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SW. A study of the morphology of isolated beef heart mitachcndria in 
variousmetabolicstateshas revealedthat adenkne diphoephate alaepronutes 
the foxmationofahighly condensedmorpholwwhich ren&ns mchangedwhen 
oxidizable substrates andphcsphate are introduced. Oxidaticnrates aresub- 
stantially altered and adenosine triphcephate is formed while the mitodhcndrial 
mor@lology stays acnstant. Thisobservaticnsuggests thatthemorphological 
appe~ceof~~r~t~~~dl~~enray~~dprimari lycnoamotic 
*es createdbyexperkntalprccedures andmetabolismundersteadystate 
armditions. 

Mittiondriahawz beensha~ntom&rgo changes in ultrastructure undera 

variety of ccnditim (l-10). Hackenbmck (l-3) exanined isolated liver mito- 

chon~aintheelectnxlmicn>scopeanddemcnstMtedan~~tructLlral~- 

formation franthe "high-eneq$'orthodox statetothe "lcw-energy" ax&nsed 

state when steady state metabolism was altered. Packerandhis colleagues 

(4,s) cafiied this stuc@ a step further in sha&g that morpholcgical &anges 

occurred during oscillatory mitochondrial metabolism. 

Green and his co-workers (6-8) have described three cxnfiguraticms (non- 

energized, energized and energized-twisted) of the inner mitochondrial membrane 

and have associated these configurations with metabolic states in the mitocslat- 

drion. The"non-energized" ccnfigurationswere generatedbyuncouplers,adeno- 

she diphosphate UDP),trwslocationofians andthe absenceofoxidizable 

substrate. 'Ihe %nergized" amfigurations appemdwhen oxidizable‘substrate 

oradenceinetriphoqhate (ATP) was addedto"na'+energized"mito&ondria. The 

%nexgize+twisted" mfiguratimwas observed in the presenoe of axidizable 
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substmte ad hO~dC phosphate (Pi). Ek%hHackenbxtz& andGnaenhave assigned 

the &ange inmorplolqy konfiguratian)toacanfomaticmal altexaticmwithin 

withinthemmbrmeswhichmaybe usedtodriveenergy-linkedprccesses Cs 

ATP fomatim). 

Recently, Staner and Simk (9) have proposed that these mozphological states 

maybeartifactsoffixation. Their results ccmfinn (5) that glutaraldehyde 

intemotionwithmito&ondrialenzynes oams mpidlybutglutareldehydetreated 

mitocha&-ia will still respcmd to the osmotic forces of the suspending mdiun. 

The %nergized-twisted" amfigumtion described by Green et al. (6-8) could be -- 

"passively" induced by varying the cemolarity of Ihe mediun in which ths fixed 

milzodKmdria wzre suspended. Pfaff et al. (10) have also denonstmted that -- 

Ourstudiesofstruc~-frprtion~~i~~psinbeefheartntitochondria 

dmmstmtethe~stabilityofamoxphologicdlly distinct m&mneamangement 

em thoq$~metabolismis altemdfmnonesteadystatetoanother. 

METHOL6ANDMATERIAIS. Beefheartmitochcndriaprtqmedbyamdification 

of ths method of Crene, Glenn and Gm (11) were further purified according to 

the method of Hatefi and Lester (12). CnlymitochaMriawithhigh coupling 

efficiencyandrespiratory ccmtrolratioswere utilizedinthese experiments. 

lheexperimntaldetails includingthepmparetionforelectmmioroeccpicex- 

aninaticm are stated in thelegendsto the figures andtable. Proteinwas de- 

termined ush the biuret method of Gomall et al. (13). -- 

RESULTS. Ihemorphological~f~tioplsp~entedbyG~etdl.have -- 

been cmfinmd (Fig.1). Intheabsenceofaddedsubstrate(endogemussub- 

stmte present), a mixture of amfiguretimal states with predaninately "nm- 

energized" and%nergized" cristae are cbserved (IA). Amito&cndricn in the 

"enez&mi-twisted" omfigtmation my be seen occasionally. Althoqh pymvate 

988 



Vol. 36, No. 6, 1969 BIOCHEMICAL AND BtOPHYSlCAL RESEARCH COMMUNICATIONS 

Figure 1. Heavy beef heart mitohondria were incubated (30°) in a buffered 
solution of 0.25 M sucmse amtaining 5 nEI tris-HCl (pH 7.5) at a protein an- 
centzlaticm oflnlghl. lboml sanples of each treatnmtwa~ -dafter1 
Minute incubali~ in media containing the follahg reagents: (A) No addi- 
tiahs; (B) 30 mlas pyruvate ad 3 UIIIO~~S malate; (C) 20 um~les Pi; (D) 
30 umoles pyruvate, 3 umolesmalate and 20 umles P.. These aliquotswere 
mixed imxhtely with 8 ml of a solutim that was 8.25 M in sucrose, 0.05 M 
in the sodiunsaltofcacodylicacid,2% inglutaraldehyde md2% inacrolein 
at pl-i 7.5. Sm@esremainedinthisfixativeatmantenperaturefor15to 
3ominutes. lhe rerknkg steps inthepmcedure furelect3mnmicroscapyare 
those descrilxdbyGreenetal. (7). Specimens were exanined with a modified 
RCA lXJ-2 electfm micros-~ Magnification x 10,000. 

