating system containing:- 
100 pg. dialysed Boehringer yeast alcohol dehydrogenase; 
0.28M ethanol; 0.25mla NAD ; and 5mI,-I semicarbazide-HCl, prl 7.6,



Table 43. The Coupling Activity of the O-45/o (-^ijJ^SO 
Fraction of the Hitochondrial Supernatant.

Particles P • A D p -f- •: n o JT • \J j. LC.. c< J. U O

V A TV!" buccinate

SEP

i J. * -rrn

Alone + C?

0.05 0.12

0.09 0.17

0.71 0.71

0.38 0.41

Alone + CP

0.06 0.09

0.15 0.20

0.66 0.56

0.36 0.43•H(LIg,Mn)

P:C ratios \vere measured as described under Table 4A.. 
CF = 0.5mg. protein of the 0-45/:<» (KK. )pSO, fraction per 
rng. of particle protein.

Table 40• The Coupling Activity of the 50mIJ tris-acetate

Particles

Eluate from CM- Sephadex.

?:C Ratio

SEP

NADH

0.067

0.089

Succinate

0.070
0.141

0.104 0.150

0.050 0.069

[IP;. CM-eluate protein/ 
rnp;. particle protein.

0

200

600

0

0.115 0.199 250 

?:C ratios were measured as described under Table 4A.
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wb«re the

aor fc*,i*H (ut> to "5.3 «*0 hw*

reaction*

Ti'1 ratio e*ee*4e4 0,8, but neither

• . :. effect oa th*? rat a of the

-" » ;,*.-'' .
42 4

activity of tb«t 'U45^ (MI-LsiO. fraction
•*• *T 4C ^

in a eowpl&x stwotier on the ralativ® canceittr*i.tione of 4; :' i§ Ai?P
X*j>

of MAS* *nd rf*wH <m Lht: F.-ATP «xehaD^«

•feowa in Figur* 4C ( und w«w» lmr®8tigat«fed ov«r a wid« rang® of 

of F^, u>-~ a»d *??• Uttlor all ocmditioasi iavastl^t^d, X'..?* (up to 1 

and sv^H (up to 5 •*) ^ad ao ai^nifieaat effect SB tte« r*U of tfa* 32

raactlon. ptiiwsl activity at pM 7*6 ^d IB

which eont«ia«d 1 «R AJPj 1*2 M! ABPj and 5 »R

( e of..
•»«
" '~ i

All mporaatant 

activitiw* an*

cotit«»in®4

activity

and 4D P*

in thooo

fraction® vhlofe contained the higfisst R?yo;jd,na«« activity Tabla 4D}»
32ft OF- -

activity* Thi» iadiented that .^uch of tb» r -

activity of sdtochoBvlrial 

activity.

a«ti?iti«»» of

could \m aecociated with

f tla*

fraction® in given in Tatel* 4i-« i*he ratio

Ki naa* activ 
•• l-*tP «xelmai?« activity

with otteor

Activity ~th*r ttuan that of

***** ** a Gl>iterio11 to <&»tia«uiah between 

iatad vith ceyotcinajMi iffid that 

A hl^h ratio denoted th« pfetiwm of AI



Figure l\A . Se-oaration of Adenir.e ITuclectic'es by Paper
Else trophor es is.

36cm

0

s» -— ———————— —}

\ î
1 
1

! I

/'N

U 0
/•"N

U 0 o|
Or i pan

NAD'
AMP NALHX ADP ATP

5cm,.©

Nucleotides were separated by electrophoresis on Whatman 
3MM paper at a potential difference of 10V/cm. in i>OmM 
citrate buffer, pli ^.5. Nucleotide spots were located 
under an ultra-violet lamp, and quantitatively eluted 
with (2 x 5)ml. of 1 CrnM HG1.

Fip-jre UB. Tne Effects, of NAD+ and FASH on the AD32P-ATP
Exchange Activity of the 0-k5% OirSO. Fraction 
of the I.-itochondrial Supernatant•

250

200
AIT -P-ATP 
exchange

(rnjj.'ino 1 e s/mi n.
/mp;. protein)

^.i^

"I

0 0.4 0*8 1.2
ADP : ATP Ratio

1.6 2.0

o —— o No additions; a + 3.3mM HAD*; NADH.
Incubations were for 1 0min. at 30° in 1.00ml. containing :^ 
50mM tris-KC! 5 pH 7.6; 5m}/: MgCl ; 5mr.: ATP; and 0.5-10mM ADJ2P 
(100,000-300,000 counts/100 see.). The reaction was sto-oped by 
addition of 0.1ml. of 30>o trichloroacetic acid. 25pl sarriles 
were subjected to paper electrophoresis (see Fig. 4A)« The 
radioactivity of the ADP and AT? spots was counted, and 
adenine nucleotides were assayed by absorbance at 2cOnu. 
Provided that exchange did not exceed 2070 of radioactive 
equilibrium, exchange activity =

___ Radioactivity of ATP isolated ____ 
Specific radioactivity of ADP added
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Table 4L. Distribution of AD^P-ATP Exchange Activity and 
Myokinase in Supernatant fractions from Mitcchondria._

Fraction AD P-ATP Myokinase AT
p e x c h an.c'e.s,

-- --- - - S "-1—— " || [ ' ~_ - ——— ———— : ——— J —————— •"——*

"(rnp!Gle s/rnin. /ir.q 0 -protein; My oking.se.

S0,000g Supernatant 105 673 0.1

0.102

45-7070 (SO 197 3330 0.059

70-1 OQ# (^) so 6o 61 9 0.096

50rnM tris-acetate eluate 48 500 0.096 

fraction from CIvI-Sephadex.

5CmM tris-acetate eluate 77 1520 0.051
^•*>
v_/o.

I —— •

fraction from D5AE- 
3ephadex.

Purified babbit Muscle 23,000 425,000 0.055
Myokinase.

4

The 80,000g supernatant from sonicated HBHM, prepared according 
oo Green et al. (1963)? v/as fractionated by precipitation 
by ammonium^sulphate and chromatography on CM- and DEAE- 
Sephadex, A3iJ-AT? exchange activity v/as assayed as described 
under ?ig« 4B in a medium containing:- 10OmM tris-HCl, pH 7.6; 1 
5rnlv! MgCl^; 5^-1 ATP; and 5^1 ADP (100,000-300,000 co~unts/1 OOsec.) 
Myokinase activity was assayed at 30 in 1.00ml. containing:- 
50mM triethanolamine-HCl, pK 7.6; 6.3mM MgCl ; 50mT.: KC1; 
G*35niM SDTA; 0.85mM phosphoenolpyruvate; pyruvate kinase 
(1.3 units); and lactate dehydrogenase (2 units). ATPase 
activity v/as initiated by addition of the sample, and after 
2-3 min. 0.5^-;I AM? v/as added. Myokinase activity was given 
by the increase in the rate of the reaction on addition of



*?? exchange :«Tokina»e ratloa, *te«re«js the 45-70-- ' ' :^ iractior- 

low r$tio aad eottt&inod ao©t of the Byofcimftf* activity, • aly the -

(>!H ) , " fraction had coupling activity, and was therefore of ^ • «i *v
If thia fraction was pasM^d through « C^«^;i«>pto4«x columu, tfe* 50 «P trie-

•**>
•0* t Ate ©luata still r^d A hj^i Ai) P-ATP ejEchan^: «jroki&AS« ratio, but

roa^li a f)£A»>-s«pii«d«x column fecare&iwl the * 

.r&tlo of the 50 fi*.

It ima «oael%k&»4 that smeJi of th* 4.D*2'"--4.': 1 ? ejcch*a«» activity

of tiie ,-45;;- (MH )5SO. fraction and af t«e ?C< B^ trtts-aoot^tu C

associated Uth enByi;:,ea ether th«a tifokiftit** anl aa th®a« fractions «l@a had
•53

caupiinc activity, |>«rt of th* ^0 F-ATi"5 «zeh«A^t activity «*» poaaibly

a«ioclAtttfl with th* ta3^»»(.a) whi^t e&tnljiHi tiia t«xttiaal step of oxidnUve

tioa (H«MiticiA IUvj of Fi^« IB).
'52

i d ) C^ptct^jrlTOtiQa P| th0r FI^F ^i^g^ift activity, of

AS th«r« ««#• 210 previous reports of s iplulbl^ «azyiNi
32 with oxidativs phoaphoxylatioa which cat«Jy9«d P.-ATP axeiimv^»,

to cliarp*cl«rin€r th® ?.*Aff oxehangp setivit of the <.v 

fraction of aupamatantc fnai sonicated

.of

4 aiKr*» the effects of iehibitors and uncoupler« of
32 oxide tiv* f^aoffphoryliition oa the ?.~<vl'P ®xchao^« activity of tfeii '.~45/:

(IH ) l- n faction. The *a»hua& renotion vae inli.iMt«d ^r the

.U uat-^upiars aad inhibitors of axi dative
32 that inhibit th® i^-AW niDChai^e activity of :--VfI^ t b^t wm® unaffected by

inhibitor® o£ electron transport or by atmctylai»ide«



Table L.g. The Effect of Inhibitors on the
Activity of the O-^k-5% (^JL ^
Mitochondrial Supernatant.
Activity of the O-^k-5% ^JL 2^° L. Fraction of

Inhibitor'. Concentration. % Inhibition.

2,4- dinitrophenol 1 00]iM 55
200)iM 73

4-octyl, 2,4- dinitro- 25}iM 6^
phenol. '

Carbonyl cyanide 0,1 joM 31
rn- chlorophenyl hydrazone _ ^ ., '

77

4 5 5 5 0 37- tetrachloro- 0
2- trifluororaethyl- „ ^
benzimidazole. 0.050|na od

Oligornycin A 0.18|ig./mg.protein 59
O a 36pg c /mg.protein 85

Dicyclohexyl- carbodiimide 5pM 37

Octylguanidine ^OppiM 52
bOOjiM 86

Antimycin A 2|ig./nig.protein 0

Hotenone 0,5mjimole s/mg. protein 0

Amytal 3000jilvl 0

Atractyloside 500nM 0

Assays were at 30° in 1,00ml, containing:- 1 GOrnM tris-HCl, 
prl, 7.6; 5rnM MgCl 2 ; 5mlv! KPO^; 1.OmI,-I ATP; 1.2mlvl ADP; O.^rng. 
supernatant protein; and carrier-free ^ 2P. (0.5-1.0 million

~2f~) J-

counts/100 sec.). -> ?i-AT? exchange activity v/as calculated 
as for Figure 40.
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V.-ie purificatioB of ?.-»ATP 

IB Tftbl* 4*' i aad coasiatad of ion-«xclaan«* c 

i'oliow«id by lon-&xehAit<£0 ctaroa*tQgrrtphy OB

activity Is

or 'i it ration

through *1;X/ or

?f*«

whiea

at 1 nil on

adaad at all

® activity

of tii«

strongly 'binds

by

exempt for the r

Tii® exchange activity

*TT f

through s coluBn 01 vt-"- which had fc««n equilibrated with

fcut to

had be$u s^uilibrated with t>v «M tri0-<«c*tHt« y pH 7»6« Tiui autivity 

waa «iuted froa "^v-U-X^pha^x by 4- ^ trie-ac«tattt t pn 7.6, but asoat of 

the activity was lost unlea^y 0*2 m*; Af^ w«a added to the fractions aa »oon

32A nor* »tfcc»«*ifui purifio^ti^n of P.HMPP ®xchan^« activity

was obtained by fr^ctloisatiilg by ^ilHtlltmtitMi tarou^l eoluMn* of iil(X3 or 

O ^i^pJaadojc, wlsich .had b««a «qitiiibr»t«d with 50 8$? tri«-^c«tfet« t C.2 

, ?E 7.6, Th» activity waa aot r«t«trd«tl fey 3100 J>«»ptoacl«3r. f a.nd only

Bii*;htly rBtarried by liir-.x* ^iplMidmc but th* «p«cifie activity

in
'ctiit

32' i-AT5'

colzas was 2i')-40

of tli® noct purified frsctione

prot*ia

of 4 

run on

a yelloideh colour, aad ep^ctra «how»d absorption i» th«

epectra

Cury «lth '"-0,



Table UF. Purification of the ^ 2P.-ATP Exchange Activity 
from the Hiffh-speed Supernatant of Sonicated 
Mitochondria.

Stage of Purification.

1 * 80,000g supernatant.

3.2P. -ATP exchange
(mpmoles/min./m#. protein)

1 - 2

2. fraction.

3. 50mM tris-acetate eluate 
from CM- Sephadex.

Ij-OOmM tris-acetate eluate 
from DEAE- Sephadex.

Most active fraction from 
G-100 Sephadex.

Most active fraction from 
G-200 Sephadex.

6-8 

8-12 

15-20 

20 - 40

HBHM (l-2g.protein) v/ere sonicated as described by Green et 
al, (19&3)> and the supernatant from a 1 hr. spin at 80,000g 
brought to U5/£ saturation with respect to (NH,) SO, . The 
precipitate was spun down, dialysed, and passed through a 
(6 x 2)crn. column of CM- Sephadex, equilibrated with 50mM 
tris-acetate, 0.2mM ATP, pK 7.6. The eluate was then 
fractionated by procedures l;a, i|b, or 4c. Procedure Ua 
involved adsorption to a (6 x 2)cm. column of DEAE- Sephadex, 
which had been equilibrated with 50mM tris- acetate, pH 7.6,
followed by elution with a linear gradient of 50-600mM tris-"52 
acetate, pH 7.6. -* P.-ATP exchange activity was eluted by
iiOOmM tris-acetate. Procedures i|b and L\.Q involved separation 
on (40 x 2)cm. columns of G-100 or G-200 Sephadex which had 
been equilibrated with 50mM tris-acetate, 0.2mM ATP, pli 7.6. 
^ 2P..-ATP echange activity was assayed as described for Table
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5 £2 ̂

through caoo 3«pfe»dtt as tftat&rtted in Tabla 4 . '^ a-oat activa fraction, 

with a r.- vity of 4 CJIJL sioi€»/»in«/Kg. In wma ran

in taa ^pinco analytical ultracontrifug»t anfi _% B^jQg. week. »&&_ jrifppraa-JtiJ
20an .;_ valua of 2t>» —— o —————————

activities of t*a ,afca.

wnaJU aub~teitociiuri'.irial purticlwB isolated by c«ntri* 

pellet of ?abi» 4<«) W»d 4v>-&C9f c-f the

aotivitioa «&d ttfteoiaat* uxi4»{«9 of th* b ..,000 g particles. l1i0 

activititra of UM «MtLl sju'b-iaitochoiadrial particle* ieolfttwJ i'rorai tl»

the.. 

on (^M3«pbadflx auad gel-nfiltratioa throngli $200 ii*«piiadaX| were v«ry low

>;-f the ectlvUy of the 8G,c,VO ^ pel let/. This w«u» to be cxp«KJted 

as thsaa perticlfcs »er« si*ovoi by diif*renea spectra to l>« deplutsd in

o* rh« cyiochr^o c was probably diaaociat^d fro* tlM par tic leu 

tlw »»»KHilu» tralphat* ff t«sp, and wouli be retained by the ' v/- -ephftdox 

coluam* A better aaeay of tba ^lactron-tn&nsport activity of th«®a particl«a 

wewld have be«n to r^vo maaaura^ IHABiHterricyanld^ re^ucta^, f.u^ia«to- 

farricyanida r*ductna# t a^fi :iucci;iftta~cytcchrc««e c rfeductaoa actiTitiea, or 

ta ma&«ure riABH oxidaaa and mi«cinato oxidaa« activities in the "j^j^nc'* of 

added cytoohroea c*

purpose --f tna work described in tnis oliayUr K«a to purify

factor specific for :»ita 1 of oxi dative pfc<3»;jhory lotion «ad, if
32 32 

factor c&t&lyaad tha AJi F-ATF »xchan$« or :• i-ATP aaehan^t reactiona,
to invaatit^U tfc* «f facts of fi&»* and ^,u>t' on th&m ^Jtchan^a aetlvitiaa.



59 
fjarlfloat ion of Coup liiy? Factors
Tfc« fmrtf ie?%tion of coupling factors w&« »a£e difficult 

th0 instability ox the coupling activity, *a<i the inability to obtain 

»ab-«BitooJtea«iri«i teat-particle* wiiicH could b* reactivated to give normal 

PiO rmtioe. .-.i ftti-8jje«4 tmj^nwtnnte from awicated asifcx&KmcirU were shown 

to increase* tn* Fso ratio® of 0«lt»«xtraet4Ki p«rticl*» (Gre«m et al* f 196? ) t

or 01 x-.Tfc>« (Uaasat & nteh«n»r. 1-^. . Th« -' !-45'^ (iH.l-SO. fraetioa of n * 4*4
eup^rnatitnte contained 0,11 th« coupling activity, and thle activity 

incresaod by p«»iMtg» throu^i C-4 -.,epiied0i. Both tr.eec

fe'iO y»1>l,o» with yithor jiAI>H or <sreijecjlf^.t«. a* aubetr&te, and wsr® not »p®cif ic 

for 31 1« 1 «* claimd % «Hri%cm at ®1, (1$65). Attcvpt* to purify coupling 

activity bayond tfeia ata^« resulted in nh* oonplet« loae of th« activity, 

and th-e further purification m» th«r«tfo79 ab«ado»«Ki,

Tbt diffieultiea of purifying coupling faetons ar« wall* 

r*co^ai^*d (»«« ac^^r, l-^6l>) t «ui4 evidence hme accm^ulat«d which tn.ro*« 

doubt oa th« eiietenoft of gtjta^r^iMC^fic eaupliajt; facti'ira i»«* .-Jlatar, 196?a) 

The »0«tt clearly ol»rftct«irife*d eouplia^ factor ia tit* v^aan (F, ) purified 

by Haekar auvl co-workers, wihi€h has coupling activity at mil thre« altae of

phoephory lotion (Haiaker 1
52 ""52

of v*' -'V ^n^ PAT? y

7hd crud® preparations of eoaplia^ factor «i«^crib«Kji in tfeia

tha 0*45% dB^J.^O. fraetlon, sad tfa© ^' t# tria««cct«t« Cfc» 

both tfe« AIT'l'wATP an4 * P-ATF aacehan^a r«Acticna«

were «ade to character!a* tiaeae aetlvitiea, «&& to decide whether they 

represented partial reaotiona of oxidative piioapaorylstioa, or ««r« 

fcy enmymea «acr,nnect«*l with crxl^tlve ptieBphorylatioa*
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3? It waa ahem that myoldUftase e&taJjraad an aetiva AD

va&ctlon, ?,nd th«-.t the crude pr«,,••.•*ationo wer« c<.- ted with
"32 

•yokinaaa* Jovwsr, tha ~\J iWIY oxcnanga activity ol the ^u^rrra. •.

