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whilstoxygenansunpticn isessentially unch~ed. Inductim ofa 
coalesced nembrane morpholcgy by these a&nine nucleotides is not pre- 
-ted by oligcmycin or 1~ tesperaturs CO0 C>, but is blocked by atrao 
tylcside. Other purine and pyrimidine nucleotides will not substitute 
for a&nine nucleoticks. ?hese cbservatians stwly indicate that gross 
morpholcgical transitions of the inner membranes induced by adenine nu- 
cleotides arenotintermediate eneTgy trwsducing forms ofoxidatiw 
phcephorylation,butprubablyreflect tie ccnsequenaes ofspecificand 
stoi&iomatric binding of a&nine nucleotides to the translocation sites 
oftheinnermito&cndrialne&rane. 

Ultrastructureldxmges inn-e&ranemxpholcgy,inducxdbytwsi- 

tia in steady state metabolism, ha% been assigned specific transduc 

ing roles in the anservation ofoxidative energy during formation of 

adenoeine triphosphate (l-3). It has been reported recently (4,5) that 

ackncmine diphosphate alcnewillprunote coalescence ofinnermitochan- 

drialrrmbrwes whilst oxygen uptake is mchanged. Stcnerand Sirak (6) 

and hkber ad Blair (7) have shcwn that lcw 1ewl.s of ALP will transform 

ccndsnsed cristae into coaleaoed,multi-faostedman&xane network. In 

agreementwith this finding inisol.atedtitochcmdriaHackenbrxk (8) has 

ck%xnstraledtiatAllPgeneratedin vivowill cause amorphological change -w 

inmitochcmdriaofmetabolizing tissue. 

This ~ticaticn defines thenucleotidespecificity andadenine 

nucleotick amoentrationrequiredtoinduce coalescent ofthe innermi- 

b2dlcaatial Ilmdmmes. Furthermore,it is shomthat atrxtylosick pre- 

wts the ackninenucleotids induc.edrrembranetllElnsformaticplbut oligo- 

nycin andlcw -nature CO0 C) donotblodc coalesoence ofthe cristal 

x.lembrrmea. 
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Beefheart mitochondriawere incubatedwith 5 lrPlpyruvate 1~ 
malate in a solutim mtaining 250 mM sucxme, 5 nM tris-HC !-- 

(pH 7.5) andlrrcgpmteinperml. Womlofeach sanplewere remo\red 
after the follming treabnents: (A) Incubation at 30° for 1 min; (B) 
Incubation at O" for 1 min; CC) Incubaticm at 30° for 1 min follcmd 
by additim of 4nmoles ofAIP,tien incubatim forlmin; (D) Incuba- 
ticm at 30° for 1 min folkwed by addition of 4 nmoles of dADF', then 
incubaticpl forlmin; (E) Incubation at 30° for 1 min follmed by addi- 
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tion of 6 nmoles of ATP, then incubation for 1 min; (F) Incubation at 
30° for 1 min followed by addition of 4 nmoles of dATP, then incubation 
for 1 min. These aliquots were mixed immzdiately with 8 ml of a solu- 
tion that was 0.25 M in sucrose, 2% in glutaraldehyde and 0.05 M cacodylate 
(pIi 7.5). &n@es remained in this fixative at room temperature for 15-30 
min. The xwnaining steps in the elects micrcscopy procedures were 
those described by Pennistcn et al. (3). Specimens were examined with 
a modified RCA EMU-2 elect~?i~cope. 

Methods and Materials. A modification of the method of Crane, Glenn 

and Green (9) was used to isolate beef heart mitochcmdria. Further puri- 

ficaticn was accwplished by the procedure of Hatefi and Lester (10). 

Experimental details are described in legends to figures and tables. 

Protein ccmcentraticns were determined by the method of Gomall et al. -- 

(11). ELectran microscopy was carried out by the sethods described pre- 

viously (4). 

ksults, Morphological "ccmfigurations" of the inner mitochandrial 

membraneha= been describedby Pennistcnetal. (3). The thickness of -- 
the innermitochandrial sembrenes (double-layered cristae) in the "ener 

gized" (ccndensed) state is approxisiately 250 i, whereas, the thickness 

of the cristae in tie km-energized" (coalesced and aggregated) state is 

approximately 125 i. Mitochondria incubated at O" and 30° in the pres- 

ence of oxidizable substrate are illustrated in Fig. 1. The cristz are 

predominantly amdensed or nenergizedf'. 