plus malate (1B) generates the "energized" state, significant m&ens of mite- 

chcmtiainm ?xm-energized" (12 to 18 pemmt) and 'knergizebtwisted" state 

(5 to 12 percent1 are present. When Pi is added alcne UC) or together with 
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Figure 2. Heart mitochmdriawere suspended, fixed and exanined under the am- 
ditions descriJxdinFigure 1. The follaLng reagents were added prior to in- 
cubaticms of the suspensions for specified times: (A) 1 pie ADP for lminute; 
(B) 30 umoles pyruvate plus 3 umoles malate for lminute, followed by 1 umole 
AIP for 1 minute; (C) 1 mole ADP for 1 minute followed by 20 moles Pi for 
15 sec.; (D) 1umoleAIX'forlminute then 30 ~~moles pyruvateplus 3 umoles 
mlate for another minute follmed by 20 runoles Pi for 15 seccnds. Mqnifica- 
ticn x 10,000. 

substrate (lD) the population ofmitodxmdriais more than 85 percent in the 

"energizecb&.sted" ccnfiguration. 

The results involvi.ngAW are sham in Fig. 2. The addition ofADP alme 

ca~verts themorphologically mixed population into arelativelyhmcgeneous pop 

ulation of the 'km-energized" cmfiguration (2A). The addition of ADP to pre- 
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TABLE I 

Oxidation Rates of Mitochondria in Various Metabolic States. 

Conditions: Oxidation rates were determined polarogrqhically with a Gilscn 
MedicalElectronics Oxygraph. Pyruvate 15 ti and malate 1.5 nM-pH 7.4 were 
used as substrate. Otherconditionswereidenticdltothosedescribedin 
Figuresland2. 

Additions mu atansoxygen/min/mgprotein 

none 30.2 

pi 53.5 

ADP 29.6 

Pi then ADP (state III) 338.8 

ADP then Pi (state 1111 289.9 

*Pi then ADP (state IV) 67.3 

*ADP then Pi (state IV) 74.2 

* Oxidation rates afteraddedADPhas been depleted. 

daninantly "energized" mitochcaxkia that are oxidizing pyruvate plus malate 

(Table I and Fig. 2B) alters the rrprphological appearwnce into the "non-ene> 

gized" ccnfiguration while oxygen uptake renains constant. The addition Of Pi 

tomitochondria that are exposedto substrate andADP prcmotes arapidincrease 

in the oxygen consusptioneventhough the cristae remain in an essentially 

"non-energized" ccnfiguration (2C). Suns "energized" membrane cmfiguratians 

are visible when mitochondria are first expceed to ADP, then pyruvate plus 

malate and finally Pi which stimulates respinaticn (2D). The additia of ADP 

tomitochcmdria in any configuration ormorpholcgical state &x&universally 

trwnsfonns the population intoacondensed (ncn-energized) membrenenetwork. 

DISCUSSION. The 'km-energized" axfiguration of the innermitochondrial 

nmnbrane maybe genex&edbyADP alone. The additia of oxidizable substrate 

and phosphate Qes not change this morphological arrangement. Under these am- 

ditions themitochcndria formAW butmorphological transitions are not apparent, 
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The ability of m to uniformly transform allmorpholgical mfiguratims of 

the innermitochondrialmesdxme intoa andensed (non-energized) amfigumtim, 

essentially devoid of matrix, leads us to challenge the pcshiLated.energy-cap 

turing role assignedtogmss amfigumtional transformations in energy-linked 

mitodxmdrial processes (l-3, 6-8). Themcstdmsgingevidence against this 

interpretation is the discharge of the "energized" cmfigmtion generated by 

oxidizable substrates upon the additim of ADP when energy is not siphoned off. 

This does not imply thatccnfomational changes atthemolecularlevelare not 

involvsdin oxidativephcsphorylation but only servestopointout thatmor- 

phological changes of entire populations of mitochondria under stear& state 

metabolismis unlikely to be a driving force forenergy-linked fmcticms. 

Rather,tieymaybe aresultofmetabolic activitywhich aeates osmotictmnsi- 

tionsthxoughtmnslocationofions. We cmcludethataltiugh cmfonmational 

changesmaybetakingplace atthemolecularlevelwithin themitochondrial 

membmne, energy transducing processes including oxidative phosphoxylation 

neednotbe expressedas gross morphological changes in themitochondrialmm- 

brme. 
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