,»in w* contained coupling aetivii., >,-^ ^i-eatar th*a could b* accounted for
32by ifryoielnase &laoa t arid it i& |>esslbl« tb&t Ui* K*ea«(» Ali ;•-.'.•/;-•

activity U; *iiwvciatavi with tha coupling lautar which catalyses the

Th* ?.~C?P aXAlwajHa activity cf the .a.^&rji&'-iiiat fractions 1.
inhibited by caacentr&tiosuj of uncou^ler^ &ad tnhitdtora of oxidativ© 

.^rylatioa which al*o iniiifeit oxid^,tive phosphorylfiticm aa^ *' i' ->'.vr 

ia^* in HBfJK and &Tr..| and waa thua clearly identified *» a partial 

reaction of end dative tihaEipborylation. Kowevtsr, this activity wa» shewn 

to be associated with assail su'fo-HEEitoohondrial particles, and w^a distinct 

fran the coupling activity of the preparation*

lf«Mon
i .• frpUv.it.jUfl of~ " - ••--- --

affect® of li-D* aad i4M on UM AP"-^? a»4 ,

axeha&gw raaotion* catalyaad ty the ^*4^> t« -1^)^-10. fraction wora i

a wlda rmnga of afoeriwwtal condition® t and no ai^aif leant champs in 

activity c'i *i tuer rafcgiaon w«r« found* ?O8»ibj.e i'©a®ou& ^.ar tfi«»e

results «r« th« foliowin^:-

(l) Tfeaya ia a<sv vary little «vid@nc® for th« idta of si ta^apacii 'ic 

factors oatalyalag r«s«tie«i8 Kli), l(iii) and l(lv) of Figure IB

ar 1967a) 9 and t>m crutl^ cauplia^ x actor ueaci in tha«« s
"52 

net »p«eific for :;ita 1* The All" f-»AT*P «otofcaa?:e activity of tfta cruda

factor wsa» largeiy a»e<3ciat«d ^ith aye-kin . , ;. .ven If it i» 

that tfe* reBalaiag activity v^« a8aiL>claite4 with a coupling
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V^T? exchange* activity would net b« affaotod fcy high concentration* of 

carrier C f w*l<*9« tb* coupling factor eatalyoad reactions l»iij, l(ili) 

nud l(lv)»

(?) 'ffce ^j-'.tr axeiiang* ^activity of th* r,-4fr£ (^4 V'°4 faction va* 

•Bourn t© b» aaaocistftd *lth «RAll sub-si toehondrlal purticl^e containing all 

the oytochroatee! and to fee diatlact Iroas th« coupling activity of the

to
"52

?*ATP *t«fea?i£f* tjy reactions l(ili . end lilTJ f and al«o retain

1(11;* ?.~4 r? *xcm!fi$^ ooui-d result fro« all tnrw* »it«* of

ptovpbaxy lotion, iana tJa® proportion eatalyatd fc^y -it© 1 sight b« 

and h«ne« unaffoetftd by if.AO*

d«p«adMl in a eomplwc way cw th«

of P., .US* and. -IT?-' (c.f .

that t!» oetlERal activity of tba reaction 4»pattil« «sa th« kiiMrtica of 

?f«actions l(iii/ mid. lUv) In both dlmotion®. 'fte conc«ntT«ition of C will

only affect t^® activity of th« ^f.-AT? «ioteanfi» r»ftctioia ft- C reacts

'with \A/T, so that th« at«ad9r<Hitat4i ooncdntrwtlon of
52for f* «*?P

th* failure of «*.D* an4 lf*T)'«! to afftet tba

«xefaa»«» r««tf>tiott» ef thn ^M^ (HH^j^SO^ fmetion ao*« not rxile 

out tha possibility th»t o*smpoiuii*la of HAD* and ri-ADU ^&r« involv«d in th®

reactions of oxi^ntivti phoaphoxylation at 'Ute 1* 

grcptrtifa of tM ..Iml,! >^ul ' ^hon^ml ..?art i ele§ 

The imb-tsitocboadrinl p^rticlea irM^i *«r« raapenaibXe for the

activity of the '>49* (MH.).:"7^. frftetion exhibited a
4 <c 4

of
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(1) The paruxci«* in the dO,OCO & su|»«rnatemt hud an S value of 26. 

thta BediaeAt«tion constant indicate* * »olecul»r witrht in the ran£« *~3

aillion, whioh ia »urpri*ingly low tor >~uU-..-..lto€hondrial particles containing
'"S?

ail the eytoehroAMt and retaining a hi Ah ' F^-Al*: <• activity This* *""""" '**'"" """•'"' I ""•*'"""• *J" ———

''".-.-•-vty oxehan^« iwcstivity WAS inhibited **y «oia®«atrafeiaft« of uncott|>l®r» and 

inhibitor* ol oxifiativ« phoephoiyla^ioat, and was gwtatly svabilised l^y 0.2

*

(2) TJw p«rtlcit« eoitid fe® »|iun down by prolonged cent rifu?. ration *t

ei O
•<2
v P.-*AT?or lay fcel-f iltratioa

activity 1010 r«eov«r»d ia hi«& yield provided that 0.2 »w ATP «•• «4de4 to

t&e BWKii^p.

(3) Ulie iwsrticles. contained ill toe oytochreMi«t but w@rs depleted in

c* the lose of eytooiyraB* c in explained by their treatneRt with 

sulphate and jrsctiomstl-.Ji cm vJ v— ̂ priudtix. ;.'ii« I.:,-.,, of eytoc:>roff'® c 

also explains the low MAi>f!«oir;idaae end fiuccinrite-oxid*ise activities of tjfee

but i'urthwr work: IB re rolrwj to ci)->,r' ctsris?® tk« various electr'>n-

The oxtre^ely at*ll ^i»e of tae&e jpertioiee, and the fact that they
32 retain « hi«h P-*^r exel&ngft activity and a^ae o.jti*.5«itivfs activity

that tJaey s^y re, rc.-ajit the •calieat ftuustioaal safe-units of th&

l.^t of

for both electron-transport an^ en«ngy-*©an»erv« tion. fevev^jr, it ia 

that »ueh » uaai-sBeoiflc proeee« aa snnicntion would yield » n

prep**-f«tion of sa&ll me^abraDfe e«fcunit«| unless the <r,jfc\mits sns arranged 

an ordered array which ean b« split iilonc eert»iu el«ava^« j>l*ftea» the



"»n
particle® with ,•.-/,/*' exchau^v* activity -*«re ho*ofe*J»<mi» *ith reepeet

to ion*«xehftn??B ehrma^t^-rr^-.-Jiy on *}?A sV- :;«?h»i4«x f but it is very likely tfe&t 

tii6t-.-o ;.v.\rtt.'. , __.,,... . .. _ - -ft r*apect to other pro;.»ertlee» and

of a sdxture yf iseiail I"JX4ja«ttt« of both Aaanftjr mad outer mitoohoiitirl*!

a mustof th« 

r»vuinaa intact co»pl®»»« ef th« «naya«e which -. ,

to accouat for th« M^ activity of this reaetiori, ft»4 this &®y fe®
52fcy tee atabt Using- offset of Af'r OB tat i-.*A;rr oiciiaa.j;« activi«y 01

An to tha eftaractarisation wf th« «K*li

be to

ccntainad •.j«2 aX A?F tc

on a

l^^iy 1 activity*

Th« of cxlio-raduction carriers t

ts» &>;. i.-jranc* in

siolceul«ir

fractions could taen b«

fcrr^^te of th«

to the study of the «trtjbet?ir« of iim^r 

by (liten «ts4 co-¥OTic«tr@ (see &raea, 196?) 

the use of det®r&@2it& whicJb eoB|i lately vjsgtroQr &11 the reactions

cjti\iatiT<!» ; i b&»ea 021

the methods ftaggested «boT« cnrereo^e t&is dif iiculty
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: 0- : OAAlffAcyrr^ A»n IH^ALA^ : fiT

©an mintftin high internal «oac«Gtr^tione of I^-esalate 

and citrsta (ua^ble, 1^65), ejM) the inhibition of reapiration Igr aalonic 

inhibitors auch a« a/^tnl (Chance A ftollungwri 19t>3) «wi «*i«l« (Vilfioa *

: hence, l->u6; c«an be reversed fey uncouplars. A poesibl« @xplanv^tio& of 

fact© ia that »! toehondris, c«a K*int*in id«^ ints^mal eoacontritioiui of

by the «aeriy«-d)®pcMdent aceviDulAtion of au6h lose, ?sBd recently, ^videiica for 

an ener^y-d©p«nd@nc« of aoocinate oxidation fey liver »lto«h<Hidri« has 

Smrrie, Ya» >«& 6s rraaMMUi v 1:^7 » t b), 

Tha mefa«ur-«®^nt of th* r&tea of ^-m?tr'--tioa of tttkiaaa tato

haa previously rolied on Iii4iy$ct Btethodnt* 

(l) rr.aaau««B«nt of t&« co»c«ntjnstioa of anione «hieh have been

a«dlun by c«ntrifuii^tlon (*•#• i>ftmfel», 19^6 )• 

;- nt of th* r«tos of oxidation of «ub&trat$ onicns

Harris | Van Da« & PvaMnaa ,1967 a)»

(3) K*a«ur«tb*fnt of the rate of eveUin^ of mitochondria in i BO tonic

•olutiooa of the amonluK aalt of th^ aeld (Ciiappall A lliwwrtjoff , 1961)»

In order to investigate whether anioaa enter mitocboa^ria by an 

»«€h&ni^e» t it was 4esirabl© to develop « divert sethod of 

tkws rat@» of pe-o^tration of anions into adtochon-iria* A wodel

•iy«teB In which direct BeaeureBsents* of ths? .r?at@p of r^tmt-ration of unions 

can toe wade i« provided fcy the eub^trato eaiotus oxaloaeetnte and

?he ratee of penetration of oxaloaeetate and Ineaiate into 

w@re moaaured by their effects on tho concentration of



aitochoadrial 6UDH. AS tu* activity of the »ite«h0«^rlal nalata dehy<iro$*!i««* 

uator the teat contiUtioaa *aia very fctgfc in relation to t)M» rates of peaetration 

of oxaloaoetate arid delate, the Initial r«t® of oxidation of intra&ito- 

ehoadrial XADH waa » staaaore of th« r«t« ol' p€B^tr&tion of oacsloACst«t», aa^l

rat* of reduction oi' iatraisiioehonariml Mni)* »»s * m«asur« of' the

of l^.&i^r^. 

The BMMk*area.*nt cl tn« rat« of th# reaction:

d«p«a4s on th« pr®s»i«s« «af & relatively hi^h cofKwmtn&tiofl of 

initial ccnc«ntrnticn of intranit'^chcmdrial HM5

«ub»tr«t« by inhibitifi^ si/-.OH o*i<ia»e with rot«nane plus 

A, The ecwtimssl r«d\jBBtion of h'-D* 'fey ««dtaf«n0«8

coarpmure-d with the initial jrmte* of oxidntion of HAS8 by 

)1 sad oould b« n®^l®<eta4« TJ»4*r ti»fc« conditions the 

c.--ncftntr:aion of froeh -Itochondri** «ae up to 4 m|JvEol©B NADl^^l/ng. protein,

rut . r\;uAlly fell on immbatioa at 0 in 0«2^ : sucross, «a4 mui 

after 8-JS Jiours.

?he a«»fiuT®rt,er;t of the reaction: 

L-oftlat* + MAO* —— ̂  oxaloac^tate * f^.vDH 

requires & very high ffAD*sffA£i! ratio beeavtae of the unfavoumbla equilibrluaa 

of the reaction* The petit.' t ration of Lnxalat^ wm$ »easur«d with 

whose ??,*.!>( F)H oonc©Dtr®t.ion® ¥e.re depleted ^y ptteiAcub&tion at

0° i'or &-lb hour* •

of .*M_aMr4_«r._t&» Cinetigg, of

fhre-j -fithoda of »ef&»uriiv: Own^aa in :«,vH '} reduction were
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'I'lie ;r.&in m«tfi0d ua»d WAS tha spectrcphoto&etric u 

fey &liJlftab«rtf « ;sl«ieska (19W) ©^ployln^ th» ~aineo-Chanc« dual-wavelength

apeotropbetofteter ( Chance 19t»l» i9'.;7.<'. Changes in !?A«X ) reduction were
"at T54 -Y?4> » uaing *• «*' »t ('U;V374 BSJ- « 4.4 cm

tecnniqu© is iaftccur«t« if the adtochondri^ undnirgo 

or

affect th« optical density eep^c:Uliy at lo*^r ^awil«a^th0 (««« 

1962). ::i»«llia^ can t« detected by ffi-easurin^ tii« afeeorpticm at 54 »|^ ami 

374 ffi^-ind»p«jaa«f*tly and alternately. Fig. 5A Eipt. (a) sho¥» such a test 

vith r«t iiver ^itooboti-lrift* For #U!>(p)i» oxidation E HK at M ; ' m^ « 6.2 aad 

:•:, aft at T/4 *- * 1*8, fbua if th» Kitoebondria did jsot und

54
6^ 574 » r '

If spelling or Kb-rinx^-e oeeurr»<i during th© raxp^rijssut, th© r«tio would 

iecr&aao. T^sta ahowod Uiat liver satf h«art idtoehoodria did not ©well or

giiriak in tria-rlCl or tricina-KOH buffered siedia lonclftr ?«^y of th« noratal 

c -ndi tv-ims ie&i»io/ea in. Oiiapters *> aiid 6. Kidney s;iti>chondria e««ll*»d ia 

triJ-«-HCl buffftxvd u.aiia in the pnaseac« of •^"•-'• ? ; plus <MK*orfaat* 9 'but not in 

triciae- H buif«r«d ®ediat arid h«ine« the latter ie®diia» was «Bployed.

(2) KJLuori»»»tr.iG r^^uim&atg

Chan^ta in intramitochondrial iS^Dl?}!? conc«nt ration were MMaunrd 

by the lluorlaetric taathud of Katabrook v r-'aitra (l-^to^/, usiiXe; the p r.»eti«iorf 

photocBQter »ith i 'luori&ntric attftehimst. Tha (31;J 4 566; m^ mercury vapour 

linoa w»r« u^ad aa activating li*;ht, and aaitted li&ht waa a*l«ct©d ty tba 

4 -50°r BJ^K filter. Th« fluorisotar iiaa enlitratad by guiding accur%t«ly



Figure 5A. The Oxidation of Intramitochondrial I\TAD(p)H
by Oxaloacetate* Measured Spectrophotometrically*

(a) NAD(P)K Generated from Endogenous Substrate in the 
Presence of Rotenone and Antirnycin A.

1 min,

Trans- 
mittance

(340-374)

V. = 1.0 
mumoles/ 
mm./ mg< 
protein.

1 OuM OAA

(b) NAD(P)H Generated from Succinate.

2 min. V. = 1 .6mpmol€ss/min./mg, 
jS protein

Mmprnole
NADHTrans- 

mittance

1.6mM Rot. 
Succinate + AA CAA OAA L-malate

Incubations were at 30° in 3.00ml. containing :- 0.25M 
sucrose; 20mM tris-HCl, pH 7-6; 0.3fiM rotenone; 0.5jig. 
antimycin A; and rat liver mitochondria (1.05 mg. protein). 
Abbreviations :- Rot, rotenone; A£y antimycin A; OAA f 
oxaloacetate.
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aeaayed a&otmts of lit DM to the cuvetto. ?ui» c^lilrntion &ire« only ffa

in tf*D(P)fi concentration, a© intraftitoc&mdrial exhibite SB

of f luoraec<0nce t ana th* amaj&csment i' actor dap^naa on the 

wetabollc atate of the mitochondria i stabrook, 1962}.

The fluore»c®nc«s enhancement I'actor teaje obtsda«dl fcy ecaparing 

raWe of oxidation of 8»4l>(l )E obtained by tbe fluorim^tric method 

airsct rat«j8 ooijutttja oy ~ui« flp&cirophota*etrle t^ciiniqwe, Fi^.

« typical fluorie»®tric tr^ce, and co®pajr«i0 fluorJUsfttric »n<i 

p.hotoas«ft.ric oata. The f lucre sc«me» •nhanccffant factor of 5 agree* witti the 

obtained by Eatabrook ( U62 } ,

Fluortmatric »!eae'-<c«m«ata w»r* peri''orBi®<i only to

data obtained by tii« epectrop^otc^etrio tacnnique, and la sll eeaes

were obtained*

(5) _

Neither this spectrophotoaetric »or the f luorlnetric «etho4 

cii at infill Bis^e between SAM mad MD?H f but as nitoeixmdrial 

i« «i5scific for *?"•);:, it was asBumed that the initial rates of change in the 

reduction of ;\->i.-' '} corrsspoa;Jed to cfeao^ee in .HAD reduction*

&a « cheoK: rtAU*, WAO.^t HASH and .;^-.V;i «ere deterniner) by the 

proceduree described by Kiia^enb^rg U9^>/ t ia incubfttionK in which 

in :>Al)( }H concentration wrt also »«iaeu.r«*d by th« rar,ectrophotc««tric 

method*

Oxaloacetate vne aeiMiyed by the ^etho^i «•*" '->;)hor«t 4 .-.elm 

and L^eialAte fcy u.e method of Hohorst (1^6&b)« •••• itoehondrial pro loin wee 

••••ured by the roetHod of Gornall, Bardawlll * '*vid (1949).



