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Abstract 

The intramembrane arrangement of the respiratory chain gcncratlng electric potential 
difference across the mitochondrial membrane has been studied. The accessibility of ,~arlous 
respirator,/carriers to the non-penetrating electron donors and aeceptors, such as fcrri-and 
ferrocYanlde , ~tochromc c. fumarate and nlcotinamide nuclcotides hasbeen used as a test 
for surface localization of the carrier in the membrane Of mltochondria and "inside-out" 
(sonlcated) submhochondrial particles. Membrane potential formation v-as detected by 
measuring the transmembrane flo~z of the penetrating anio~ phenyl dlcarbaundccabot-ane 
(PC.B-). 

I t  is shown that ferricyanlde rrduction can support PCB- movement if this electron 
acceptor interacts with intact mitochondrla in the region localized on the oxyge n site 0fthe 
antimycin-sensltive point. The same region is aecc~,slble for ferrocyanide whose oxidation 
by Oa can b e  also coupled with PCB- trans!ocatlon. Added nicotinamide nuelco'fides 
cannot be utilized by mitochofidrla for supporting PC B- movement. 

I ~ B -  movement in the "inslde-out" submitochbndrial particles can be supported by 
reduction of ferrlc'an0de or fumarate by N?d3H, and of,gAD* by NADPH, the former pro- 
ctss being sensitb,~e to rotenonc but not to antimycln. Antlmycin-lnsensitive reduction of 
ferricyanide or of CeQo by succinate is not couple d with PCB- transport. Neither. 
ferrocyanide nor ferrocytochrome c can be used as electron donors in the particlcg 

Penetrating electron donors (TMPDHz, succinate) and acceptors (menadione) are 
effective both iti mitochondrla and particles. 

I t  is concluded that fla~qn and transhydrogcnase regions of the potentlal-generatlng redox 
chain are localized near the inner surface, cytochrome c region--near the outer surface ofthe 
internal membran.- oflntact mltochondria. It means that the redox chain includes at least 

act of the transmembrane tranffcr of reducing equls'alrnts bet~'ern flavins and tyro- 
chrome e.. 

Oeneratlon of the membrane potential at the expense of' the redox chaln~prodUced 
energy has been suggested by Mitchell as one of the postulates of the chemiosmotic 
scheme ofoxidatlve phosphorylation. 1.2 The validity of this postulate was confirmed 
by experiments demonstrating electrophoretic character of the penetrating ion transl~ort 
across the membrane of the respiring mitochondria; the ion transfer mechanism proved 
to be quite non-specific to the structure ofpenetrating ion, except the sign of charge. 
The directions of cation and anion flows were opposite.~-' 

In the experiments described below an attempt was made to verify another postulate 
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of  Mitchell's concept, namely transfer ofreduclng equivalents across the couplingmem- 
brahe. It  was shown that the mitochondrial redox chain pro;.'iding energy for generation 
of  the membrane potential includes at least one step of transmembrane hydrogen 
(electron ?) transfer localized in the middle segment of the chain, between flavins and 
the cytochrome r region. 

Isolation of  rat li~er mitochondda was carried out essentially according Moso|ova et aL 7 
The fiver of  rat starved for 20-'24 h was minced by a metallic press (diameter of holes 
m0-5 ram}. The mince was suspended in nine-fold amount of the isolation medium 
containing 0-25 M sucrose, 1.10 -J M ethylene di2mine tetraacetate, 4.10 -~ M Trls-HCl 
buffer (pH of the mixture 7.5). The suspension was homogenized for 40 sec by glass- 
Teflon homogenizer at low rate o f  rotation. The'homogenate was centrifuged at 600 g 
for 15 m~n. The supcrnatant obtained was centrifuged at l 0,000g for 10 min, the sediment 
was diluted with nine-fold volume of the isolation medium and ce:~trifuged at 200 g 
for I0 min; the sedimentwas removed, the supernatant was centrifuged at 10,000 g for 
10 min. The mitochondrial sediment was washed once more by the isolation medium. 
The final sediment was suspendedin the isolation medium (the final protein concen- 
trati0n was 100-120 mg/ml). 

Phaspho,-ylating (sonicated) submitochondrial particles were prepared from the "hearT" 
fraction of beef heart mitochondria ~ according to the method of Hansen and Smith ~ 
(for details of the procedure see ref. 3). 

