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Abstract

The intramembrane arrangement of the respiratory chain gencrating electric potential
difference across the mitochondrial membrane has been studied. The accessibility of various
respiratory carriers to the non-penetrating electron donors and aceeptors, such as ferri-and
ferrocyanide, cytochrome ¢, fumarate and nicotinamide nucleotides has been used as a-test
for surface localization of the carrier in the membrane of mitochondria and “insidc-out™
{sonicated) submitochondrial parti¢les. Membrane potential formation was detected by
measuring the transmembrane flows of the penctrating anion, phenyl dicarbaundecaborane
(PCB-).

It is shown that fcrricyanidc reduction can support PCB~ movement if this electron
acceptor interacts with intact mitochondria in the region localized on the oxygen site of the
antimycin-sensitive point. The same region is accessible for ferrocyanide whese oxidation
by O; can be also coupled with PCB- translocation., Added nicotinamide nucleotides
cannot be utilized by mitochondria for supporting PCB~ movement.

PCB~ movement in the “inside-out™ submitochondrial particles can be supported by
redduction of fcrncyamdc or fumarate by NADH, and of NAD* by NADPH, the former pro-
cess being sensitive to rotenone but not to antimycin. Antimycin-insensitive reduction of
ferricyanide or of CcQ, by succinate is not coupled with PCB- transport. Neither.
ferrocyanide nor ferrocytochrome ¢ can be used as electron donors in the particles.

Penctrating electron donors (TMPDH,, succinate) and acceptors (menadione) are
effective both in mitochondria and particles.

Itis concluded that Ravin and transhydrogenase regions of the polcntul-gcncratmg rcdnx
chain arc localized near the inner surface, cytochrome ¢ region—near the outer surface of the
internal membranc of intact mitochondria. It means that the redox chain includes at least
oune act of the transmembrane transfer of reducing equivalents between flavins and cyto-
chromeec.

Generation of the membrane potential at the expense of the redox chain-produced
energy has been suggested by Mitchell as one of the postulates of the chemiosmotic
scheme of oxidative phosphorylation.'-2 The validity of this postulate was confirmed
by experiments demonstrating electrophoretic character of the penctrating ion transport
across the membrane of the respiring mitochondria; the ion transfer mechanism proved-
to be quite non-spcciﬁc to the structure of penetrating 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 »cnfy another postulate
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of Mitchell’s concept, namely transfer of reducing equivalents across the coupling mem-
brane. It was shown that the mitochondrial redox chain providing energy for generation.
of the membrane potential includes at lcast one step of transmembrane hydrogen
(clcctron?) transfer localized in the middle segment of the chain, between flavins and
the cytochrome ¢ region.

" Methods

Isolation of rat liver mitockondria was carried out essentially according Mosolova et al.”
The liver of rat starved for 20~24 h was minced by a metallic press (dxamctcr of holes
=0-5 mm). The mince was suspended in nine-fold amount of the isolation medium
containing 0-25 M sucrose, 1. 103 M cthylcnc diamine tetraacetate, 4.10~4 M Tris-HCI
buffer (pH of the mixture 7-3). The suspcnsnon was homogenized for 40 sec by glass-
Teflon homogenizer at low rate of rotation. The 'homogenatc was centrifuged at 600 g
for 15 min. The supernatant obtained was centrifuged at 10,000 g for 10 min, the sediment
was diluted with nine-fold volume of the isolation medium and "entnfugcd at 200 ¢
for 10 min; the sediment was removed, the supernatant was centrifuged at 10,000 g for
10 min. Thc mitochondrial sediment was washed once more by the molauon mcdlum.
The final sediment was suspended-in the isolation medium (the final protein concen-
tration was 1060-120 mg/ml). ‘

Phosphorylating (sontcated) submitockondrial particles were prepared from the “heavy”
fraction of beef heart mitochondria® according to the method of Hansen and Smith?®
(for details of the procedure sce ref. 3.
" Phenyl dicarbaundecaborane (PCB‘)* concentration in the incubation mixture with
mitochondria or submitochondrial particles was measured using phospholipid membrane
as PCB-—sensitive electrode. Details of this method developed by Liberman and Topali'®
were described earlier.?

Ferri- and ferrocyanide concentrations were followed using a Hitachi-356 spectrophoto-
mecter (410-510 nm spectral differer.ce was measured).