Figure 5B. The Oxidation of Intramitochondrial I\7AD(P)H 

"by Oxaloacetate, Measured "by Fluor i .rietry..

. V. (apparent) =7.8 
murhol e s/mi n. /mg.

protein
1 min.

1 OpM 
oxaloacetate

330pM 
L-malate

Incubations at 30 contained in 3.00ml. :- 0.25M sucrose; 
20mM tris-rlCl, pH 7.6; and rat liver mitochondria (1.05 mg. 
protein. Further additions were :- 0.3ji"f rotenone; 1 0uM 
oxaloacetate; and 330p.M L-malate « Incident light was 
(313 + 366 )mp, and emitted light was measured at (1+20 - 
3000)mu. Fluorescence was calibrated against a standard 
solution of NADH. Rates have to be corrected for the 
enhancement of fluorescence of intramitochondrial NAD(P)K, 
and correction factors were obtained by comparing the rates 
of oxidation of intramitochondrial NAD(P)H by oxaloacetate, 
measured spectrophotometrically and f luorimetrically under 
identical conditions, e.g. in the presence of rotenone :-
Mitochondria. Oxidation of NAD(P)H by 1 OuM Fluorescence

Qxa 1 oa ce t a t e" ( rn^mol e s/min • / 
protein).

Enhancement 
Ratio.

Liver
Kidney
Heart

Spectrophotometry. Fluorimetry.
1.5 7.8
1.0 5.0
2.U 12.6

5.2 
5.0 
5.3
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I reparation ot

tt;si<« : r*itoc;<&jKiri* <er« prepared f roe the organ® of 2b '• ff 

r»te fey the a«tho-i6 outlined by ^ogebooi (1955;. After iwwvel 

eonaeetive feUaue, liver, Heart &nd kieney cortex w*r« newo^«ai£«d in

i I'.:- ah tria»,:^l t pH 7.6} 0«1 ^ trl8*ol^A, pH 7«fe-» "Bift 

«g«trif«4i«4 Uioe at 500 g for 7 »in« nud tite p«JLl«t© were

Igr eeutrifMgija^ 4a«n for » aeeood ti^e in tt» 

mk«^»a4ad in o»25 « oucro<*i 1C' ®s trlt^BCl, fi 7.6 

of lsz-'$ »,f,/»l.

11a*«e AitMtK>a4ri« ^v« • »0 ratid® of £«6~2»6 ¥1

«* aut£itri%te t «a«i ex&itite<f good respiratory control* '^here *a® no 

I»A,B* «e tee tea by tb-« edditioa of eth»i«ol plus jr«»st 

or el M*.ii« a* teeted by in« a^Mitio® of pyryyit® plue

t i ot, of

tfee &ae^y of

.it;n v*.ui ,..«j^s Triton.

^iorr for y? Kin* «t ''; f cr bj altrwecriic o&«cill«ti<Ni for 2 nin* u«in$ the

»,. , . ultrnaonie po*«r unit in a *«?diu«& contttlaiAg: 0.25 ^ »ucro«e; If

' a ̂  te xttosr ̂ ro^

fl» walate del^rtrogMttee. activity of disrupter! -:1t,ichrn.!«ri«

or at vM-' *• 574 ft aeiae the

',%$ »-^crc»ej 20 

C.I
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protein end varying «Munte of oxaloaceUte* He*etion 5(ii) *HS »»a*ur«d 

vitn *26 Ml 8^1)*; 2-10 u^. adtochoadriai protein and varying aaountii of

Cjonditjona' of lacubstioa

(a) Penetration of

The effective aeaey-reeent of reaction l:>(i; depemda on & 

r«l*jtiv»JLy higfi initial concentration of KABH in the mitochondria* 

of s*acoln*U to mitochondria caua^a & rapid rwdu«ti«m of NAD* i Chance 

, 19V7)» To test wh*ttier this ays tan WM suitable, 0«*> • i:

added, to mitochondria* ?hi@ caused a rapid reduction of intro- 

^*?D(: ), p.nd ^h«n the gu^ti^ioi Isvel of reduction ii«d ba^n reached, 

®jatifi?.yein A an<S rotenone w&re Added to prevent further interaction of 8?uccinat« 

with th© reepiratory chain* '.d4ition ot oxalosotttnte C>2jxtf) BOW produeed 

a raoid oxidation of nitoohon-lrial R^D^.- )B* Tbn reaulta of »ach an exp«riBent 

are sfeoim in l'ig, 5A f Sxpt* (b).

The quantitAtlve detail© of «ach -0zp«riarfmt» were difficult 

to reproduce a» the initial ratea of IA!30 oxiTiatio« by oxalaacet«it«rb , and the 

final *t*«di3r~at«t*» concentrations of 8.\o(p)H both -i«j»eaded on uie 

of suecioftte added and the l<m^th of the atteeinat* oxidAtion period* A 

oonceatr«itioa of cueolaate or « lom^ ptriod oi' Buocin&te oxidation 

the rate and extant of th» Btibstequent mitfation of SAlK^jH bgr 

difficulties Kro^e becauae of the following

(1) The further metaboll«a of the fumarnte, *Tr-Aiw*QA by the oxidation 

of succiaat©, voald cauoe trie regeneration of KA;.>H*

(2) It MSB later shown that aueeiaate- is a ooetpetitive inhibitor of 

ox.*loacet<»te penetration into sdtochoQdritt*
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the above «ethod ma, therefore, afcstiwimod la favoi.tr of th« 

following procedure. Mitochondria v&rm preincubated with rotenone (0«5 »^ 

ffiolee/ffi^. protein) and antiaycin * ?'*«5 !*£•/•<£• protein*. This resulted in 

A reduction of intr.^itcchonJriel fcAi)(. ) to a new ateady»«t«te concentration. 

the increase In the co»e@fitr .tion of !Ui)(i*)S •»» produced by the oxidation 

of endogenous jjubfttraU-K, ,au could only b® obtained in freshly isolatedi

•itochoodriA* Addition of 2-2 jjJ*1; ox«loac«t&t« eau»«d th« rapid oxidation 

of up to 4 m^isol«i8 HAO(^)^/ik£* protein, Tb© Initial rat** of oxltation of 

intr>^dtochoadrial M".D(i )H tgr ojtaloftcetot® ia wucii ^xp«riBs«ats variiK! littla 

fro® prapaiution to preiNsxKtioo.

A 4«taila<) analyoia of t&* oxidation of intra»itochaiidrLal SJAl)(p)H 

by oxaioae«it^t«» is shown in >"ig» 3C f which C€®par«8 apectrorjhotc»*tric and

•axyisic a»««,ys* va addition of 20^ oxalo^c«*t«t* t SAfiH was oxidised a?\ieh 

sore rapidly than SA£>rH 9tat at equilibrium both w$re coapl©t«ly <5xidis«^l« 

Tht cpflctrophottMifitric «t@s«y of iHAi)(j :v )H oadfetion olosoljr corr®sjxma©d to 

th« enaywic assay of the oxidation r:i . lu« NADrH at all ^t-'^ee. It «aa 

concluded that the IAJ tial rate of oxidation of JtefK?)!! ^n the ap^ctrophotc— 

metric aaeay r«pr«eentB NADH oxldAtioa l aa would b® «xj)i»ct*d from the 

«p«cificitiy ol malat«i Uahydro, etwaee aad that KAiJFli i» aub&oquentljr 

indirectly via tranBhydrog«nastt r@acti.ojo* which w^wiarata ^^ 

(b)

affective ia««fiurenient of reaction 5(ii) de:>«sn?is on a high 

ratio In the zKitoehondria a» tha «qiiilibriuB of th« reaction fayours

lH»alat@ fonsatioa. A hi^h KAD*jUADH ratio can be obtained, by ad^iry;;, uncoupl«r» 

to the mltochonciria, but u* thia aloo «ff«cta the rate of Inbalate penetration 

into ssitochondrU fey imiibitint, tbe »up.,ly of ®n«ri$y (»ee Chapter 6} an 

alternative »ethod was



Figure 50. Spectrophotometric and Enzymic Assays of .the'
Oxidation of Intramitochondrial KAD( 
Oxaloacetate in Rat Liver Mitochondria

mpnole/ 
mg.proteii

V. = 2.Ompmoles/min./mg.protein

mm.

Spectrophotometric assay at (3^0 - 371|)rmi.

NADH; 
NAD"1":

NADPH; 

NADP+ .

Rat liver mitochondria (2.5mg. protein) were incubated at 30° 
in 3.00ral. containing :- 0.25M sucrose; 20mM tris-HCl, pli 7.6- 
0.5uM rotenone; 2]ig. antiraycin A. The reaction \vas initiated 
by adding 20jiM oxaloacetate. The oxidation of intra- 
mitochondrial NAD(P)H was measured spectrophotometrically 
at (3UO-374)mp. in a series of identical incubations. The 
reaction was stopped at 0, i>0, 70, 120 or 2^0 sec. by adding 
to 0.6ml. of 3M HC10, or 1.5ml. of 1N KOH-ethanol (50:50) at 0 
and NAD+ , NADP*, NADH and NADPH determined enzymically as 
described by Klingenberg (1965).

o
9
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It wa* found that if aitochcttlrln were pr»incub*tttd at 0 for

bourn, endogwMUB Mtetratft *«• eventually depleted t *m-3 iatrasdto- 

efcon<Srial &<&(**) feece&e highly oxidised. • i! ^ • -. i *vocno«dria etill exhibited 

PiO ratios of 2.4 - ^»6 »ith pyrufate plus ^Hfoalate *t« substrate, bat loet 

much of their x*»piratory caatrol and up to 2^ of th*ir ;• , /• «« d«t»r«Gin«d 

«tt«y»icaliy. wt»v«r, oad»r th4NM cunditioa® reproducible* r»t«® of induction 

of iitt**««itochon*irial U4D(p)* fey >e»aiat^ ware obt«la«d in the pr^w«Haoe of 

roteaoo* plu® anti^ycia 4*

A <tetail«d fimaJLjrsiii of tn« raductiaa of intmadtoe2xm£ri 

by Lnaalats la siiosm in Fin» J>i), vfaloh eonparaa ap'®ctro|>hoto«ietric

* Th« enxymio aaaeys «b@if«4 that HAD* urns nsduced KOT» mpidly thaa

in the et«»«dy-at*t* 1»67 if^; InsjAlate «s«iuis«d the rudwctioii of 40^- 

of tia» intr«Aito«nandrlal NAB** It wait concluded taiat ttie initial rat* of 

reduction of Mi>(r'}* by W^iat* ^iven fey ttu» 0p«K:troph«tOM^triQ «K»ay 

raprawmta tiia r«^uction of JiAD% «« wotild be «xp*et*d from the specificity 

of f-.ai^te lichydroirerj.nae.

rc iiyjti:: tha fata of :;aci-"Jatia c>f Tatra: -

I» ordar to ••tablish whether oxaloaeatata p*a«tr«tion or 

as* activity w«is tf'« r«t*-ii»ltiu^ factor la tb« oxidation of

UADH l^r ojtslo*e«tataf th« rat«e of oxidation of K'AOK by 

oxaloaoatata w«r« e<3«par«d in intact suad <ii»rupt<»ft •:?itocJrw»dria. Table b 4 

ahowa tiiitt in Jcida^y, h^art and liv«r altochondrift the rat® of oxidation of 

I AW? by 10pJ* ox&loaeetata i«» ®are thsn l^o tiajea faat«r tfian it is in int&ct 

•itochondria evau -oader optiml conditions \i*«. in toe pr**«nc« of

- »•• Cnaptar 6). Table 5^ also oonpaztiv th« apparofit P, audi V
© max

for tu« two agrateaa* It m& not possible to obtain th*»*s« urauaa for



Figure 5D. Spectropho tome trie and Enzyrnic Assays of the 
Reduction of Intramitochondrial 2TAD(?) by 
L-malate in Rat Liver Mitochondria,

2.4 -

2.0 P

mjiiiiole/ 
mg.protein

1.6

1.2

0.8

0 J

V. = 0.66mpmole/min./mg.protein

i I
12 34

min.
"° Spectrophotometric assay at (340 - 374)mu

E- -B NADH; NADPH; NADP

Incubation conditions and the Spectrophotometric and enzymic 
assays were as for Figure 50. The reactions were initiated 
by addition of 1.6?mM L-malate; temperature = 30°.
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intact mitochondria at 30* as tha rataa of rmetica wer* tco f aat to b« 

accurately maa*tiira4 f feat v%lu©& '*x>re 3btaln*d for liv«r mitochondria at 

lower t«jBp«ratur«»« fha apparent & fur tue oxioation of BAJKi by oj»lo&eat«t0 

*"-• auch higher in Intact nitoohoodria, end tha apparent V «ore than 200

tia®a faster in disrupted isitoefeoncirife. It wu* eoaclu<l»d' that tn« r»t»-

,; *t«p in tte reaction i« tlMi ^i«»tration of omlomcetate, and that 

ruUta ui uxi'iation of intraffiitochoadrial NABB 

to th® .r$tat» of ?«n«atr>ition of ojn?lomo®tat«.

7- th« rat*® o£ reduction of .MAD by 5'~'f^ 

aa4 the 4i^arant ;; . and V values for this proWMM in intact and
' " & SHX

mitochondria, .''he rat©» of reduction of UM) w*r» 100*i2C<> tinfta fister ia

»ltoeiioiKiria tlifttt in intect mitochondria «r*n under optimal eoadltionc 

in the preaene* of i^D pluii ascorbate - SMM Chapter 6). 'The apparent

V for tua reduction of *:-V4 cv b-^al«it« «&a 100 tieca faater in dl«urupt«d&ax
h*art en^ liver ffit-.-e honoris and 10 tij^^^ i>st«r in disrupted kidney mitcn* 

•iMMftdria th*n ia tft* in tact i&itochondrla* Th» apparent v valuaa «©r« siail«r 

for intact and disruptmi h»»rt and liver &it^h©iMUristt but th« appan&nt K
IB

higher in Intact than in li erupted kivlney aitochondrltt.

Th««» data show that tha rfit«-*limitin^ atap in tha vaductioa of

NAD* by L~«. ir J - th» pamrtrmtion of !/*».«!« te t «u*d that 

mta« of redaction of iatrwRitoehondrial MAD* by L-«&ala.t« 

to the r«t«s of oftnatriitioQ of

T'na :^ggirM.i.gi of "itocfeadrla JB the. F.gajNp&a of I 

A» a ftt.rt&*r ohaok on the validity of th* •paetrophi/tcx&etrlo 

of na**urliig tha r/itaa «^T panatrstion of Tnealata into »i tocfaondria the rate
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Figure 5E. Oxidation of L-malate 'by Rat Kidney r.:itochonclria.

Polarographi c Measurement of O^cyrlen Consumption.

V =6.2 rnugatorns/!min./mg.protein
1 ' ij '

1mM L-malate

10 min.

IfOOmugatoms 
oxygen Zero C —>

Vp = 29m[igatoni£ 
/rain. /rng. protein

Llnev/eaver-3urk Plot cf Oxygen .Consumption* 

0.3 "

1/v
(mjigatoms/min,/ 
mg.protein)"

0.1

0 1
s dAO 3

2 3 
c 10~3

V1 : Krn = 
V2 : Kra =

vrnax = 15 m|^atoms/min./mg. protein. 
jvl * vmax = 73 m^gatoms/min./mg. protein.

Oxygen consumption v/as measured polarographi cally at 30° 
in the Clark electrode cell. Incubations contained in 3.60ml. 
:- 0..25M sucrose; 20mM tris-HCl, pli 7.6; 2.8m:,; KPO, ; 
2.8mM MgClr ; 2mM ADP; and rat kidney mitochondria (3.5 mg.

protein).
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Figure 5P. The Transfer of Reducing: Equivalents into 

.Mitochondria (after Chappell, 19o7)»

OUT M i t o c h o n d r i a 1 
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Carrier-system for aspar-tate.'



activity «*« ooapl»tely inhibjt«<| by 2 m &Cif if tl* KCS m* added before 

the asp*urt*it«*

(2) fa* rate* of oxidation of intrasdtooaondriml 1UD8 fcgr oxaloaeetate 

in tht* pniMinee of rutsnono »nd antiwsyein, or rotcneae, aatimyein A

by a irif KCiU

O) In the pr«a«ao« of rot*3rion^s and ^ntimyciii A, the oxldmtioa of

chow tii«.t ox«loAC»tsit« ent«ra iiv«r a

SOT 1» coi8£>l^tQly inhibited ^y <CN t -«ad that the rate of nenat ration 

of a»p6rt6t« into aitGObOfKbri* is too elow to support the obaierved ratoe of 

oxidation of intraufeitc'ChoiMirial K,^')i! by 0jtslo«e*tAte ley tc» K«cii 

in ri^ore $F. It *«e concluded that tbe oatid&tion of intrvKitoebondrial 

tiy o»alc»a€»it^t® under tiie coaditi<m« <le»cribwl la tbia «Ai«ipter «^e livited 

tfoe rate 01 ?• v."ViV>tio« of ox^loacetat® itnalf*

(1) A <|l_reo_t sp«etrqphoton«tric a#&&y of the rate« of penetration of 

oxaloaeet&te und Iv-fijftlAto iuto natociiun ,iria luue been de«cribed *LtL 

(?) The penetration of ox&loeioetete and >oe>Uit<e into aiti-«hondria 

by the effect of oxaloaeetAte or Lnnmlate on the cmcentration of

the MlnacHChanoe du&l-wavelezvgtih speetro-

(3) SBigrwic &s»ay» of »A3 and »*.t>p etioiied that the initial r»te of

«f liADC^jH by oxalc«eetattt 9 mad th« initial n*te of reduction of

L-»alat0 represented chan^os in n^:m eateefitrntion* 

A« th» activity of the sitochondrial ; si r :v:-aydrr)g«aiiee under the

t««t conditiomt wi* v»ry hi^h in relatlcn to the rates of ; enet ration of



7

th« jjuiiial r«t«? ui VJLAU <tlon of IADH HA* ft

of th© r-'t* .->f :->*a«tr**tion of ^x*aof»c<*t«t«, and tbe initial r»t« 

induction of '•: D* MB® a ftmurare of t«* fxaaet ration of S/-*&Lat«. 