Phtnyl dicarbaundecaborane (PCB-)* concentration in the incubation mixture with 
mitochondrla or submitochondrial particles was measured using phospholipld membrane 
as PCB---sensitive electrode. Details ofthis method developed byLiberman and Topali t~ 
were described earlier. ~ 

Ferri. andferrocyanide concentration~ were followed using a Hitachi-356 spectrophoto-- 
meter (410-510 nm spectral differer.ce was measured). 

Rtsu/ts 

Studying the problem of the intramembrane ai'r'angement of the redox chain we used 
as starting points two simple suggestions, namely (1) redox component unable to pene- 
trate mitochondrlal membrane being added to mitochondria will interactonly With those 
respiratory carriers which are localized near the outer surface orthe membrane, and (9) 
the point accessible for non-penetrating donors (acceptors) in mitochondria must be 
inaccessible i n  the "inslde-out" submitochondrial particles and vice versa. Being 
interested primarily in the mechanism of  the membrane potential generation we have 
studied a parameter which is closely related to the formation of the electric field in the 
membrane. To this end the PCB- probe has been applied. AJ it was shown earlier ~-6 
the PCB- transfer across the coupling membranes is one of the most sensiti,,z tests for 
the  membrane potential. PCB- anions easily penetrate hydrophorlc membranes. 
Therefore the appearance of  the electric potential difference on the membrane always 

* ~ . ~ t i o c m :  ~ l i - , .  phenyI dlcarhamndetalxarat~ anion; "l~tPO,,~',.Vi.~"dY'-tetramcthyl-~phenylenedb 
amine. 
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results in the redistribution of PCB- across the membrane causing the change in concen- 
tration of  the free PCB- in the incubation mixture. Measuring PCB--concentration 
changes by very sensitive phospholipid membrane method one can follow the formation 
of  electric potential difference across mitochondrial membrane, j" 4 

I~'B- Transport Coupled u~4th Oxidations'Reductions of Nicotinamlde Nucleotides 
Experiments with mitochondrla and "inside-out" submitochondrial particles showed 

that added nlcotinamide nucleotides can be used for the membrane potontial generation 
in the latter but not in the former system. 

As it is seen in Fig. IA,  upper curve, addition of NADH to mitochondria previously 
equilibrated with PCB- without available energy does not influence the PCB- concen- 
tration in the extramitochon.drial solution. Subsequent addition of the penetrating 
NAD+-linked substrates causes the PCB- efflux from mitochondria measured as an 
increase in the PCB- concentration in incubation mixture, the effect testifying to the 
formation of the electric potentlal difference across the mitochondrial membrane 
(the sign "minus" inside the mitochondrion). Inhibition of oxidation of endogenous 
NADH by rotenone re,cerses the effect inducing the PCB-influx. 

Addition of NADH to the "inside-out ~' submitochondrial particles (Fig. ! ,~ lower 
curve) results in a decrease in the free PCB- concentration. In this c~se the PCB- uptake 
is caused by formation of the potential difference across the particle membrane, the 
"minus" outside the particle. Again, rotenone treatment is inhibitory, inducing the 
PCB- emux. 

The amplitude of the PCB- concentration changes in the case ofsubmitochondrial 
particles was a lwa~ much larger" in comparison to mitochondria. This difference is 
due to the factthat PCB ~ anions extruded from mitochondrla are g/eat!y diluted in the 
extramitochondrlal solution which occupies by far the g~eater portion ofthe expe,~mental 
cell. 

Figure IB demonstrates the responses of the submitochondrial particles to the con- 
secutive additions offour nlcotinamide nucleotides. One can see that the treatment with 
NADPH and NAD + results in the PCB- influx while that with NADH and NADP* 
in thi:PCB7effiux. These responses are due to the PCB- mo,)ement coupled with opera- 
tion o f  the energy-linked transhydrogenase? So, both NADH dehydrogenase and 
transhydrogenase of the submitochondria! particles are acck'ssible re5 the added nlcotin- 
amlde nucleotides. 