L~~1evel.s ofAbP, dADP,ATp and dATPtmnsformadthe mitochondrial 

nenbranes from the ccncknsed to a coalesced, aggregated arrangenent (Fig. 

1GlF) without appreciably changing the oxidation rates (Table I). A'IP 

and dATP shmd equal transforming capabilities and both diphosphates 

were equally effecti= at a 1~ concentration (2.0 uM) of nucleotick, 

B%ever, the diphosphates were considerably more efficient inducers of 

coalescence and aggregation than the triphcsphates. 

Mitochandria incubated with pyruvate e malate and oligomycin 

(1 ug/mg protein) were tmnsforrred from a ccndensedto a coalesced, ag- 

gregated morphology by ADP (Fig. 2A and 0. Atractylcside prevented this 
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TABLE1 

Ccnditims: oxidation rates were deteminedpolarographicallywith a 
GilscnMedicalElectrmics Oxygmph. Pymvate 15 n+l and malate 1.5 ti 
werestitratesinallreacticns. Onenlg ofmitocSlanch-ialpmtei.nwas 
addedtothe 2 ml reactionmixturewhichwas 25ClmMinsucrose and 5M 
in T&s-HCl (pH 7.5). Reagents were includzdin the reacticnmixtum 
at the initial concentrations or levels indicated: 15 &4 Pi, 0.25 ti 
ALP,O.25 ti dALX',50 ug atmctylcside,andlvg oliganycin. kacticxls 
were nm at 30° C. 

Additims 

Ncme 

'i 

ALP 

Pi + ALP (state III) 

Pi + atractylcside +ADp 

Pi+Olig~Ch+AM) 

muatars oxygen/min/rrg;protein 

32.8 

56.9 

31.6 

31.2 

209.9 

56.9 

43.0 

morphological tmnsformatim induced by ADP (Fig. 2E). !Aen mithondria 

WI?IX? incubatedwith oxidizable substrate, inorgaic @-mqhate <Pi> and 

eitheratractylcside orol.igm@n the %nergize&twisted" (distended 

cristae) configuration was generated (Fig. 2B). Oligo~~~cin did not 

prevsnt reversion of the cristaeto amdensed formwhen ADpwas added, 

but amversicll to a coalesced, aggregated mrpholcgy was not absemd 

when Pi WAS present (Fig. 2D). &ain,atractylosickpreventedtheAW 

inducedmzkmme transiticm i.e.,mito&ondrial cristae remained dis- 

tended (Fig. 2F). 

Electmmmiaqraphs (Fig. 3) illustrete thatmmbmnetrmsfkma- 

tims (ccmdensedtoamlesced) inducedbyadzninenucleoticks alsomcur 

at O". Ultzu&ructti &anges were not effectively inducedby AMP, 

UDP,GDP,ILP,cyclicAMP,adencaine oracknine. 
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Procedures ccmditicns andsubstrateswere the sms as those 
%!%&ed for Fig. i. Incubatimswere carriedoutat 30° andsmples 
were removed after the follming treatnmts: (A) Incubation for 2 min. 
with substmte and oligmycin (1 vg/mg protein)- mito&ondria incubated 
with substrate and atractylceide (50 pg/e pxutein) were indistinguish- 
able fmn these ; (B) Incubation for 2 m.i.n with substrate, Pi (15 rkl) 
andatmctylcbk- mitochmtiaincubatedwith substrate,Pi andoligo- 
nycin were indistinguishable fmm these; CC) Incubation for 2 min with 
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substrate and oligqcin followed by addition of 1 umole of ADP, then 
incubation for 1 min; CD) Incubation for 2 min with substrate, Pi and 
oligcn@.n followed by addition of 1 pmole of ADP, then incubation for 
15 set; (E) Incubation for 2 min with substrate and atradylcxside fol- 
lowed by addition of 1 pmole of ADP, then incubation for 1 min; (F) 
Incubation for 2 min with substrate, Pi and atractyloside follmed by 
addition of 1 umole of AS', then incubation for 15 sec. 