(5) It wa» »no»a tfeat ihe r«t«« of p*a»tn&ti0n of Lnwalat* into 

mapiria® liwr a»d id<iB»y ffiitochondria (TPPD ?lu» a«corbffit« a® substrate} 

clossly eormaponAfld to tii« inltiai r&toa of oxidation of I.H&alat* by th«»« 

mitoohonrlria la .,tate J. ::ih« i'iJial vt^M^f^atAto rat^s of axid&tion of 

iHtsalate by llv»r and ieiaiaBy aiitociioiidrim w«r« $-«6 tiffl^a gre^-ter fcton tJi« 

initial rat«ft t which is tho vmJLu« «xpect«4 if aalata in eo»pl»t$ly oxi^l 

\yy jsitocboiidria (8e»,<3tio«L 5 (ill) a&ows th&t L-*fuU.*t« =£ 6 •qulviiltntg of

(6) It wan shoim that un*er th« coaditioo* of ti«s s;j^ctrophotc.«5«tric 

«»©«y £l«tWMt«-<vxi>iilo>se»tat« traeaa-ffiiiuftsrti do*ff not play a role in the

of ox«lefte*t»t* into mitochondria a© p©^tult,te'i \ry th* 

in /ig«re $5*.

(7) 5fct di,r^ct «p«etropliotOR«trio ««4B-ay of th« rst^® of penetration of 

and L-«a£jUt$ into mitochoiuiria provide & racd«l sypteffi for 

m««haaia» of pMMitratioR of uubstrsst* unioiitB into xitoehoii4riA«

(8) Ir*»il*.t* fea« b««a postulated ,H* « earritr of j-edacift.: ©quivnleata 

into eitxrtumdria C«««s ^jnefcs, 1966), and thi« lypoth«$i« r^uires tiwt the 

mitochondria! »**»*fcr**Ji« be frwly p^r»>««:bl« to bota L-»-:. . . ..a oaiicmcatat* 

A discussion of talc hypoth«si» in relation to tbe result « ^.Vfsn in thi» 

Ohapt*r i« out«id« tlM» acop« of the titl* of this* lassie, but Is 

in Appftftciix 2*
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m <mt

6(l) iatrofaotion

the prttvioua Chapter <toacrib»« 6 •peetropftoUJoatric :;;euwa iyr tfa» 

direct Masuvecent of the rat«a of penetration of oz»lo«C£taU> ."n<J T^nj^te 

into aitoehon«iri*« Thi» teehniqat w«e tt»®4 to laf»»ti#;at« t^j® itechaniaB of 

p*R*tr&tiaja of oxalo»cotat« aj^l L-««lste iato mitochondria^n.d the meulte of 

wu®B ar^j dortcribwl lit thi£< Uhaptor.

It wss ^oowtt that thff rstos of penetration of omloac«tat« 

lato c.itx:hondrltt ta th* pr^a«2ice of rot«m0ne and faitlmycln 

atiisulateti 'tory «;^orfe«t«t pitta T^J*D imder «eroteic conditione y or Isgr ATP 

ieTObio eondition»* The «^f«fOt» of infelbitor^ of euergy-tranafer 

(see Char.c*, 1X/5) w^re consistent with th« hypoth@«i® th&t the peaet ration 

of oxaloacetate sad THutlcite into ctitochondria i» an

detail^ inveetigation <sf the factor* affectia^ U-«- 

of oxaloacetate end I HAH late into liver a&te6hon-fri* 9 ^K>w@d tbtt

vas probably seriated by a e^e^ff. ,^c gj^ry i ̂  r*^v s i^a la the jsitochon:;ri®i 

«ecbr»a« which iE «.ct£y&t«a b .aa>

eethodB w..-e aa ie^cribed in Chapter 5 with the addition of 

the foUovln*:-

The ATFaee activity of nitoanondria wo« mmw^rv't sy inrce 

( l >

AfFaee activity w«*s «««ay«<j| fey th« fom«tioa of f . from
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in ,v

activity 

at

titrit«trle

10 ; Autobura-tta, AFttbj Pi triers n,

tha

; and aiirrin««^Gtor aaaanbly,

by ."I'/

6(1) 92 »xE-ole* H/

of
g *

ATP

ditions ar« in

aeti-vrity nas 4»t@»is®4 by oo&tiauoualjr rteordiag pH at 

7« * -<s pH«4B««jiuriA^; •^oipHMmt caaaisted of a .-ry»-ln^ald typ© 

(He* 401 K07) 9 ccmn^cte^ to a Vibron fto^el 33^2 electro»«t@r, and 

iu«r ^t»«o datfjnrani3 9 1969). Thi MKUUR ws.fc calibrated by

ttnowa geewyuntft of stikitd&ni C«2J H<,1 or *i& K--H frcsa nn . 4!% micro-

All

incubation

of

tc pi! '/,-; with trin

^tesll'bmted aftar addition* which aff«ct«d th®

Ut©

At * 0.92 at

ar« .civen in Tabla 61.

rta.BBl.tB

of
H t>ch<avir jlm *i> plug or liy -^i-.

ahov* tha af facts of A7P and WFl* plus ascorbata fm the 

initial mta* of p®w«trati«»i of 1C ^^ oxalo«eetnt« and 1.7 «v L-ss&Jtet* into

contniniagliv«r, i£iaik»y aiia soart -atociwaWLrift preincub-'ted it) a
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*,

oi <arwtration were Minimal in the presence of anti»ycin 
plus rottimone ^?j&iii*» ^a t Tj n> > ?} 5 but slightly higher ia the prs&enee of 

saoiie alea» (fabl® 6A, '.'.-u: ; . arallel experiaeata ia the oxygen 
«i&ct,ro$e showed that S>^9Q of the reap! ration of endogenous sub»trat«» was 
blcM3k«d by roteaoae, aad thst th* jfurthei' iiiition of antiaycin 
I i.-^i. L: tlan of ra«,;ir^tidn. adAltion of 2.8 a?>* a«corb^t« plaa

?«ofe«r A Jacobs, 1^62} initiated rest: i rat ion (I.*;- m ^- ^ 
ia liver isitoc •••••.• , •>/. -re^tly atiir.ul': i.-:? tiw r^t-^c of p®a#tration 

of oxAl^ACdtat* an-idi !/^i«l«t» (TabU ^,, Lia» 3)»

If &itc>cho&4ria ««r« pmineubatcd with 2.8 ffi?f ^?P for 5-5 3fin# at 
50 under «aa*rotolc conditions (rotaooMi plus antijavvciri A), ti5« p«iwtrntioa 
Of sub«wq«»?itl7 add*4 oxaXoaMitat* or iH»ffilmt« v«a ^ro.btiy stiteuiatud v ,'^bl* 
6A, Line 4).

la liv@r IT,! tuchoadria th« stimulation was a* large «u that 
by ,"' : •,• plus aaieurbHto » but la tci-lney ®ad h««rt mitochondria tbo

6A lacpt* (a) •&&«* ttet «it 3<.;C tue rat*?. a of penetration of 
into heart mitochondria* up to the hi^fo^st rnte^ ::,<^aor«bie by

ttee a|>eetivpi.i^tijjaiBvric • •;•.,-, -.«ro ;;TO port ions! to th® •• tion of
* ^i^ure t->' )-xnt. *'b) ahowe that at i5 ' the rates ;?f penetration

of oxaloaeetate into liver %itoci:ioridria t reu€li a plateau at higher coac«nt rations 
of oxaloacetate* LAae^ »»«?©r-45urk plots of ti.o»3 data gave atraigfet lines , 
fr«w whieb apparent K^ and */^^ vaiuea could b^ caAcuiat*rd for the ponetratioa 
of cxfeioaeetat* (»ee Figure 6B, Yxpt* (H))» figure 6B, «Apt« (b) shove
IJjwweaver-»iJurk plots <?f the paaetratioa of LHi^*late into r«t kidney

o 
sdtc»cjio«aria *t >. . , anetrstioa a^aia obeyed yioAa*li«-^:ent«:b kinstics, and



Figure 6A» The Rates of Penetration of Cxalcacetate
.into Mitochondria,

(a) Rat Heart Mitochondria at 30°.

12

mpno 1 e s/rnin. / 
mg.protein
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Oxaloacetate
30

(b) Rat Liver Mitochondria at 15 •

7 r
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rnin./mg. 
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o

0 50 100 150
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-HP
200 500

j
550

Rotenone;

Kotenone,antimycin
A;

"° Rotenone, antimycin A, 
'TI.IFD plus ascorbate;
Rotenone,antimycin A, 
AT?.

The rates of penetration of oxalcacetate were measured, 
spectrophotometrically as described under Table 6A.



Fi/rure 6£ Linev/aaver—Burk Plots of the Penetration
of Oxaloacetate and L-rnalate into .Mitochondria

(a) Penetration of Oxaloacetate into Rat Liver 
Mitochondria at 13°.

1.5
1/V

1 /(mumoles/min./
mg.protein)

-20 0 20

1/s dA) x io~
60 100

a———n Rotenone s antirnycin A: K.^= 40\il\l;
li i I

A———A Rotenone9antimycin A: 1C =
_

nicl.A.
,= 2.5

k.e
min./mg.

——D Rotenone,antiniycin A: K = 30pM; V = 7.6 protein. 
TIvfPD plus ascorbate. x

(b) Penetration of L-malate into Rat Kidney Mitochondria
at 30°.

1/V 
!/(mpmoles/min./

ing. protein)

D- 

A-

1/s dA) x io~°
•a Rotenone,antimycin A: K = 1.0mi\I; V^ r = 2.9in iiiCiiv

Rotenone,antimycin A: K = I.OrnM; V 
ATP. m

J3

mFfloles/
. /min./mg.

Rotenone ,antin:ycin A: K = O.Srnla; V =1/4.3 protein 
TMPD plus ascorbate. m max

Rates of penetration v/ere measured as for Table
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appamat K and V v aAu«» w«r» ealcul&tad.* &ax
Tafcl* 6B *waa£aris©a tii* apparent L^ m& V^^ vr. for th* 

l>«iM&tratiaa of ojcalo«oetata AM u-aaiata- into rat liver sdtoetendri* at

•>, AJ> :;.••. 22° la th« abamw of aa «a«rgyHnipply y ^.i in the prss«oc« of

**- or fKFD |»lme Moorbate. *i*h« ftyparvnt »; -imlu«« for th*

of oxaioao«tftt« aad Ir^e&lat* «»re >;-4^ ^ >•' aM :J •!>«?• 21 

and 4ici aot vary much witii t«»g«ra%ure or ia th® pr«a«aee or abMae* of 

y« ,.:iow©v»rf SWM) plu« a*eorbat« a»4

valuer.max
fo t«st *;4*ti ;er ta«^ %bc^ re«ulte w*r* only obtained in

y tli« «xperifflQiits v«rs £%p«&t@d in a taiediaus cou^iaii^; ISO 

of : ' ; »2^ K aueroaa* to» rmtacs of ptnuttratioa of cxala&cetatt 

in ^1 ®®diuffi, but 1W;D plus aacortet* or A.fF a^In caused a >4 fold 

®f th» rat* of pwaatr&tioii into liv&r mitochondria*

of latii^lor^ of ^tr^y-tr^nftT^r aa .%fet_jyaetrat^Qii of 
t%te into U-v^sr .-• it\

Table 6C wusa«ri®«e t&a affaota of iatiibitore of 

tbt r*«.t« of pao0trati<8i of 10|XM oxaloao^tata into rat liver ffi 

at 5C>°. •fba eti^ulatlon by T^PD plug aaeorbata w&s unaffected or

« y bat 

M and 9Q^ iftfaibitad fey 5^ tr ^ JJFB* the atinrclstioa ly '•"'-

(after A preinoatoatiQa of 5 odn«), ¥**» abolit^l by oli^o®ycin -\,

, antt atr^ctylojaid©; (^; ''' inhikLt«l Isy 5C • ^ TTF3} but 

AL'ii. ^arallvl ressuitw w«r« ubtaia^d ior ins penetration of L-«al«te into 

li ver » i tochomlri a .

Xxp«rlB<mt« w©r® parfonwd to d»t«neiftt t^» tiiitt^ependaaoe of 

•ffacts of inhibito» mhic& interrupted th« supply of asMr^y fro» AT? 0r
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Table 6c, The Eff ect_ of Inhibitors of Energy-transfer on
the P.ate of Perpetration of Oxaloacetate into
Rat Liver i'.-iit

Conditions. Penetration of
Oxaloaset ate
(n\;inol.as/min./rnc;

•jbrotein) .

1
1
1
1
1
1
1

1 
2
3
4
5
6
7
8
9
0
1
2
3
4
r-
2
6

Rotenone, antirnycin A. 
u
tt

II

II

tt

If

tl

If

tl

u

. u

tl

J!

tr

it

+

+

+

+

+

+

+

+

+

+

+
•f

-f

+

TMPD
TIvIPD
TMPD
TMPD
TIvIPD
TMPD
TMPD
ATP.
ATP,
ATP,

A rTDfiji ir y
A r.TC";^'i. j. -r^ ?

AT?,
ATP,

, ascorbate
. ascoi-bate
, ascorbate
, ascorbate
5 ascorbate
, ascorbate
, ascorbate

oligomycin
aurovertin
octylguani
atractylos
nrr-T.i ' ;^ x J-P 13.

XCrl.

.
s oligomycin A.
? aurovertin.
, octylguanidine.
, atractyloside.

nrv.-,-p , j. ir £>.
VO~T

, AOiN .

A.
.
dine.
ide.

1.
1.
3.
3.
3.
3.
3.
1.
0.
2 e
1.
1.
1.
1.
1.
2.

06 
06
49
r c~
Z> J

50
40
40
46
95
92
08
02
CO
04
75
93

Rates of penetration were measured as for Table oA. 
Incubations contained in 3.00ml. :- 0.25Ivi sucrose; 20m:,i tris- 
KC1, pH 7.6; and rat liver mitochondria ( 1-2mg. -protein). 
Other- additions were :- Tu?D 5 0.13mu; ascorbaoe, 2.3ml.:; 
ATP, 2.8ml.i; oligomycin A, 1pg./nig. protein; aurovertin, 
0.2-ag./mg. protein; octylguanidine, 0.66rrJ.i; atractyloside, 
0.05mM; TTPB, 50rnpM; and KG::,. 0.33mM. Reactions were 
initiated by addition of 10pl oxaloacet.ate.



WPD plu© *ac-.jrbftt«. .1; .:.< ., • - .• '-.trttctyloaide were uaed to cut off the

«ir»ply of ©nsr^y fr-sn W , ^i "CM -, u»*.i ^ xt the «;. __ ••_.-- '

PD plua &&G'-- . •-.. li - • i- -• *. , :• 'jf ex:'.eri&«Kit there wit a la& of

t< ^ initial r^t«s of v8>4Ma»trftticn ui i:-^ta-0qu«ntly added

6C &nd 65 afeow the effect* of vmiino^yciB and gramicidin on 

^enetration of oacsicwwsetate ®r«i C.-«ml«t$ into rat liver ::atoCii«nar.L« in

of increasing concentration® of KC1» feliiw

KC1 had no effect on tiw rates of penetration of oxnioacet**t<e £ 

In u,<s absence of en ««ergy~frup'-:ly. Jn the presence of MT or 

&e>corbnte t vmliao^fein plus low e0nc#ntr»tio*i*? of KCl enhaRc^d the r®t«3& of 

p«n®tratiou af oataioaeatate end LH&alat^i but at ccmcsntret ian,f of KC1 > 2-4 

tic«c thoac which gave aaxiaal r%tea of peaetr^tion J;hc rat@a of pe*i«tmtion 

of omloaeetate aaa *^-9i«8JL«it« were inhibited. In the presence cl valino-«?.ycin. 

or ^mwiei'lin aud ^>10 »^ *CCl f the rate® f-f c-eaetrstioa of oi.»*loacetst© 

.iHUBtlate were only 20-'' gremt er than the n . ti-.-.. 'jf penatrittioa in the 

of an eii6r^'yii*eui!>"0'ly»

"Ttoe o^BfientratioBi uf ^CX %rhicn ^afe fiatxJj^^JL rates of ^fcritsiration of 

lfv ix,>v oxo.loacetati? t and the %axia&Al *3ereentA.>c» stiffiulaticn, both

protein ^«v« A «a»i«Al etitui^Uon of w, with .5 m/

;fl4/,. protein ^aT® a i&axiiaal *tiaulation of ia-• with 1.6 «H KC1;

. protein 0ive a HazlAal stiaul^tioa of iy;> with ?.n wM i?ci.



Figure 6CL Ths Effect of.Valinomycin plus KC1 on the 

Penetration of Qxaloacetate and T-rnalate 
into Rat Liver Mitochondria,

(a) Penetration of Oxaloacetate*

myirnoles/ 
min./mg. 
protein

(b)
3.5

0

N\ ^~ " 7
5 ——————————————————— ——— Q-. ,

2 k

___________ © ————————————— £>

i i i i
6 6 10 12

XC1 (imM)
Penetration of L-rna late.