Effects of FerK- and Ferroojanldes 
Figure 2 shows results of the ferrlo/anide reduction measurements. It  is seen that this 

process which can be shown both in mitochondria and particles is sensitive to antimycin 
and rotenone in the former but not in the latter ca~, These data show that mitochondria 
and particles under conditions used demonstrate the characterLstic difference in the 
ferricyanlde reduction pathways which was firstly 0bsereed by Estabrook. I i. 12 Further 
experiments revealed that antimycin and rotenone-sensiiive reduction of ferr/cyanide 
cansupport  the PCB- movement. As is shown in Fig. 3,% oxidation~of~-hydroxibutyrate 
by ferricyanid e results in the PCB- efflux from mitochondria, the process being/ensitive 
to antimycin. NADH oxidation by ferrlcyanlde in the partiizles induces the uptake of 
some portion of  the PCB- aniom. Rotenone treatment reverses the PCB- accumulation 
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IFqp~re I. PC.B- tramport mpported by oxida 6ofu--reduct lom orn;codrm- 
mlde nucleolldcs, lncubat;o, mlxture: lF25 ~l ~ , ~ ,  0-05 .%[ Trk-HCl 
buffer. 6, IO-mM MgSO, .  Here and be low- -pH 7-5, ruom temperature. 

A. "the upper c u r ' . ~ m c n t  with rat liver mitock-mdria (i-8 mg o f  
lxoteinIml).Theiowercurve--experlmeutwith beefheart suL~nitochondrial : 
particlr (0-6 mg o/'protcin/ul). Addit iom: I .  10 -s ,~[ NADH, $. 10 - j  .M glu- 
tamale t- 5. l0 B .M malate, 3.10 -s rotenone. . . 

IL lncxthatloa mixture with submitochnndrlal particlea-(0-6 mg orprofein/  
ml) w-as lmpplcmented with 0 0 !  .~[ succlnale and 3.10" t ~,[ ,'~;aC..~.'..-gddl- . 
lions: ! .  10 - j  .~,| NADPH,  NAD*, NADH,  and N A D P ' .  
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process in spite o f ~ e  high rate ofrotenone-reslstant ferricyanide reduction. Apparently 
electron transfer from NADH to ferdcyanidc taking place in the rotenone-treated 
particles by-passes the energy coupling sites. 

Oxidation of NADH by fumarate was coupled with the PCB- uptake by particles. 
Addition of rotenone resulted in the k/ss of the whole portion o f  accumulated PCB- 
(Fig. 3B). 

In another experiment ferrlcyanide was found to be without any effect on the trans- 
hydrogenase-supported PCB- movements in the particles. 
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~gure 2. Ferric~n~de reducth)n hi mltoch0ndrla and submhochondrhl 
l~rticles~ Incubation mixture: 0-25 M sucrose, 0.05 M Tris:HCI buffer 

i0 -! M K~Fe(CN),, 2-5.10-' M NaCN. The mixture ~ supplemented 
with .tA) submitochondrlal particles (0-6 mg of protcin,tml} or (B) with 
mltochondria (0-8 mg ofproteln~tmlL 

EXp. A.: curve ! - - I .  10 .4 M NAt)H," ,aalcohol dehydrogenase {0-I mgl'mI), 
O / ' - - 6  0"9 ygethanol, I. 10 .4 .M rotenone,2.10 MantimycinA ;curve2--=rotcnone 

and antimycin were omitted; c-azve 3---0-01 M succlnate; curve 4--0-01 M 
.auccinate and 2.10"* M antlm.vcin. 

Exp. B: curve l--5.  I0 -~ M glutamate, 5. I0 -~ malate; curve 2~as (!) 
with 2. lO-* .M antimyciv.; .oarve 3---as (!) with 2.10-* M antimycin and 
I .  10"4 M rtaenone, cu~'e -b--O-Ol M succlnatc; curve .5-0-01 M su<:clnatr 
a M  2.10"4 M antim)-cin. 