Discussion, Ihe present studies furthersupportthepostulate (4) 

thatsrxph0logical changes in the innermitodxxMrialmsmbrsnenetwork, 

induced by oxidizable substrate and adenine nucleotides, are not expres- 

sicns ofenergytransducingmolecularccnformaticms required foroxida- 

tiua phosphorylaticm (1,3,12). Not cmly ADP but also d&X', and to a 

lesser extent ATP and dATP generate coalesced, aggregated retirane wn- 

figurations when Pi is minimalwithoutincreasing oxygen ccnsumpticn 

(Table I; Fig, 3). When oxidizable substrate andPiarepresentthe 

addition of dAW induces formation of a coalesced, aggregated canfigura- 

tianwhilstovgen cc07sw@i0nis cpilyslightly incr?asedandPi moan- 

tmtion remains essentially constant. 

The gross morphological transformations used by the four adenine 

nucleotides are similar even though the deoxy- &rivatiWx are ncn-fmo 

tional in oxidative phosphorylaticm by intact mitochontia (13). Ha+ 

ever, dADP functions as a phosphate acceptor in phcephorylating submito- 

chondrial particles (14) and dATP is rapidly hydrolyzed by these particles, 

and by the isolated adencsine triphosphatase (13,151. Therefore, it seems 

likely that the morpholcgical changes induoedby adenine nucleotides arise 

frwnspecificbinding (perhaps tothetranslocase) ortransport of the nu- 

cleotide outside of tie domain of coupled phcephorylaticn rather than 

fmctia as energy tmducing intermediates of oxidative phcsphoxylation. 

The inhibiticm ofAL%inducedmsnbrane reorganizations by atractyl- 

ceide andthe failure ofoligonycintoinhibit these changes when Pi is 

absent strengthens thei&athatADP drivennxxphologicaltransiticns are 

&keely related to adenine nucleotide binding at the translocation site. 
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Pmozdures, cmditicns and substrates were the sam as thmz 
d for Fig. 1. Incubationswere carriedout at O" andsamples 

were revved after the follcwimg treatn-ents: (A) SW as 1C except 
temperature was 00; (B) San-e as l.D except tempemture was O"; (C) 
Sam as lE exceptteqemture was O"; (D) Same as lF except temperature 
was 00; (E) Incubaticm for 1 mi,n with substrate and Pi (15 ti); (F) 
Incubatim for 1 min with substrate ad Pi follwed by addition of 1 
pmle of AUP, then incubation for 1 min. 

827 



Yol.41,No.4, 1970 BlOCl-i:MICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

The cbservatian that adenine nucleotides cause ccalescence and aggrega- 

tion ofinnermitochandrial membrane at lawtempera~ COO), in the 

presence of oxidizable substrate andPi, whilst oxidatim phcsphorylaticm 

is minimal or non-existent furnishes additional evidence in support of 

the noticm that these mxphological transformations arise fmm forces 

exerted outside of the oxidatiw phcsphorylation appamtus. These trensi- 

ticns in mmbrane structure are not inconsistent witi adenine nucleoticle 

tmnslocaticm and binding by heart (16) and livaer (17) mitochmdria. Oh 

the other hand, formation of the Pi-induced distended configuration does 

not occur at law temperature which probably indicates a requirement for 

energy-ckpendsnt transport of Pi acms the cristal membranes. The fail- 

ure of atmctylcside ad oligceycin to block Pi-indUQd distention of 

cristaewhich requires oxidizable substrate is ccmcnantwith thepostu- 

late that Pi transport, driven by electron transfer, should be maffected 

by anucleotidetransport inhibitor (atnxtylcside) andaphosphorylatim 

inhibitor (oligcm@n). 

In cmcl~im, we have presented anmber of observations which in- 

dicate thatmit~~drialinnermemb~etl.Fmsiti~ inmorphology,in- 

duosdby adeninenucleotides,arenotenergy transducing (capturing) 

intermediates of oxidative phosphorylaticm but are coincident with and 

depenckntupcmnucleotile bindingortranslocation. 
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