3
mprnoles/ 
mi n./ing, 
protein

0

>. —————— — — . —

8
1

1 1 ! t!

2 3.4 5

=3

1
0

KC1 

Rotenone, antimycin A; ± —— ̂ Hotenone, antimycin A
ATP; 

Rotenone, antimycin A^TIVIPD plus ascorbate,

Rates of penetration of 1 0jiM oxaloacetate and. O.liimM L-malat- 
were measured as for Table 6A, Incubati,. .G contained 
0.06|ig, valinomycin/mgo protein, and were at 20°,



6.1• The Effect of Gramicidin'plus XCl •:... the
penetration of Oxaloacetate into ^at Liver 
Hi to ch ond r i a o

rnin./mg. 
Drotein

0
1

,4

a

2
i i

3 • 4

i i

5 <
xci

3 r

rnpioles/ 
min./mg. 
protein

2 h

1

0
KCl(mM)

1.0 1.5

Rotenone, antimycin A; ©——® iiotenone, antiuiycin A, AT?, 
A——A Rotenone, antimycin A, TlvIPD plus ascorbate 0

Hates of penetration of 1 OpM oxaloacetate were measured as 
for Table 6A. Incubations were at 20°, and contained 
0.08p£. £;;raniiciclin/m£.protein.
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on, the of
into '.iver ?

0.1 »•

Kfc KiJTA or t> a^ SOTA ianS »o affect on tfca rates of p«n©t-^tion of

or I/HMlata into llv»r mitochondria -.red in tha preeenecs of 

,. aittwr In the prwane* or abaanoe of « supply of anarggr. 

Tabl® 6s; showa th«t if liver 'mitochondria w*y« prap^red in 0 ffi

to chalatc

the stl»\il«ition of

containing 1 »K

9xnibit«<) different

by Sr.fu plvni ascorbatft or lay ATS* wm» alaoat abollahad in tha v^T4

'•it',)ehondria 9 but could lw> ccxapl-stely r®*tor«d ^y addition of •'>.!

'.Ma 0£fact of CaCl^ «m« partially rawnaad by 1 v&> S^?TA»

of vX*»lft»Q«t«t» M& L-

©btaiacn! whicfc

^

The pdtwtmtitni ®f oxaioacwtata and l^t^i^t^ into ra.t liver xito»

c^icndria was inhibited fey th« lolloping dicmrbc»xylic mcid anionas:- ^fHsst

oot

i -JT» o,s show® Idnawa*v«r*Burk plots of th« r?it®« cf peo«tratioa of

and L-f&^latii into livor ^itachondra^ m the prci*«nc« and 

of c*rt#iin of tbaa« inhibitors. Inhibition ««« coBtpatitiva in all cai»«« botfe

in tha Absanoa or praaaf&ea of an «n®rg3r~supply t and aT>p«.rent ...^ valuta
>v

•culatatf fro» th« alopas of th* plots s-

W

K.
JH
V

vara aiffllar both in 

Figura 6£ t c"jtpt. (a)], «ad are 

each of the inhibitor,-: -.-. j>. „ -. „•

or of an

in Tabla 6'.-. .. 

paactraticn

valuaa

oxaloacetat*

and •-ff



Table 6?>. Inhibitor Constants of Anions which Inhibit the 

Penetration of Cxaloacotate and L-malate into

Inhibitor.

•i-j Malate 

Succinate 
Malonate 
Mesotartrate 
Maleate 
Citraconate

Ra t

•e

.te

.e

Liver Mitochondria

:.. ,MM) for
p .,,. ^ I _ 0 ^.. O j_ c,j. 0

290
130
280
430

55
55

o

penetration of:-
T —V 1 

.— -vv~ r.~, ( .^j *.* id
•*—— ' A . .' V-». -'- '->- C/ VX- O

450
O -" O^ , u

310
460
40
55

Sates or penetration of oxaloacetate and L-malate \vere
*-v

measured, at 20 as described under Table 6A. K^ values 
were calculated from double reciprocal plots (see Fig.6E),

Ta,bl_e_,,_6B» ga,te_s...of ?ene.tration of' Oxaloacetate into
Rat .Liver Mitochondria Prepared in .the .Presence

Conditions. Rate of Penetration
1 OpLI oxa 1 oa c eta t e » 
muinoles/rni'iio'./rnge protein) •

1 H-otenone 3 antim^'cin A. 0 0 53

2 „ -i- TMPD^ascorbate. 0 C 80

3 ,i + AT?. 0.79

a 2 6 21„ -

5 t , 4- TlvIPD , a s c o rb a -c e 3 0 „ 1 mlv! GaC 1 9 , 1 d 3 0 
1.0mM EOTA. ^

6 " + ATP, 0.1mH GaCl Q .
7 ,, + AT?, 0.1m*: CaCl.-, I.CmM EGTA.

£+

The rates of penetration of 1 0uM oxaloacetate at 30 were 
measured as described under Table 6A.



Fiprare oE. Inhibition of the Penetration of Cr- '.cace
and L-malate into Rat Liver '•'itooho-.'-lria bv 

Dicarboxylic Acid Anionso (Methods- Table 6 A.) 
(a) Inhibition of the Penetration of Oxalcacetate at 25°"~by
Citraconat e,

1/V
1 / (m jirno 1 e s/m i n. / 

mg.protein)

2.5

- 012 

1/6 (1/M) x 10~5
Rotenone, antimycin A; K = Ii-OuM; V = 5.6mpmoles/min./mg,* / , .protein,
Rotenone, antimycin A, 1 6?p! citraconate; K4 = 50]i}/I.

Rotenone, antimycin .-.,, rMPD K. = ii-OiiM: V „ = 20miimoles/
_. n .. _ i j iil i H13.X 'Y^ 1 T T o o o /•> o, YI r^ o T~ /;> •k-* -u Ci.i-* CcOV^wX^-'Ot.uC'^ */ \mm./mg.protein). 

Rotenone, antimycin ^, -TMPD plus . K.= 55jiM.
55 f=! P. n r>"h P "h Pi „ ^ 'r\~7i^3 n*_ f.-r-Q r-n n n 1-#3 • •L

(b) Inhibition of the Penetration of L-rnalatetfJc

1/V

1 / (mpmo 1 e a/mi n * 
/nig. protein)

0

1/S x 1C
Rotenone, antimycin A, 
-™~ p^us ascorbate;

TC — *? /'' OnT'l • 17" — P PT'iirn/^i'l A Q /"^"i ^•*•»•,„— I '-j-WjU.J'l^ V „. ,.— <C. « <iil.J^UuO_L C O/ ii^J. i. ,

liiaVmg. protein. 
1 o^jil-' citraconate;n——a !f + 667 p.-. i..^c.otartrate;

-± ,, -:- 500plvl succinatei K.. = 21 ui
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*jn@t ration - * ^
Into I4y.tr f

figure -.' ,-,'^-w ..rrtieniua plots of t&e tea^rature-dependence of tha 

ratee of eatt/etr&tioa of oxsloac«t*t* and l-raaiate into liver r orviris 

betwaea 5° «md 50°. Linear plot® were obtained in the abaveaee of an

j.y or IB ioa presence of WD pla« nKCorbste, fr«i wbich «cLivntion «wi 

»lo s«4 *6 ^c*l/«ol« for

.il»r sactivation •n«»rgi<ift *«r« ofctaiiMKl iar tht penetration of ox- . t« 

;.-vr»>lat* at higfoar tWEp«r«tnire» in the nreeenee of AlV t but than wei*

in th« /jrrh^nius plots at 15° for <umloac«trt« «»nd ?it 12*"' 

Below th««« * trmnaitlon-teuftMiraturBe* the actiy^tioB ener^ie* for 

of ox«lo«c«t«t« and

04 the •'••toJLcsai^try of the '
into

A» it had b««n sho^n that TRPB pitta aacorfcata or . r ..raatly 

thai rat«8 firf pan* t ration of ox*iloaee»tftta and ijHiuilate into ; . .••j > it va* 

of int«r»at to dattznliM «h«tb«r thara tote a 8toicfd::a^tr> j-.^twaan the 

of the peaetrsttion «f thae« »nioii» and tha con»y»ption of ^.nor^.

Tb® rataa of p«Mtration of oxaloacatata into rat liver »itoehon?1riA 

up to 50° , afti the K an4 ?. . vtiluaa for this prooaae balow 25° had
PS B^Jf

u^; f and ait-, :••*..•:• ..^i--- • ^* : • c :-.u-- •:->:. rnt«8 of 

vot^ar identical condition-,, '.aar^y cc-^ ^*^?tion tea® 

eitfceor by tha oxidation of sscorbate under aarobic conditions, or 

•extrm* 4 •;*?••• actiirity under »i»^ •: coeditiona.

>.i. "" ' "* - 'u. .<u ,>r,< tian of ...

into 'ki?-t.J il£2s£L.. a. ..pf.

Table 6> auu*. roiit-inary experiment on the auaui.ai.ion of tne



Sl? AjTherjI/as Plots of' the Rate of Penetr /-• •*•'Ox

Gxal .btate and L-rnglate into Hat 
Ml t o c h o n a r i a 0

(a) Penetration of 1 OuH Cxalcacet&te*

0.5 f

0

(inpioles/min./ 
ing. protein)

330 3oO

Rotenone, antirnycin A; £i E=+1 OKca I/mole •
(Eotenone, antirnycin A 3 TMPD plus . ascorbate) niinus rate 
with (rotenone, antimycin A); ^E=-;-9«5 Kcal/moleo
Kotenone^ antirnycin A, ATP) minus rate with (rotenone s 
antirnycin A); J^ E,,=-s-So6.j £S2 9 =-j-ii.8 Kcal/mole.

i 1"! J "^p-^o'f-npf'f-T^'H n~P A i \ fVo v"i 7 «~"'"'<^ 1 o •}• <aV U y «- Oy. j.^ Ox CJ. tj^-jL/^i 1__w j,___( o O '-..Jxlli,-- ^L.*^*<j.C-l,_^L. wi _ly C^ O

0

(rnpmo I e s/mi n. / 
mg.protein)

330

E

360

Rotenone, antimycin A; AE--:-8 0 1 Kcal/rnole
>(Rotenone s antirnycin A 2 T&PD plus- ascorbate) minus r 
with • (rot enone » antimycin A); IiE=-s-:. 3 Kcal/mole,

B——• (Rotenone 9 antimycin A» AT?) minus raoa v/ith ^^ote 
antirnycin A); AE^=-j-8 e 2 3 & E =-» L2 Kcal/mole e

Hates of penetration \vere measu:

ate

.0.0



8%

into liver asatccuuflcU'i-. >. ,• •• > xidlatios ttf

a&eorbate cr of •irrrrtv't.^ piua lov crw-p'--" trillions of -_..,... ,-„. ie» ">f t*ett*tratlon 

of ".eetate «*re «taa*ured gpeetrc - .. - ily, and the ratea of

ion of the fcitocfcoodrift were deteraiaad p . eally in parallel

4 aa th« r*t« of penetration of axaloaeetate ia tint pr®»«fic« of r«® 

mt« of £Mouitji- «f %fc® a*-^« ooaa^atr£i»::ian of ox»Ioacetftto In

of r^y- r iration, ?md i» giv«& in ^abie u ', Colucta 4*

^xpts. 1-4 e^owi^ th«t in tte pm^4»>io« of a««orteet« «lori€», or 

plu« low o0noeatrfetioa» of ' , respiration M^S slaw but ^he r tio 

ai 'extr^ 1 ox%l9ae«tat<e p$aatr«tioa to •• ^u&ption (Colunn 5) **» 

in UM fft&g* i«6»l»9* r^tt-. -. • 5 @how&d that

eomc«ntr .. , t ion of 7R«'1> frow 0.6 to 66 u^fc --4 a 2c fold incftiaffl® in the

rate of m* '.- fead oo effect <m th« 'extr?!* pttsiistr-.iioa of oit<alo» 

*. .-. ccciparlB>jii of .xt-t»* 2 «sn*S 7 «itto !> -^ i ••.'» :^ -.-o uu»t *t 

or' respiration the l @xtr&* p«m@tr%tio£t of oxaloacetat© «&s th« 

for 1^^-?*, and 30|KM ox&JUM*oetat« 3 but *t hi^h rat«e of r@a pi ration f «xtm v 

oxaloac@'tat« :?«»tz^tioa vta* 65K gr«at«r with 50^ W o«alo«cetat4 tluta with

i^ vj^ .-'. .-:-. »

It '. .,nr?l«-?»d fra» th««« resulta that at low amta* of reap! r 

the *axtm f ptMKtr&tlon of' •. .,,'-;.*€% ut*» w&t/ , ,1 to the rat© of 

reepiraticm ( 'X?tiu 2«4y f but at hi feh r^t,®n of rea^iretion the ' 

penotratisa of oxaloacetate wag Iiadte4 fcy tiie activity of tfa« c 

for cxaloeoetete f end seet of the energy J?en»rated by re»:.-<ir**ti:.- 

The atoicliioaetry of the enerivy-reqmi^s^nt Tor 'extra 1 o> . o<-!.ate penetration 

im& thua feiT»n by -xpts. 2*-4, ia w&ioto tlw »up-ly of energy limited tlie rote 

-^ ~>®netr<9ti0n of ox«lo*icetate*
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6.3

protein
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addition of 
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AfPt^t activity.
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^rrsct 01 Oxaloa estate on the ATPs.a

600

mpioles/ 
mg.protein

200

of Rat Liver Mitochondria,Measured by the 
Formation of P.. *

a- 
o-

0 5 10 15
min.

•a No. additions*
•o -:- 0»5mM oxaloacetate*

20 25 ju

«———A -;- o.5niM oxaloacetate s 1\ig. oligomycin A/mg. protein.

The formation of P. from ATP was measured at 22° in 20ml. 
containing:- 0.25Msucrose; 50mM tris-HCl 5 pH 7«6; 2mM ATP; 
0«5m-j3inoles rotenone plus 0.5|ig. antimycin A/ mg. protein; 
and rat liver mitochondria (1-2 mg.protein/ml 6 ). The 
reaction was initiated by addition of the mitochondria, and 
3oOr.il. ^c.^jj.0^ were taken at 5, •'. Oj 'OP 20 , and 30 min.and
added to 0,3ml. 30> trichloroacetic acid. Denatured protein 
was spun down, and the supernatant assayed for P.. by the
method of -omori

Conditions. Initial ATPase~
(murnoles/m.i"io /m;c. pro t ein")f ~~ ~ ~~ rTr^-" -"—m ^ -•

No additions .'2
-;- 0.5^'-" oxalcacetate 2C 
'Extra. 1 . ATPase • k
Table 6 shows that addition of ATP at 22 increases the 
rate of penetration of oxaloacetate from 3*7 -o 10 rnpaoles/ 
min./r.:g s protein. Under these conditions 'c-.tra* oxaloacetatc 
penetration = 6.3 mpnoles/inin./mg. protein, and the ratio

nation J 'Extra* ATPase - 1 e ^7«



85,

• - • -«
xtra*

'eactrs 1 A.u-a«a activity iws ,iaciia»ci to lo 2. 