Figure 4 demonstrates ferrocyanide oxidation in mitochondria and particles. It  is 
shown that mitochondrla rapidly oxidize ferrocyanlde ~a the. cyanide-sensitive pathway. 
Particles oxidize only a small portion of ferrocyanide, the proc.ess being insensitive to 
cyanide. Respet;tively, mitochondria can translocate PCB- at the expense offerrocyanide 
oxidation eni~rgy in the cyanide-sensldve fashion while particles cannot. This difference 
is not the result of a damage in the third site of the energy coupling in the particles since 
in.i.'tiatlon of the electron transfer tin thL~ site by addition ofthe penetrating electron donor, 
TMPDHz, results in the PC:B- influx into the particles (Fig, 5). In another experiment 
it was shown that ferrocytochrome c, like ferrocyanide, does not induce the PCB- 
accumulation in the particles. 
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Figure $. PC:B-  t ranspor t  supported by rcduct;on or  
~ ' r ~ n ~ d e  and fumarate~ 

A. Incubation mixture (0"25 M sucrose, 0-05 M T r ~  
HCI) was supplemented in experiment showed by the upper 
o~rve with mitochondrla (1 mg of pr0tcln/ml), 3. I0 -J ),I 
NaCN and !'3.10-~ M ~-hydtoxibutyrate, in expe r imen t  
s/howccl by the lov,~r curve---with submit6chondrlal par- 

(0-7 mg of  protHn!nd), alcohol dehyclrogetlase (0.1 
o , ,  �9 3 eng]ml), 0-9 ,o ethanol, 8.10 -4 ~, NADH, 2.5.10- .%[ 

l q a ~  a n d l .  10 -4 ,M antimycln. Additions: ! .  10 "! ,%I KjFe 
((~q),, $. 10 -4 ~,! anlffnycln, I .  I0 -4 M mlenone. 

- I I .  lnC~l:~tlon mixture: 0-25 .%I sucrme, 0 0 5  .%l TrI.~HCI, 
6 .10 "~ ]l,[ MgSO,, alcohol dehydrogenase (0-13 mg/ml), 
0-9% ethanol, ! .10 -~ ,%1 NADH, 2 . t 0  -a M NaCX. 
lubm;tochondHal particles (0-9 mg of  protelh/rr~L 
~Ad~tlo~ :0"01 .%1 fumar~te,8. I0 - '  ~[ antLmycin,3. I0 -s .%[ 
t, otcnoae, 

B 
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Ey, .  c.Q ,ns  

T h e  above described experlmcnt with TMPD (Fig. 5)dear ly  showed that the dif- 
ference between mhochondria and particles does not reveal itself if penetrating com~ 
pounds are used as the electron donor (TMPDH2) and a.cceptor (O~). This conclusion 
was confirmed in the experiments with menadione (Fig. 6). It is seen that addition of 
menadione to both mltochondria and particles causes the characteristic changes in the 
PCB-concentration: the PGB- efflux from the mitochondrh and influx into the particles. 
In both cases the process was sensiti,.'c to rotenone. Antimycin was without effect, the  
fact suggesting t/tat menadione reacts with the redox chain before the second site of the 
energy couplif~g. 

I. SMP 
O,O3~O.O. 

MITO /' 
.... i ,,: 2 

K,+Fe(cN?s 
Ft~a'e 4L Fm'ocyan~dc oxklation in mk:,chondrla and 

aubrfiitochondrial particles. Incuhatlon mixture: 0-25 M 
aucgme, 0.05 M Tris-HCI, submitochondrial particlea (0-8 
lag of proteln/ml) or mitochondrla (2 nig of proceint'nd). 
Lefi-lian d figure: curve l--wlthout inhibitor, curve 2 - - .  
with 2. I0 -3 M NaCN. Right-hand figure: curve l--~qth 
4,10 "4 ,%I antlmycln, cur','e 2-.-4. I0-" M aafimycln and 
2.10 -~ ~1 NaCN. Addithw.s: t .  10 =! "%[ K, Fe (CN),. 

As was shown in the further experlmertts (Fig. 7) the point of interaction of GoQa 
proved to be close to that ormenadlone. It is seen (Fig. 7A) that oxidation of NADH by 
OoO.~ in particles leads to the absorption of PCB-. Rotcnone induces the loss of PCB- 
accumulated (Fig. 7A, 13), Oxidation ofsuceinate by CoQo does not support the PCB- 
influx (Fig. 7A). Spectrophotometric measurements showed that succinate rapidly 
reduces C0Q * in a antimycin- and rotenone-insensitlve manner. Reduction of GoQo.by 
NADH measured uhder the same condifiom was partially inhibited by roten.one. 