-rotein.

fhie uttthod guffapad fro» two diaadhraatfttffttu firstly, addition of 

®xaloa**tftt« eaiuMd an inci-««8« in ATP«*» activity of only 2; ^0 , an<:i at 

it *as n«c«*n- ry to 4et«jreiri® dilferoncea in th« fonfiatioa of P. in parallel 

incubations, experimental errors ver» hi^b. :>«wondly, A ,'Pa8« activity w 

ncn-lin«ar and decreased vitn tiaa b->th in tae pree«nce or ab»&ac« of 

ac-i;L,:vu t aod a& only iftmtU r: •- .- .>!' pen^vr^tion 01 ox8J.oac'it,*sti-; v .; 

It va» a»e**s&ry to (urtmpo.! ' ; activity to #m> tin-,:--, 

the above awthctf was ab»j, in favour oi direct n^amreiiMuitsi of H* 

by the r'r-'aa* reaction, tor the followi^; two isethods,

(b)

snoots •, piiHRtat titrtttioa of ttoa ATPaa* activity 

of liver t*itoelio.Bdria at 2^°C, and the affect* of a<idin/; oxal«Mteatat« andt

oligoaycin .u 'Ttaa ratio

calc •, l aa ri

above, and ratiwi of 1«2*1* 1J IK rool«« *«attra' oxaloaoetatt penetration/

1 es trs * • --ivj v «««5 

(«)

P'lgure 61 »how» tli« effect of o>. ,t« on 

activity of livor altochoa4ria at 25 t s; ensured by change* in pK, tad

against aTwuuard #JM* Pr«iu,,ijaejry «xp«Lrs*er*ts, ^vs ratios oi' l«

nenist ration,/ k)-£Kol0 *«rt.r • "'*•'&&«»

l^ta obtained on



Figure 6H. pE-stat Titrstion of the ATPase Activity of 
Rat Liver- Mitochondria*
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Rat liver mitochondria (i 0-20 mg.protein) v/ere incubated at 
25 in 6,60ml, containing:- O a 25M sucrose; 5niM tris-ATP, 
pH 7.6; and Oofltyunoles rotenone plus O.fjpg. antimycin A /mg, 
protein or 0 0 15ml\! KCH, Other additions v/ere:- G 0 65mM oxalo­ 
acetate, pE 7o6; 1|ig. oligomycin A /rng a protein; 5mM tris- 
maleate, pH 7^6; and Imivl tris-citraconate, pli 7»6« The pH 
v/as maintained at 7-^0 by autcr.iatic titration against 2,50m!-.I 
NaCH, Under these conditions I.OOpincIe H"1" = 1 «OSiimoI 
(Kishirnura et

Sxpt,
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at.
•tftitfctaantry of the o-n^rgy-reqalmnrnt for tha stinulatia* Of

of ox»io4*c*itate ir . v ,t* v«lw>a of

of 'axtra* oxnloetoetata tnuftforte^ ;:««• 'oxtr.** hi,;h energy- oaaa coaa«s*d; *•**

..Hjff gets. of .JnlUbltora of f'mloac. j-aa* 41 into 
on *; xtr^^ t .'M activity

6E sho^B th«t oli^nycln A completely .inhibited the eodo, 

activity of liver mitoehondria both la thd pr«»«nc* or abe«nee of

- . MAl«at« and citraconat*!, which ire potent conp«titiv« inhibitors 

• 'f the -. •-intitrfe.tion of oxfiloacetfite into ritorfstm^ris ( 8*>« ^'ablc ; r')» but whloil 

un.' , • . tLa other ini\ib:itor® in tiiis groui. not i----- --ortflKi into mitochondria

^Cteafpeil & Jtaaiiiaff 9 l^oi) , iid»ibit«d 3-:^-40 : of

of tfa« mitochondria a«4 ftimo^t aboUahod th© l ««xtr« t '»«« activity

by

f or
and

of QXaloacetiita and InsaaLatt: into adtoc^oti'.irla is iM*ii£t«Mi by c*irrier-«3y»-&«iBa 

similar to tho«« po*tul«taa by <';h*0pell * Mwu-hoff (19^1) for othar aaioaa., 

(1) Tha tsaaatr&tioa of oxai^ac®t«%« aatl I^«al»ta into mitochondria

c» with ' v«lttwi of 40 a.fc and l'3o *x M
- •niTiii T I I

for livar aitoci:.on^ria (aea *i . • v \ ^^ :i valuaa did not vary 

¥lth t«ap*rftture, &nd wwra Biruil *r both in th« pre&enc^ or abeeace of an

'ly ( ; i : abl® 6B), aaggaatin^ that th» aaa« •arri«r-j;/^?»;:--j. w«r« used 

both t: . ••• c Mtions*

rti:- 'ort«tr.-j i.iun of oxalo.-'-ioetat* ana w-sKa-lat* was Ct? '•• ti vtl
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fey a number of neiAt of glailar t

ttoea* inhibitors h<jd fti&il«r iL values both in tnt- :" of ••<..• £-.-*.v;ce of an

0uggostin& th,?*t tfa* »a**» carrl«r-siyeta£1*» wer*? uaed under both

condition*. Th« K' valuta® of «aeh of th« ware %lso .*P

for the of

that oxalo«ic«itata and

and

Hvar

(3) Arrhanlua »lota of

and i/«teai!»te into liver

of th« of

gave

+8

«n*rgy-eupr>ly* Tho»« 

•k I for B pjratMM of itepJLe <ii

t both or of an

are smch ni^her ti)«n would b® 

>n.

tn«i

by

th*; f-;^;fH» oarri«r-*y*teR t but t.' •. .il«*t» and citraeonaitG are 

This data smJ tv)« «vid«HMM pi«MKnit«d in tnl» C' -..-•• 

that tk 

Tor the

Above*-uii«ntioiMKi aaiom OB»

carri«r-^y»t«Eu It 1© pOBtulnted thct t.

tha transport of

Tvst«tt facilitates

.*tr»t«

not r, ci. cr-

of

\-fc/ QeneraJL "'r^p«rti@aa of th® . thgt -^

of 

rldnay and h*^«rt Jrdtocbondria wtns /greatly

or by (fabla 6A, Figure 6A). T«?D plus

l^r ,

or

ascorbate

not ai'l'ect



as.

•a

Ta<

.WM, but V valu*» were ssreatly incrmaaed (figur* 6B f
BU.^.31

t tii« sti»ul«tioa by plus aac^rbata wa* 

or KCKj cut art •" . >., ,:ii^iii.iy inert: mied by

, octyl^uenl •' 1. tr*tctvr~r1.1e. . illation 

inhibited by uncouplere, ol, . ••- i ,^, ftur^v^rtin, oc ^* 

«tractylo«Me, but unaffected by Kd* 'i^i-taw effects (a*?* Chunee, 

c-»ueist«nt with the tgrpottawin that tiM yejn.ii tra t ion of or - • * " ̂  j •

68 ;.

p.roo».<g of.

of p«n«tratlon of 

of jrotimoii* &iotM» toun in 01

. . ;ine0 rotonorw did not inhibit th«

r»epir«*tlon of citoehoaOr.1e t it is postulated th&t und«r th«»« conditions the 

•low oxi&fitioii of wndo^notits flavin- linked @ubotr^t«0 atiaml«tcd tb« p«nfrtr®tion

of ox-UoNe*t*t« «uwi iH^tilat* t<y aupliiBig w^af *t &

was leas eiLective tnsn T^M) plu* aacorb^to in *>timilatiag the 

pcattration of o»»laacet«tte> and ?/«««l&te, particularly in / • «ndi heart

A possible «xpl^mtion oi' 

tiuwa IJffT!) plu« naoorbat© to produe* tha 

of ti»e ^t . a. Th^t nuat

All- r©-actc aor« alowly 

etat® which i® th« 

,:r*,iac . i with , in

ardor to ob^erv* t)/c otiauJ aion of the oewetr^tion of o; a and

au./,o support -w^ vi'.,^ -<-,. iHWtcta &j.vviy ui this rtMictioa,

•vrri^l t/bservwi in »ub-

HAD by exiccinetff » Lov,

in the *T -drivar; reduction of 

: >.d in th« «r -drivwa reduction
01' by

to

ii9Mlt«r, 

the

inhibitor* wiiich biocted the supr-ly of tHt.®rgy froa AT*» or T*PT> niu; ..,

FJ >.-*d tiwt, if oii^ottjoin A, or atractyioaid* v*re uo«4 to in^iibit the yupa
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of energy from AT?, or -.'Cli wa« uiwsd to inhibit tn@ oxidation of T^fD plua

, there «aa as la& of 2' :-£> see. at '50° before the energy-linked 

stimulation of the rates of penetration of ojcaloacetata w»e abolished,

KCH and atractylosicse can be ahown to inhibit the respiration of intact 

ifa virtually instantaneously, and oli$os?ycin A require a less than

s«c, to do »o t the lag w*ts not eaua&d "^y & d«iay in tht inhibitors reaching

ait^a of action. It ia atig^aatvd tent tt« lag of 2^—2^ e^c, r^prattents 

th« period for which a high~*i»r£y *tat« can persist in the p^itoehondria after 

the supply of asftr^y hsa boas interrupted, <snd during which ssitochoadria »r« 

capable of enhanced initial rstte af penetration of oxaioacetftte. 

(2) ;e ' : ol-a! of Buiyid,_Calciiaa in the '-nterMi. _ nt ;'ti».ul.ti.r>n of
the >' @n@t ratin, ofaaloacjitate qjnd Lnmlate lato

§ «J* KDTA or *? MR KG :" A had no effect on the

rates of penetration of oxaloaoetate and L-fsalat® into mitochondria •
<•%

would fee expected to bind all ®2trs-E; itochottdriftl % * and
"

C« * t af^d it was concluded that fr$e >•'$ * and ;Ja * were not required for the 

enerigy-depeadent etij&uliition of the penetretioii of ox»loacet,«it* end

into mitochondria, i%. ••••: v. r, if ffitochoadria w«r© depleted of jbcjiftd_ Ca * fey

them in tne pr^aence of 1 »X KOTA f the atia«ttlation of oxalcacetate,

penetration ^ !>-?? plus a©corb«te or AT. waa «l»0«t abolished (Table c>«),

The energy-dependence could be rastorad by addition of o.i arf^ CaCl^, and thia 

only partially rev«frs«d by 1 *^ fei(S?A«

Jt ia ooatulated that the energy-requirement for th« p«oietration of

ojtuloacet-4 ta ,-.,n4 I«Hnalate into isitociioodria ia cau^«a by an
2*for tha activation oi tha carrier ayat<^ b ?̂ bcundi -Ja_ « and possible R

for this will be di&cuaeed later. ?he Ca'* required for this proceed ®ust

be ti*..htly-bouttd to tbe Ejittjcisondrlal ftettbrane a« it can only be removefj with
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difficulty eren in the pra&#ftca of a large •*•««* of SOfA.

of, '/ff-Urr^:/cia <-gd J j>;y,icjidittt ,,Qu tha_ .itlauU^tion of jt
of ••-*alojac;gt*»A ;1 JjHEalata by l^PD plug Aacortata or__lf 

and 6;> sho* that YaliuoKyein and grade! <iin haw two 

af facts an the rate* of penetration of oxaloao«t«t« onsi !^««ilat« into liver 

ssitcchoodria in th« preaettca of «n enar^-Bupplyj—

(a) A atiisui-itiun in tii® pre&aiic^ of low C'aacentry.tionis of KC1*

(b) An inhifcitiaa in th# pr@a»me« of bijgaar concentrations of <C1* 

In tli® abeenoe of paibeant aaiojMi, v&linossycin or gramicidin eau»a 

an «ncrgy-dap«nd«nt uptake of K+ trcm th« is^diuEK ncc:>itpanied ty the extrusion 

of H* (?r««^an t l':)65). In the pr«««i»c® of p@r»;««at «nian» s>.ica a® F. t K* 

uptake ifat accompanied by cua uptake of p©rBi«ant ajfiions (ae« Chappall 4 Crofte, 

1966}* It is po at mated -that trie 0ti£8tilation of th« p«n«tration of oxalo- 

acetat« &nd Ij-eaailat® in tlia presanea of v$liiK*&lycln or gramicidin plua low 

conceairetie.ne of KC1 occurs by a aiBllni' ^^schttniarj;, but the Inhibition of 

pen&trstion at highar KC1 concentrations requires &n additional explanation, 

vhich will b« difloufieod later in r«l^tion to possjibio neohaniaMi for the

of tb» psa&traticm of Dxaloacetate a;ri Ineialate into

(4) .Hy_ ;>to,lchloaetry of . ..tJy •^ner^*roiqui.Taitani|. f or the ; anetration of
:.;3caioftcie,t5tc .Into I4.

Ttea *n*rgy-d«p€H«i€»nt sti&ul^tion of the :ra.t«K of p®n«tratioit of 

oxalo«.o©tat© *i*e! LHBi»lAte into Bitochondria could occur toy ona of the

ia) An

carri.ar*ay«ta» p«rtuipft ty causiii^ airuetuml ciiacyi©is in tht

reitochondrinl isnfcfcnane* :IMfS would incraac* th» rastee of penatrK tion of



oxaloaeatata and b-a»@l&te into mitochondria, but only in the direction of the 

concentration gradient.

(to; If the transport of oxaloacetiita and k-ffialate by the carrier— 

ayste« **re linked to the expenditure of gtoJtchjL.ojBot.rlc essouate of ener/gy» 

an increased mt® of anicn tr&neport could occur «v*» against & conectnirstlon 

gradiortt, and ««oulu re&ult in the accwuiation of o.xaloac@t^ttt or ]>-«*«lat« 

within Uw Bitochonaria* in relation to this- ^.--.Mo (1965) has reported that 

»itochciv^ria can Balntaitt high int«srn»l concerntratioaa of L-omlate and oitrat**

(«) A third possibility is that the lnlt.i»tiaa...of anio» tr^i^po.gt 

into gitoghpndjrj^a . dfly ' In @nar/^y. requires the •xpimditurt of a s?-all 

amount of energy, but ttiat tha ®ubeequ0nt ^MRatratioa of tti» isnions could 

occur without further axponditura of eri«r^y a,^, this vould occur if product 

anions fora^d in^id® th© mitochondria could axchanga for substrata anlcnaa 

out.-v- th« mitochondria* In this xaeiumiwR th« stoichict&Nitry of th<e «nargy* 

requirement vould ba lov f and conc^ntrmtion T'sdi^ntt of aubetrate miions and 

.product anions voold tend to aquilitorata ly & procasa of

of ^lutaieata fro® Q^ ozo^lutftrata ;>lua lf!L and 1/

Ta*?ar t 19^3/• but tu» atoicbii'MBatx'y of the 

ia lov «nd vmriea ,ith condition® (<"-«25-l»C ^Tf uar i?lutaKata aynthaalsiad)* 

It is possible that the «aazgy*4n*tui.ra*ant for this ruaction i» an pxaaple? in 

which enargy ia i»qulr*d to Initial® anion tranaport into nitoehoadria*

In the «3rp«rtB>«atB deacribad in this Chap tar, th« penetration of 

oxaloacetate and l>-xml&i& into mitochondria *• e ff-afiUure-i in tho direction of 

tha oowsantrtA.tioii «frndiaiit 9 and paaatration occurrad evea in th* ?*b®encc of an 

aoeriy-waa^iy. Tha rataa of pamitmtion of ox&loaoatftta w@r» greatly 

by Wi'1> plus aacorbata or AfP, but the X vnluea snd activation enar^iaa of 

tha paoetration process ware uaai'i'actsd. Thia atiggaate that there ia a
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carrier-system, the rate of which is stimulated by an energy-suooly, and 

this could occur by any one of the three mechanisms postulated above.

In order to determine which mechanise is most likely, preliminary 

experiments have been performed on the stoichioinetry of the energy-requirement 

for oxaloacetate penetration into liver mitochondria. This was done by 

measuring the initial rates of oxidation of TMPD plus ascorbate or of 'extra 1 

ATPase; and comparing these with the initial 'extra 1 rates of oenetration of 

oxaloacetate under identical conditions, as described in Table 6F and Figures 6G, 

6H and 6l, and summarised in Table 6G. The average value obtained by four 

independent methods was 1.6-1.7 'extra' molecules of oxaloacetate transported 

per high-energy bond utilised.

'Extra 1 A.TPase activity was inhibited by oli^omycin and by the 

non-oenetrant onions, rnaleate and citraconate (Table 6F) under conditions 

where these also inhibited, the penetration of oxaloacetate, and this strongly 

supports the conclusion that the 'extra 1 ATPase activity was a consequence 

of the penetration of oxaloacetate. Table 6f also shows that 35^ of the 

endogenous AlVase activity of the mitochondria was inhibited i/y 5 mK maleate 

or 1 mM citraconate, find this suggests the possibility that some of the 

endogenous '.TPase activity of mitochondria may represent the expenditure of 

energy in driving anion carrier-systems which maintain the ionic composition 

of the mitochondria.

The above results rule out mechanism (a), but cannot distinguish 

between raechanisms (b) and (c), as they only apply to the initial rates of 

penetration of oxaloacetate into mitochondria. ' !;;xtra' A/iVase activity 

decreases with time (aee Figure 6&), and if the rate of penetration of 

oxaloacetate penetration also decreases with time mechanism (b^ would be 

supported.
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If the rats of penetration of oxalo&cetate is liaafcr *ith tinse or 

, Bechanisn (c) would be cup ported. '.:Io*ever, th« decrease in the 

rate of the 'extra 1 ftfPaae *ctivity is not rapid, and if the concentration 

of oxaloacetate wa» «till feucfa gro«.teT than the K , the rate of penetration

would ba expected to b® lin- ar with time. It ia thu» considered that rrec^ 

(b) la the more likely t an<i that th« stoichioir»$try of the ener^ry-requirefseat 

for the stimulation of tiie peaetraticai of oxalodoetate iato Bitoehondria la

2 iBolfeiculas ol ojtaioace*,': t-.: tr ; . -ssported per hi^ti-energy bond 

™'hi» tttoichiouetry ia ai»il%r to that of the eaerjsy«»re«ivii recent for 

the tr&tt$location ®£ divalent cation® into i^itochoudria (iloaai & l-ehnin^r, 

Ij^>4f t and sopportei tiw> hy .^thesis that the two processes may b» linked.

The fact tliat miergy i® consumed in the tr^nss location of aaibstrnte 

e-oleeul&s such as L-malat^ into aitocijofiiiria, aay explain vhjr rtO rmtioe 

approach but rarely &\ *al ¥Jiole riu^b^rs* If on® solecul© of L-asslate requires 

^olscuie ta ©nt@r the mitochondrion, and its coaplete oxidation via the 

cycl« and electron traftwport ctmin yi«llj:- 13 sjol^culea of al*- ^s predicted 

by our present knovledc;e of oxl dative phcsptiorylnUoa, the observed : ratio 

would b& 2.92* i'he effect of th«? eaergy*requi.reiRei)t for the transl^ation of

into a»itochon<iria Mould altso bft €^i«il if the substrate 

anionic product a inside the ait'je&mdria «hleh could l^ave in 

for further salecules of eubatx^t© e*£« one of the if.»Jor uroduttta ©f th« 

oxidation of auccinat© is LHB&lmte, «iid thia coul'Ji po^^ibly leav® the reito- 

ehoadria in exchange I'cr further Boleettl^a of uuceinatts. 