D/runs/on 

The main result of the above experiments consists in that the non-penetratlng donors 
and acceptors of electrons interact with the redox chain of the "inslde-out" particles at 
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levds other ~ a n  those in inta~ mltochondrla. The cytochrome c iegi0n ofmltochondrla 
proved to be the only site where the non-penetratlng donors (acceptors) can get into 
contact with the redox chain supporting membrane potential generation. This region 
turned out to be inaccessible in the "inside-out" particles whereas the beginning of the 
chain (flavin and transhydrogenase regions) can be attacked by non-penetrating donors 
(acceptors). Penetrating compounds interact with the respiratory chain independently 
of the membrane orientation. 

•t 
M ITO 

"i.o K !tCC )6 

o . 6  

1 
0.-3 No.CN 

SMP 
Figure 5. PC'B- transpo~ supported by 

ferrocyanide oxidation. Incubation mL~- 
turc {0-25 M sucrose, 0-05 M Trls-HCl 
buffer) was supplemenled with mlto- 
r (I-6 mg of proteln'ml.~, 8.10 - j  
M as<off,ate and 2.10"6 .M rotenone 
(upper curve), or with submiwchondrlal 
particles (0"9 mg of proteln/m[), and 
4. I0-3 ~,[ ascorhate (lower curve). Addi- 
tions: l . lO - j  ~,[ K, Fe(CN~a, 2.10-* M" 
antimytin, 2. IO .3 g[ NaCN, 8.10 -3 M 
"ID, IPD. 

The data obtained can be discussed in terms ofpossibte versions of the intramembrane 
arrangement of the redox chain. Suchversions are given in Fig. 8. 

Version I describes the type ofmitochondrial membrane organization when r&pira. 
tory chairis are localized O n both sides of the hydrophobic barrier existing in the internal 
par( of the membrane. According to version II, the respiratory chain is situated in the 
membrane interioh and two hydrophobic layers separate the chain from the extra- 
membrane space. In version III the membrane is asymmetric, since resp!ratory carriers 
are only on one surface of the membrane. As to version IV, respiratory carriers occupy 
both surfaces ofthe membrane as in version I but, nevertheless, the membrane is asym- 
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metric: two membrane surf'aces differ in sets of  respiratory carrlcrs. It is easy to reallzc 
that the presented data are incompatible with vcrslons I, II and III .  In the first case non- 
penetrating electron donors (acceptors) could react in the similar manner with both 
mitochondria and the "inside-out" particles; in the second case they could react with 
neither mitochondria, nor particles; in the third case the reaction must take place in 
mitochondriabut  not in particle~, or in particles, but not in mitochondria. 

Io 

5 

2 

(PCB').IO-'ZM 

SMP 

Ilenm:Eor~ R ~  

Ltrru . 

M ITOs 

Figxtre 6. PCB- transpor~ supported by mcnadione reduction. Incubation 
mixture ~.0.25 M sucnme, 0-05 ~! Trls-HCl buffcr~ w ~  supplemented with 
mitochondrla (1-8 mg of pr,~teln.tml~, 5 .10 -~ gI glutamate. 5.10 -~ XI 
malate and 2.10 -I  .~,I .NaCN (lower cur~'c), oc w{~h submltochondrlal 
particles (0.6 mg or proteln/nd~, aleohol dehydrcgcnasc (0.1 mg/ml). 0-9~ 
ethanol, $. 10 -4 .~[ NADH, I. 10 -* .~[ ancimycin and ~5 .  IO -z M NaCN 
(upper curvc~..s,,ddltioea: 8.  I0 "4 .~,1 mcnzdione, I .  10 ~ .~1 antimFcin, 
S. I0  "4 ), !  r ~ c ~ 6 .  

According to version IV non-pcnetratlngdonors (acceptors) can be reactive withboth 
mitochondria and particles but their enz)anatlc partners in those two systems must be 
different. This was the case. 

The simplest explanation of the  obtained data consists in that the beglnnir/g of" the 
redox chain is localized near the inner surface, the end of" the chain----near the outer 
surface of  the membrane of" the intact mitochondrlon, the middle step(s) of the chain 
being rcspomible for the connections beiwecn the initial and the terminal steps. A version 

�9 of'such a scheme is shown in Fig. 9. 
8 
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~ Incubation mlx~rc :  0-2~ M sucres ,  0-05 M TrN-HCI buffet, subndm:/- 
d ~ ' ~ l s ~ !  part lcl~ (0-7 m g ol 'p~lein/mi).  Adclhlo~: 0-0! ,M succin~tr 2. |0  "s 
b l  ,'~C.N, 3 .10 -4 CoO.~, I-I0- M NADH, 5.10"4 M roc~nooe. 