(5) t;oa»ibAo Htfthaniipa for the V.qer«iy*de3a.eiidcnt ?eaetr.«it..ion. of

Chap .yell t Coon & ^reville (1-^63) a*id -o«»i et si. U^wb) 

that dival«tttt c^tioaa a.re accu^-ul^tsd by mitochondria in &&
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pr •:.<:*.•;», and that penseant aiiioa* subxw^uently p®netr«te the 

mitochondria by e pa««iva procea®. Ch/ip^ll ., Croft* (1^66) proposed that

•nicm? *.mtar aitoehondria in «tchang« for OH* ions, OP that the aaion HX

•QBbina* with H* outaide the &itochond;ria, and enters Via aitocaoairi - 

undlasociintetl aci-^* rne %«ehani*B of Chappall & Crofta (l%6) for th*
9

j*nttr&tioa of p«r&«ant ani.ona in the presanev of ca * ia aiiffligarised ia 

?1#. 6J' f ?-7 ®qhffiHi«» 1* Thi» ia«eoh.aai^ predict a fiat ou» El* anion will
^i

tj- :rt«d with ©ftcii Ca * o«s>tioa* ^h** 7?u-olcLiOffietry of the e
2* f r-r th© traofilQcatlon of On into liv«r adtoehonclria ia approxinataly 2 Ca

p«r hii^ttziargy bond (/o&si & Lahnirmer, l^i>4)| &n«ix tkis agree* with tfee

•toio)iic88^try of th« ener^«r®^uipBR'.«nt for tha p«aeti*atioa of oxsloacetat* 

reported in tfei* Chapter. ^T** Ca camiot b© iavolved iu the s 
of oxaloftctstbte and. L-&alate into mitochondria b**e%u$e the

is not inhibited l*y high ooneentrotion* of 3'wiuft which would ehelate any Ca * 

whicti was not tightly-oouad to tfce »ii:ucijori'.:ria. However, if ftitoehcuriria
**}

were depleted of bqund -,> ^y preparation in the presence of 1 sM VQTA, the

of the penetration of oxalo«icet&te ¥w» r-Ujaost c^aBpl^teJy loat 

(fable 6E) f tmt could be n&stoi-ed by adding 0,1 eft CaCl to the e>edi\ai* It is

thus pus* tula ted that tne aner^-dec^ndeat p^oet ration of oxs loss eatat* 
2*, . bound

or graaieidin plus KC1 would be *x.peet«d to

anion tr«n*»ort in an enfflrgy-dependant reaction ia the *«Re way aa »;

i', ,•-,, and D- °^ *'it?w« ^'! » ®n<$ ^is A» tni« %t low conceatration* of 

At hitter eonoeatration* of KC1, valiaoayoin or gnwicidin lahi^|.t the 

-'Jependeat penetration of oxaloacnitat* and L-«al6te (Fibres 6C t 6'; %', 

?luo is difficult to explain :, iiiK 1 of < i&.'f-. uf, and the widaly- 

accept ad mon* of action of v>»liiKi«ycin and .oMDicidin (::yat*aj -.', of y



Figure 6J. Possible Mechanisms of Energy-Driven Transport 
of Anions into Mitochondria*
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Co»p*titian between tn* K* oarrier-aytn«B3 (^rvtw D) and the C'a * csrner-

>y»tm A) for the en*rgjr-«up<-ly would be axpeetei*, and ^ystso * would

be inhibi t.^u sit. Ai^jn concentre tio/.u? .'1 ,\ul.

tale should not inhibit toe transport of HX~ if Spatewa Bj_ or 8^ 

and A <tr$ inde^ifvient as postulated by ^echanisa 1, because •'ystaw 7> vould 

proride •xtra-nitcchon-'riel H* and intrQHRitc)ehon^rial H~ in a siteil^r 

vay to .*y8te& ••. A poseitol® explsnation that if ayatess '• is very active at 

hi-^h eoneentrutiona of iCCl, large in«i«*a«» in the intreieitochoatftriAl pH and 

%* ooncdntrgtion would occur, which woula alt«r the atructur^ of the s?ito- 

B«HtbriuM and inhibit the <?niun c.v.rri<?r-ay«tMi ('- :3r@t«r. B,)» 

*» second possaifeility, which ie con«id«.red «»or« lively «*. it s
Q

* in fi<:

.'>y»t»» C. i"y*tea C it* a ccR»binmtion of i.yjdtes^s A and F-, containing
-5-

Ca * &@ an iat©frfti part of th* c&rrlor^aiystaai for rlt"". This Ca

eay fc© ba«B4 to anionic ^r^upe of protein or p)u>9p.>oliv»i4 c«mipon«u,te of th« 

carri^r--»:'4t«s, and in fljor* 6J it ia vi«u«lis^<i «• eoBbininji; «ith HX~ on 

the outside of the* 3r;«tffrbr>i:aa in ®3ccteaf» for • il", and giving u.- the HX" ion 

on th« insii© of tha awssribrarie in «atch«ai® for «n intrwsitochoMrial "•"* i--n. 

. . i-.e two fora® of tn«s carrier save across th«* s.«*brais* in a cyclic fa«hio&. 

in a. reaction which rtoulz«» ®n«r^y in th* aa»« «ay that G»@rgy is r«qtiir©d 

to drive vyatM A* 7h* atiwalation of the emrgy-<iep?*rc4«nt jx»n«tration of 

oxalo-»,cetftt® and LHMilAte by vmlinrnycin or grostlcidin plus low cosie«iitration» 

of KCl i* caused by tkie incre^3»d intrronitoehondrial concent v? tion of •^-f"' 

prod«e«d ty .-:y»t«m .'J t or by th« incr»«««d extr«f*)itochon^ri«l concentration 

of H*, which vould favour th« fonml&tloa of HX*" fpe« K'r'~. -^* inhibition of 

th» «!MrdM*P*fi***Irt stimulation of oxaloacetat* «ad L-«aJata by valincasycin 

or gr^xrdcidin plus hiafa concantrstiona of KC1 would occur b«cnua« of tba



npfttltion of :yet«wi C and t) for the «u?nly of

Both th« abov® wKsiJiniKr* could be aeoomoiatad fey «lt.v*er the 

? '-ftI or the oh«Kl«(MMotlQ theories of oxi-dative p

(1) The penetration of oxaloaectnt* -walat* into rat liv«r rite?*

•. ;rin 'Vl^-yea •-iei.a®iia~;k enten n

by

The K, value® of each of those InMMtoiv were etoilor for tn*

of both oxnlofeCotate arid 

(3) Arrhaaius plot* •hc-\,i*d th«t th« actlvntioaHNMNttries f^r th«

of o«ftlo«c®tat« and J>»Blf«t© ««5P« r»e-,; «c lively *!• : and +8 Ku«JL/iaol«»

\4' ^ae rates of p«««sur-tAon of oxaioacdtet^ ana: »>-«.« j.»Atc W«XH§ stimulated 

r.v ^^. r) piu;-.- .^w.jrbate under n.«F&blc coiiditionfi or l«y '^ u?i'€»r anA«roMe

„ . :ui f and tii® efiacts of innibitors* of eaergy-trwkzsi'or v«r® consistent 

with th* hypotl»iii« that th« ;• ' Ution of th» 'p«3«tr».tion of owlo«c»tat»

th«

of tr?M ',?T---^ n of ?• '&, but thi« crruld f ••• r* •<« tsy

i ti on of . 1 •?:' •;• . .1 , . .

ei'iet- 5 " VA»IA «er« oonsiatant witb t^ hypothesis that th 

in thv -'; ;:i- r^'-HJ^pt. .. . .;t,icm of tb« penetration of 

oxaloa<Mit«te and L-«fil«ta into c. -\ i« • ' ' - to tfeui rti

r •:•$!: i-' iiv»ry «xp<tria<f$at« abowa tr^t t,ii© ctoiCJii- •.:" t ,.-; 

r- ••r»ira«*rt f^-r tho initial ;>en^* '»-••• Moo of oxalottlMitat« tw« 1*6-1. ,-

Of '.'. - - • ad.

(8) •/AlinoRycin or ^anicidin j>lua lo« cc '.iona 1 sti*ulat«d



C« • .ia, but „.„, ^-i-ition VftiS illhifclt.. ._,......r rr-nrant.rsitJ *•*:•, nf i.

It *»Tfti-. e-.'Lcluatsa U»at O3u»l'>fts.c«t . . ...

c. ty an eaeriry- tent carrier-- h ic hly
o both snionc, <.*.•«.,*„.» «y ^und i;« *,

r th« p«n«tr»Atioa of oxa.Io«c«t.*vt

in jfel&tion to ln*» .Ixwe ;««Eult»



'» *• '

«3 reaction© in ffiitochoadria or sub-neitocboiirtri**!

b« driven by ATP under wa&ercbic conditions, or by rev^i. ration even in th» 

nce of oli.<;c&ycin ;•. , which preterit® the fon&ation of ' ; ' . It wae /'.m 

such energy-iinicsd react ion* are driven toy * cofiy»o« ©ner^jy KOUTCV n*> :*«

, 1-/63) which c.-m be ^»&er« t®4 either by reepir%tion t or i'ra» 

a revereml of the terminal etepe of oxi«Jativ« pJu>«pborylAtionv -nd which 

ccrro;- wrt.jg i^ \ ~j. or ,. /vl ol ti.e ch^icai .'jypoUi^feiis ui£ure 1B)»

T '*> C^'jirtwr 6 it wius ahown th«t ti^e p«a«tratioE of ox&io«c«t».t« or 

•lata into altoebaitdrift exhibit«KJ th# properties of an ener,£y-de pendent 

reaction. "•• r-.ev^r, tit«r« were ditT«m::ce» in the " are-*' artc© of

fcu« stimulation ty "* "ir> oliui «®corte«it« &ml that by . ;.-jur« '..< 

plots '*@re obtained between 5"" faiid 3 ; - ia the -»fcr,&.nc--z of

;'iy or in trxe ^reseoce of . la© -s-fec.-

•-. similar plot 'was obt- ' • wiui Ai'F atuv*-* i "', ».ut telow I'"1-0 

ur.ti a »J»«rp broate in th« plot with iar^re incred.aee ia the activation

for U>$ stieiuls.tiO>a of the r^n©t... :i oi" Irtrml&te or tw ^^t?tte»

It wae of int«r«wt to ea«pejra tftese ryeults with tr«e 

ac.^GUtia»ic« -i itfcixj.-'..' : . ;.- •• ..^^.^-li. :•:..•; r-.-'Acvi^na anv^n ty re»pir- tion 

<--.r ^v •'•?''. --t-' r^-.cti/iru. . F,v*,-.«ti ci-.*v.-i in thj«i Chapter

beef oc«rt suiii rfet liver &i~ ;i« f driven b.y ->r ^ sue ci ante 

oxidation*



(2) in

iroa b««f rat 1 » irivar; by

•tiaUon ..4" ina - 1 *• te

in wJtiich tiw ooerr^y of oiid^tivo .*i tili-" '• to

ir.

.«t liver mltochoodria wt,r« ^rep^refl by th« a(«thoda outlined by

*ttd ;u^ by th* aethoci of H«t«fi et &I. U^l *«® ^' • 

:napter 2. hoaohoxylatio^ 8ub-*5itochontJrial particle::1 ' ./ *>.-. . ---s

. . iqy th« iiyetbod of iianosn * - / except that l.^ sonic. ration

ec. sdl lt> m'^ Kg^l^ and a. .. ,. luting'

To,;;ar=.?'i irot, r^.i xivor ••thou 01 >• crux-ray,

al«y •>. L

o'tho,

activity of sub-?; it

t««

•;!£•« tar with rec-

iiy c •.. '554 

, or at ( 540-574)

raetctioa r«t«ft »t •i>--er»t'urdi.i

la

icl®»

•-- -"meter

vpendcrf

to

condition®



described l;y Low * -<«iUn vi^j;. M,\BH formation «••:;* Beftsxirc-' t "^ ?-^ usin# 

th» Appcndorl" piv;to«eter xdth :-'ar*?ttnt recoHer, -T :'-4 -3'M) «p U£in«, the 

Aidnco-Chanea duAl-wnrvle'ctfth »p*ctrt^-;tiot..;' . cv? . ; ^c '.-Uon ccrrjditioa 

in :-'igur« 7C.

of the tlt?u lotion ^ i.m>~JM>pi ration of IV-ifr by 
;.:rt«te 3 Tra; o

r«t«8 of f"tat« 4 and ,\: respiration of HfPV mm 

in th« Cltrk electrode c«sil <i«»crib«d by Ch&ppell (1364). Incubation c- r\;4 ition8 

given in Figure

7 A ©hows the tec5;:«roture-. ce of tho

of rst liver i ' -• it^-ci-iaa-irial particl*?i» JUKI Arrii^niur,- p^ots t"if thi» 

ifur® 71s chowB stellar dLi**^ ^or the tran»hydrog«aas« activity ,,* i.-fl«f 

heart SNb-mit^^-. , rial particl«»«

Tte Arrlwaiiu* plota -.-jf th« non-»n«rar lin>.©d tr.-

ri5 r«;i ••«• ,:-f tewT?«2*Mttir« iseaoured, and 

'"c»l ' f'Jt* r^t livsr nn?i

;i lotc af tise '• "; driven by ATF or by *wccin.?.te 

oxidntioa wer« lin??.ir ahov* 19 f end ^ave siwil^r activation-en^rgi©® to thos«

of tii« aon-*m$rvy linked iraanhydrogonaae. B«lov 1C-12 in r-t liver p&rticlan, 

and b*low 15-15° in fceef h'jart p«rtiel«« th«r« were ?asall incr^aMi* in the 

activation en«rgi$8 of th» a«eciivst®-drlvcn mAction y but v<?ry large i 

in th« activatlonHM»rgie« of the ".•'•-driven reaction.

Eduction cfSA.j4' b ^ccinate jn j-

7C ahona Arrhaoiua ploti, * th« teupersituvaHlapendaiuMi of the



Figure 7A. Transhydrogenase Activity of Rat Liver 

Sub-mitochondrial Particles*
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Transhydrogenase activity was measured at 33U or (3UO-37U) mp. 
as described in the text. Incubations contained 0.25M sucrose; 
50mM tris-HCl, pH 7.6; 6mM MgCl ; 0.33roM NADP ; 0.5mnmoles 
rotenone; and an NAPH regenerating system :- 0.03mM NAI)"1"; 
0.28M ethanol; and 0.1-O.U mg. Sigma salt-free yeast alcohol 
dehydrogenase. The non-energy linked transhydrogenase was 
initiated by adding sub-mitochondrial particles (0.1-1.0 mg. 
protein). The energy linked transhydrop;enase reaction was 
initiated by adding 2.8mM ATP or 3.3mM disodium succinate 
i 1pg* oligomyclnA.



Figure 7B. The Transhydrogenase Activity of Beef Heart 
Sub-mitochondrial Particles*
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Tranehydrogenase activity was assayed as described under 
Figure 7A. \ J ,
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AT --driven "Muction of - 4 "* by «uccin,at@ .In n?t iiwr ?>*rtiolea nn'i t «<- 

haart v-nrticlas. In both ex^rinants there was •; ahar, : r-.?-^: In the Arrhaaiua 

plot« at 17°. *bova 17° tii* aetivation-aaargla* wara +24 and

Sf> ; ..--do* 17 + ~jl and

Tha 3ti«ttl«t.JLQA...Qf Ui« ''gapi ration of

7.* ahot»s tli« t«rt i-.«rature- -o« of the raters of reeri ration

.:•;<.$ . tate 5 \,-»-«P- ; witn 

ss •.•>•.: t^tret«« AOP itftrxadl stis-ulatcnl th«

', but only :*roduc«d ali^iit ineraaaas in the ratas of rasvir^tlon at l'"-«5

The uncouvl^r, MP, -r«--i' ••<. '..uiavuu eh© oxidation of pynm*te« jp * ^* *• w

nlua f/^almta at **11 teJSDerwtures. •".•atidy.tion of cucciatre in ti,$ pre 

of D.:?:"1 waa non.-lin««r, nod rnt®® ai1^ not ipLvwri in ••« 7--'« o•-..-; CM! 

initial • -i'-vvion c*i auccir,at@ oxid»*tiaa io>lAow<sd Ly « -'»»»iv® inn 

**M« ^AC ^^a'^i-iMy b^eau@« oxaioa0«tat® ncciwiulated in *>-.<-. absence of & sy 

f.;r it» r.v .,Vii »jn-i caused a -»siav« iniiibltion of etsceiiiate dehydi%>: 

\,see . r 3).

j\rrhaniua plot© of ihua% d«t« BWJ...KV <. --^ r- UAV^US, a.fc 11°. nf,'-v,; j.I°

4-21 and +i:f 3 Kcal 

i'or the* oxi :) of auccinAte Mid pyruv^te plus L-i»al«ta

tha aiBtlVAtionr-enargiaa obtainen ircw A

of tha t^^-^i-tttura-dapantlonca of the re-.cwiona atmiiad in this Cfeapt&r, 

re&ulta obtaiaa<i in Ci«xptar 6 for 'll)« tav{>«rature-d^ ac« of ttoe

sjrrhanlua plot a of reactions drivan by th§ anar^ of rassir^.tlon
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Fipcure 7D- Arrhenius Plots of the Stimulation of the, 
Respiration of HBHM by ADP t

log k
(mpmoles/ 
min./mg. 

protein; 1

325 335
i 1/T x 105

355 365

Succinate; AE. = +21, =+6U Kcal/rnole.

Pyruvate plus L-malate; AE = +23, AE9 = +63
1 Kcal/mole.

Temp* Substrate

k Succinate
Pyruvate + L-malate

7.5 Succinate
Pyruvate 4 L-malate

10.5 Succinate
Pyruvate + L-malate

15

20

27

35

Succinate
Pyruvate + L-malate
Succinate
Pyruvate + L-malate
Succinate
Pyruvate + L-malate
Succinate
Pyruvate + L-malate

1 — •— ~1 '" '

State k
10

late 6
25

late 10
31

.late 1U
37

.late 17
38

late 2k
81

late 27
159

.late 32

State 3
11

6.6
32

12.5
50
2k
76
35
107
6U
250
107
U97
232

protein).
+0.1 mM DNP

mm
15
—
25
^

35
_

62

73
— m

107
^

230
Oxygen consumption was measured polarographically in the Clark 
electrode cell in 0.25M sucrose; 5mM KPO, ; 5mM MgCl 0 ; 3mM 
succinate or 3mM pyruvate + 3mM L-malate f HBHM (0.5-U mg.protein)



102. 

ciifi not afouw aorkttd breake in tr,e r*n#» 4°--50°. !n thia eat^-ory only the

auccinate-driven traaataytfrogeajiBe reaction encwea aa I^CM >•=»»•. . ,™ 

energy &^, AV'-.--^r i,«)«iMra.turM« I» contraat, ell *'" -irivart ei:«r/--y 

r^.«ctlon», .<rnd the atiaui^tion of the re«pir»&tion ol by ';-•'- 1'

formation of :\ri j )» ahowetf aharp bf»^«a in their Arrfteniua plota

0-17°• •-•low UiiH * i- T.ion-tejeporfliture 1 the 

of these reaction® v^re v^iy »uch larger.