Ik Incubation mixture: 0-25 M su t ton .  0-05 M Trb-HCI buffer. ~kohol 
~ h ~  (0-1 ~,~m,). 0-9% ~qh~.. ,.b,~ito~o~a.~t p~,t~]~ (:."t m~ 
dpcocem/ml) .  Ad<ltuons: | .10-J~*! ~ADH.  1.10- CoQ, .  0.01 X{ NaCN. 
2 .10  -4 M[- an6mydn,  I .  10"4 ~( rotcnone. 

B 
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Figure 8. Different vers;ons of the intr'amemhrane arrangenlcnt oP r~p~ratory carrler~, 
A, B, U-~ D, E, F--r~plratory carriers. Direction of electron and hydrogen transfer is indicated 
~ ;Irlrowlk 
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l~gure 9. l%m,.'ble arrangement oCth= ~aq~h'ato~ chain includlng emm 
oCthe trammembranr movement o1" redudmg equivalents. T-~ran.~ 

h]n:lrogena~o Smichlometrlr r o/" hydrogen and electax~rm 
~ e r  n~act;om ar~ not ir=lk~ted. 

~,~--.~ I \ 
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According to this scheme, the l~eglnnlng of the respiratory chain including trans- 
hydrogcnase (T)and  fla~qns is localized in the mitochondrial membrane close to its 
inner(knob-bearing) surface. The redox couple "CoQ-cytochrome b" is engaged in the 
tran~locatlon of reducing equivalents across the membrane. Cytochromes r c, a, a 3 are 
localized on the outer surface. The redox chain as a whole is arranged in a helix-like 
fashion occupying the base piece of the knob which participates in the utilization of the 
redox chain-released energy. 

It  is possible, however, that the arrangement ofthe redox chain Can be more complb 
cated than is shown in Fig." 9. So, Mitchelrs chemiosmotic scheme" ,3 includes eight 
stages of transmembrane movement of reducing equivalents. The above results being 
discussed in terms of the Mitchellian redox chain ,ecessitates some modifications of the 
chemiosmotic scheme. One of the modifications concerns the position of CoQ. This 
carrier seems to be Operative in the first "loop" (e,g. between flavins and cytochrome b) 
rather than in the second one since (a) reduction ofadded CoQby succinateis not coupled 
either with the membrane potential generation (see this paper, Fig. 7) or ADP phos- 
phorylation 14 while that by NADH is, and (b) redox potential ofendogeneous CoO IS 
near 0 instead ofabout q- 0-25 V, IS i.e. it is too negative for a hydrogen carrier involved in 
the second"loop". In the position occupied by CoQ.in Mitchell's scheme, an unknown 
hydrogen carrier should'be postuiated.'6 Some complications arise if one tries to apply 
Mitchell's Scheme to the fourth coupling site (transhydrogenase reaction). The process 
ofhydrogen transfer from one nlcotlnamlde nuclcotlde to another occurs without the H + 
exchange with water. 17 To overcome this difficuhy a scheme wasput forward suggesting 
that H + ions transferred across the membrane are added to ionized phosphate groups of 
bound NADH (for details see ref. 18). 
" Whatever the final solution of the problem of the intramembrane arrangement of 

respiratory enzymes the available data are sufficient for the conclusion that the reducing 
equivglents mo~qng along the potentlal-geficrating redox chain traverse at least once the 
inner mitochondrlal membrane. This conclusion is supported by experin~ents on PCB- 
~,-ansport described above as well as by some other observatlor/s suggesting the localiza- 
tlon of the respiratory chaln flavoproteins and ofcytochrome c on different sides of the 
mitochondrlal membrane. (for review see ref. 16}. 

If  reducing equivalents traverse the membrane in a charged i'orm (e.g. as e - o r  H-),  
the respiratory chain can charge the membrane without participation of a high.energy 
intermediate (.Y-- Y). If it is an electrically neutral component (e.g. H) the respiratory 
chain per se is unable to produce the membrane potential unless the energy of oxidation 
is transformed into that ofX--- Y. Thisquestion is now under investigation. 
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