& ahar? braafc in tfe* Ajrneoiue plot of an «n?yn? fc:^s t-e«n shewn to 

c»afi ;?urmtional chai^giee In a f$a»b«r of enagpittea i,s^e . i ass©y, ,urti 

•n«r, 1^6'D 1 . " « «ii»y«Re involved in the formation or utPi^-*1-^ Af * w< 

in 3ru»rgy~liniee<l rt®?iction* of aitochou-^ria hets been iaol^ted by the group of

r as % soluble enoyne with ATPaa* activity, \ t ' 1 ), (a«« Silvan «t al. y

et al., i ;t, . This 4TPa®w r*us ^cca sjnotm to Vv 

afid to an<ieruo r. number of rav«r»JM^ oriafnrr-ritlonnl r-

^*- '*»rTt*r» . It ia poatulatftd that this • • • • ••••«.% in the

plot® of -V;" : -driven enerajylin^ed reactions &nd of t?;-a 

irmtion tsy ABP, result froei eonfoimation^l ch«s^,*®s in tf:$
f'V

a) whicii eatnlyoe th« tt . .1 sterna) of oxidative

ya .f-'f ...t . .... ^ ^r;'_ a> _,aad J , 
s ith

of th« atjuwilaition of oxalc%cet«te and

p«n»tr7^tioa into uvur «iv>c. ̂ -.-.•,« i:l« .show the loiiowliv siedJaritie 

LVV t.*e t«J.perature-d«pen«4eiice of well««0tabliA>^^ ^n^r-^-linked reactions, 

«1) Kespir^ti^a-dri^en pea«tr<itioa doea »at «rtow A br®*Jr in tha 

Arrhenius plot.

^y Ajrr-ierSu:. :,iu-.^ .'"'-driven ^oueir-itiort art tpe*Ke at 

1 A° for o^



Table 7A. Data Obtained from Arrhenius Plots of Enerfly- 
linked Reactions in Mitochondria.

Reaction Mitochondria AE. AE
t(KcalVmoIe7.

Transhydrogenase

(a) No energy Liver
(b) + ATP
(c) 4 Succinate
(d) -i- Succinate and 

oligomycin A

(a) No energy Heart
(b) + ATP .,
(c) + Succinate ,
(d) + Succinate and

oligomycin A .

ATP driven reduction 
of NAD by succinate.

Stimulation of 
Respiration by ADP.
(a) Succinate Heart
(b) Pyruvate + L-malatei
Oxaloacetate Penetration.
(a) No energy Liver
(b) + ATP
(c) TMPD + ascorbate

L-malate Penetration.
(a) No energy ., Liver
(b) + ATP
(c) TMPD + ascorbate

Liver 
Heart

20

17
17
16

15
14
15
15

2k 
22

10

10

10

8
8
8

65 
25 
2k

73
32
33

51
59

k2

Transition 
Temp.

10

10

10

15
14
13

17
17

21 
23

64 
63

11 
11

15

12



(3) activation of tto© ', ;. -drlv n . s,'i*tr.*.tion

4) Th» %ctiv<«ti

«r* of thf

of tl»0

as

of

of

It ««• concluded that th«

that tiic p«n»tr*tion of oxaloacttAte

rtrtction*

«ddltto«fll er«f irnr tioa

lc««ilat« into initcxthondrla i

active t:lr tha acn

and of tins

»jn»

trs y 4T? 0r euccinat* oxidation,

aboire 15. "ffei<» 

by t)i« a«me «a«yiKe, mid this 

tpM»lficity & th« trsa»1\vdr 

(ilriffiths •- '-

tl.y*t the two arts

th» i

rwtctioa both s«tu of conditions

activationHinairgiee of tn* -\v.-i«(tr-*tion of axeloncotet* ftrvi 

into »itochon!3rlft »bove l?u *vre &i»il^r both ;la tja« ab*?ime-'»

»f au enar.^'-nr-l.v. ?fee ,K v%luea of dienrteHQrlic aci^ ttnicoa which 

inhibit th* p«i«tr*'.tion of cxnioscetwte Fnd L-«^late into Eitochon^tri* 

also identical b-^th in th« atws^mw «r pr»««&«N» of energy-supply \Kigur« 

'."hes« results e*M'#«*t tlist, althou^-^h th* r^&t»s of w-n«t ration of oxK

incr«a««d of and

etill entar

ef the

fagr tb* ««»;<? e%rrier*8y»t«K«

*8 of th© tr«n«lriyar>.?Tift«ti« reictlos, 

oo of oxalo«c*t»t» aad I.-i6&lat* into llv»r rit.'.^r.->nrjp*a nr«
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*i tii 

7 *. v , ' 

ID

by i, ; ... yij ,. ©nergy, tries© activstion-anw'giaa are not 

part of tue reac ti rx-ntftohan > an »£ich lavvlvec c. . . .

of tr^

trans. in «ub-s-itochondriai

uriiclec froa »»t liver ami be«C tenrt*

(t>5 Tfe» ATP-drivea z'«aacticm of MAD* toy 

. rial particle from r^t liver and tnsaf hoart*

(c; "he s-tisulation of tfa* rtapirntion of !^ 

(d) ffe® tttlftui**tioa oi" tiw» ^nct^&tion of

la

into tat liver adtoohojadria by T?,FO pluts ascarbate or A,I'P«

(2) Arriri«niu*j i?jLute of tij® t«aMp*r^tujiw-4«o«iii<ienc* of ail ttwm reactions

v.^rc si£il«ir iii form, . lots of r««pi rntion-driv@R reftcticns rtid not abov a

if, but plots ?>f A^-drivea r®actiofws eho*«di a B'.^IV i^%»!r: in the
°r, ture-raog» 8*17. r«low tMs Uranaitioa

th®

the

o above evid®nc« htlpa to *a tab 11 ah th® poattratioa of oxalo--.>c.4t«ta

-ndi LHMleta into Mitocbo>*5ria a« a typical «nat!3r~iink*d roaetion,

(4v

tonal

in tna Arrneniu« plots of

ia the

which eatalystf the r»v«r»ibi» 1 r ; ion of *'&' in the terminal et«p of
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Walter® & Cooper (1965; showed that relatively low concentration* 

of adenine nucleotidea, NAtf*, NADI1 or reducing agents can decrease the 

efficiency of the extraction of P. by the isobutanol-bensene extraction 

laethod of Berenblun & Chain (1958).

A more satisfactory separation of inorganic and organic pbosoh^t* 

is obtained when hexanol is used as the organic extracting «#®nt for phos-

phosiolybdic acid (Hagihara * I^ardy, 196-/), and a ciodific«tion of this
32procedure was used in the aesaye of P.-ATi-* exchange used in Chapter 4.

The incubations were in 1.0, ail., and were stopped by addition of

2.0 ml. of reagent A (0.9 M HCIO., 0.6 # fta^oAp, was converted to the4 £ ** 1

complex by shaking with 3«- ml* of reagent h (a mixture of 

0.5 volume of 4 ^^4)5 ̂ ^W °24 > 4 hgOj 0.4 volwse metlianol; 0.012 volume 

heranol; and water to 1*00 volmie). ''.we drop of bzwine per !«>..• ml. %as added 

to rea^ont 1: iswaediately prior to use. This destroys any reducing agenta 

present in the incubation mixture e.g> KADH t which deer vase the oi f iciency 

of extraction of P^ by causing the formation of the blue reduced phos- 

phoffiolybviate conplex, vhich is more v&ter-solutole*

Thia mixture w&s then extracted five times with an equal voluae 

of toftxanol. To prevent voluK© changes occurring between aqueous ana organic 

phases, the hexanol M&K first equilibrated with a mixture aiffdlar in composition 

to the incubation mixture plus reagents A and B. Hexanol K&S siiazten vith an 

•qua! volume of 3U aqueous K&thanol, and ai'ter separation ot* the two la^'^rs, 

the upper layer was ehak«a a^aia vith two volumes of a aixture containing 

1 pajrt wter, 2 parts of reagent 4, and 3 parts of reagent B.

It was found that WAD4 and ;•; i)K { > 2 m in the initial incubation)
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Intact mitochondria «r» virtually imp<arK®abla to th« four

aieotinaadda nucleotidaa iLafaalngar, 1951; ^mia^r *t.al. v 19v.;-. Hotter, 

tbara ar* pfegnaiologieal situation in which N.MM ia g«E«rat©a in, or xmovad 

fape» th« ajtoplaa® *»g. in giucoa«o^eoc«ai45 froa pyruvst* io liver or kidney, 

JBuct be wi^itlly gen«?st«<i in the eytopJjuHi; aad in redpirin^ heart

ii^t b« rapidly traa©|»ort»d froro th© cytoplaara to th« •mitochondria. 

li«e o««n considered ae a carrier for r^duoiOfc- equiv- lenta 

«itoofaoa*iria a»d cgrtopJUun (Kr»bs, 1967 j £*•*•» Qaseoym* <k Cotton, 1967), 

A flow of reJuciu,,; oqulml^ntti across th« ^itooho^irial a«ttbrwa« could be 

»«diat«d if the ai tochonrirls.1 n^brajat w»re i'r**ely p^e2%9&bl® to both l.-Kfttote 

and oxalo««5etfit«r« i*o*n> , ,a©t«su&. >v«lt«r (196&) lxav« presented evidancMi that 

th« rate of diffusion of oxaloaeet«t« o\at of jKitoebondria ie alov and requires 

epocial tran*|K>rt oftenaniffiqft* Gl-mppell (19^7) has proposed « &«oh«nia& for 

ti»« tra««fer of reducing power b«t¥««a f.Itochondrif, and cytoplasm based on 

the • roposal by gorat U'^3), and .Lardy, r'setkau eit«r (1965) that 

oxa.lv^acattit© is first tratme-tiruiteci to ftHpart.^it, which can tl;0n «i%t«r or 1 

tlm jfiiteeJaomlrion. This ffi«cfeattiiaR i» aHaKsauri^edi in Kijgur» ^F, 7h« flo^ of 

reducing s^uiv : ^^^ i& »-:;!« tuiaad by lHBal«t« and glutaiefttc moving in OEWJ 

dirvctioa acro»» th« ^itoohoadTial mmtbma*, and oC oxo-^lut^rat* tmd 

in tto« oppo»it® dirwetioa, and reqid.r«is intror and ertra-

t thappall 

in ti
ferana for b-*s«l»t« t »rlutanat* y ^ oxo-^lutaratw and avpartata.f ' ^-™«* ^»" ^

Tha d^t^ of C&aptara 5 and 6 ahow that tt» paaetratifm of oxalo«e«tat*
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iato isolated liver, Kidney and heart mitochondria! ie rapiJ at ;/hysiol<vi cal 

eonoentnai..na of owUsjaoetate Ol^yf #)• ?*» s^ 16 of ;.";>n0tmticm of

** unaffected toy concentration* of KCff which eos»pl**t*ly inhibited

•; -,0-exaloacetata tnwoKiaaa*, thus sliUaatia^ tfeft possibility that 

attic-acetate w*» tr»naaMins.ted to astwirtate before ©nt«rrii% tne nit&cAcnjria* 

Thtt oxi4«tion of iRtrw&itochoudrial '- ;/nV: I fc_y a»part**- . .,„ also v@ry slow, 

and it was coxaslucied thstt under th«r ezp0ri««ntal coalitions invest! ,8104, 

oxalo«e*t&t« entered the eitochoAdrla intact* Svidentt WM also presented 

in ^fiapter ts wnicu su^^s^ea *rint oxal-: 'S«cet.Mt© entered liyer c-itochondria 

by a exurrieiv^yB'UHft similar to that pcu tula tad fcy Chsipp^ll & Hsai^off (196?) 

for Ij-ffialata.

Tfea r*t«a of pHsaetrstion of p^y»ioio,-.icai eo&eantrstione of oxaloaeetata 

into i«ol«t«d nitoctaoadrla w®re •uffieiantly high to support tfe© 

that th«*y can widiate t.h« trsasfer of r®ducin. po^-er b«?tw*en 

»itachon--Jria .and cytoplasm* Tb« rstaa of psm»trmti$fi of I ^ oxaloacatata 

iato livar, kidney and heart &itochondri& at >?° ware respectively 4 t 12 aM 

27 Qii^&K>la«/BiA«/tt^* jprotain and th*- rates of penatration of 1 wM L-«ftlat« 

war* r«spfccti*$ly 2 f 10 and 5 •^jRole*/aixu/*g« fjroteia. ^^reb« and. co-workers 

(sa« 8Crab« t 1967) iiftv® sho«Ji that glucoxiec^tiuiaai* in kidney %&J£^ requirea 

t,:=r v .. ration of 1000 fAKolfta Ift-niA©ttr/g, dry »eignt xa '..• cyto-j>laa% If 

it is aa*;,r : -, :t 1 #. dary ««i$ht of kii3n«y conUiaa 23«" : B^*. KitoehondriaJL 

, ti» corresponding ratet of .L«aetratioii of It- ix?;; ojceloac@ta.te and

&r« res^actively I«K" and lt>: ^ttolc^/hrtur/^* di-y ^reig^t at y°.

and ar« of the eseHi order of magnitude, it i« ^««iOJL« that under physio le 

i, the mechanises outlined in Figure 5F may also operate, but this 

i& uaaeces«ary if oialoaeetate itself can pa*t& through the

o-itochondrial mmbr^ne &t ki^ft rates,
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transport of oxalo&ctnate across til* mi tochon trial membraa* - t

rapid la both directions or '* ;U>*j:; ..i; rvUcs ia tu«* ^ivccnyxwrial sai 

cytoplaassic C3Bpa*ft»*at* would IMS equilibrated, Thi» do«s not occur 

«ad tb® ratio of S*J;*:aU<*l i« al*/ay» »wcli hl^r in t&fi eytoplitsmic 

than in th« intnucitochamirial SPAM*

,* posaifci'.-; :;.ri::,itiva control fccci'taaiiaa iMcfi could re^ul^tc i/ .-

transfer of redueia^-power into udtoeboAdrlft would be eonpetition b«tiMMm

oxaloac^tate and Ij-mala^ (oaci posaib^jf atiu>r dic«rbuxylic aci(^. anionsj for 

tbe DMim c?rrri€'r-a(jnst4», far which evidence is d«@eri)M^I in Cb^tpt^r 6* 

factor whicft cqail^ coatrol th« js«i»9tr&tioia os' ?^-«ial»te and 

into jcttoclwndria 1» t^e eao|MiUtioa between tb@ -^:«v ^ner^r- 

ci" «>,i tochoK-'iri** for t&* fiu;,' r-iy of @jjiu>.y. It •«&& shoxn in 

rmt« of ptfMEMitratitai of comlo«e«t«.t« and L«^ilat« into 

rijy-d©p«sd»at t altfeouthit is »ot ynt po^selblo to d««jid« 

whettar tiie stoiciiio««try of tiva $m»rny*r<squir^g«ESt ia fix^d*

A full a»Bt«Baant of th® l -t UttAUt« and oxaloao«tat»

'iit.'r otttuMtt al«:oviiw:u;-ria «aa cytopla0» 9 end of th^ ««y in 

nf ti» flow of thla r«ti\icinf pow^r is r*£ul*t«d

two eo»p«rtri«it« with videly dlff«re»t i.4I>si.Am! ration, wjuir»a th« 

of tb« rat«s of extrusion of L*«slftt« and ox«lo«6*-t»t<i I's'-cm e-itoehondria* 

How»v«r 9 unfitbbi^ttdtts »«tfeCKJe of wuMmrins. thes« rst®& h*v%j uut y*t 

Tt vftuld be atesaftajy to cknric* Mithcxie of femst-Mting1 --u,-^lat« antd 

vithia the &itceb(mdri* 9 aad th*a ®«aeur« th« r»tes at whioft th.e^» anians 

ftfpftur in tho «actp*»itoahOB*rl»l apac*« ?oMible »yst«Ks focr 

this ar»j-» 

(1) IntntKitoefaDBdrisl omlOiC«Utii could b« g«R«rated frotc Added
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plus «*jwrc&t« fey ti*» *0ti0n of iatnufiitoctondrial gl«t«Kmt*-oxsloacf»tate

nag <?»loaa«tate leaving th« aitochoadriw then titrated &- a; net 

in the pr«e«nc® of K alette detardrogwMMHK Bowr«r, thlc sypt*6i is 

th« fact tJmt »itocjfio.acrxa ar« nlwa/s o<»ita»itt»t^d *iith 

ltttaafttfr-oxaloaiMtftte traa««iimM which C:«ner9t«& 

without th* need for th« substrates to croes th* &itcchont*ri«tl

(2) IntrA^itoci-toa^lrl&l L-«al*t« c«3U.ld INI g»n«rAted ty tiie uxid&tion of

of th« unt'uvouitibie ^oillbriua conataat ci' th«

h«.ro IB tio zsat-» . 

tr» a^tMmZttBttl of I^^l©:^ out.aJe t ;»

of .'-:. - ^,-, •-• A'oulii r^ave to b« MMft«u^4 .••;!" t^r ti« 3*pars*tion of the

fxxm tbo iacu;: .-i , ;.or. m&ditm. ''"his eoold b« 4oae by 

or filtration throiigh a Mlllipom filter, bat tfetd-iwi a«t&od» msy r»ault

of intraoltoeiiondrlml Ij-ofUst®, dint te emMfoblojiia or 

of the
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