Resulls

Studying the problem of the.intramembrane arrangement of the redox ‘chain we used
as starting points two simple suggestions, namely (1} redox compenent unable to pene-
trate mitochondrial membrane being added to mitochondria will interactonly with those
respiratory carriers which are localized ncar the outer surface of the membrane, and (2)
the point accessible for non-penetrating donors (acceptors) in mitochondria must be
inaccessible in-the “inside-out” submitochondrial particles and vice versa. Being
interested primarily in the mechanism of the membrane potential gencration 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 apphcd As it was shown earlier?—*
the PCB- transfer across the c0uprng membranes is one of the most sensitive tests for
the membrane potential. PCB- anions easily penetrate hydrophoric membranes.
Therefore the appearance of the electric potcntxal difference on the membrane always |

¢ Abbreviations: PCB-,. phenyl dmrbaundcc.:bonne anion; TMPD,N,V,N" ,N‘md\yl‘p-phmylmed:-
-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. Mecasuring PCB--concentration
changes by very sensitive phospholipid membrane method one can follow the formation
of electric potential difference across mitochondrial membrane.?4

PCB™ Transport Coupled with Oxidations— Reductions of Nicotinamide Nucleotides

Experiments with mitochondria and “inside-out™ submitochondrial particles showed
that added nicotinamide nucleotides can be used for the membrane potential generation
in the Jatter but not in the former system.

As it is seen in Fig. 1A, upper curve, addition of NADH to mitochondria previously
equnhbratcd with PCB~ without available energy does not influence the PCB~ concen-
tration in the extramitochondrial 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 clectric potential difference aeross the mitochondrial membrane
(the sign “minus” inside the mitochondrion). Inhibition of oxidation of endogenous
NADH by rotenone reverses the effect inducing the PCB- influx.

* Addition of NADH to. the “inside-out” submitochondrial particles (Fig. 1A, lower

curve) results in a decrease in the free PCB~ concentration. In this case the PCB~ uptake

xs causcd by formation of the potential differenee across the particle membrane, the
“minus” outside the particle. Again, rotenone treatment is inhibitory, inducing the -
CB~ efflux.

The amplitude of the PCB~ concentration changes in the case of submitochendrial

particles was always much larger in comparison to mitochondria. This difference is
due to the fact that PCB- anions extruded from mitochondria are greatly diluted in‘the
extramitochondrial solution which occupies by far the greater portion of the experimental
cell.
- Figure 1B demonstrates the responses of the submitochondrial particles to the con-
secutive additions of four nicotinamide nucleotides. One can see that the treatment with
NADPH and NAD~ results in the PCB- influx while that with NADH and NADP*
in the PCB~ effiux. These responses are due to the PCB~ movement coupled with opera-
tion of the encrgy-linked transhydrogenase.® So, both NADH dehydrogenase and
transhydrogenase of the submitochondria! particles are atcessible t6 the added nicotin-
amide nucleotides.

Effects of Ferri- and Ferrocyanides

Figure 2 shows results of the ferricyanide reduction measurements. It is scen that this
process which can bé shown both in mitochondria and particles is sensitive to antimycin
and rotenone in the former but not in the latter case, These data show that mitochondria
and particles under conditions used demonstrate the charactenistic difference in the
fcmcyamdc reduction path\mys which was firstly observed by Estabrook.!!-12 Further
experiments revealed that antimycin and rotenone-sensitive reduction of ferricyanide
can support the PCB~ movement. As is shown in Fig. 34, oxidation.of 8-hydroxibutyrate
by fcmcyamdc results in the PCB~ efflux from mltochondna, the process being sensitive
to antimycin. NADH oxidation by ferricyanide in the particles induces the uptake of
somc portion of the PCB- anions. Rotenone treatment reverses the PCB~ accumulation
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Figure 1. PCB~ transport supported by oxidations—reductionsof nicotina- -
mide nucleotides. Incubation mixture: 0-25 M sucrose, 0-05 M Tris-HCl
buffer, 6.1073M MgSO,. Here and below—pH 7-5, room tem ture.

A. The up%‘ curve—experiment with rat liver mitochondna (-8 mgof
protein/ml). The lower curve—experiment with beef heart submitochondrial -
particles (0-6 mg of proteinful). Additions: 1.10-* M NADH, 3.10? M glu
amate + 5.10-* M malate, 3.10* rotenone. -

B. Incubation mixture with submitochondrial particles-(0-6 mg of protein/
mi) was supplemiented with 0-01 M suceinate and 3.10~2 M NaCX\. Addi- .
tions: 1.10~} M NADPH, NAD*, NADH, and NADP,
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process in spite of the high rate of rotenone-resistant ferricyanide reduction. Apparently
electron transfer from NADH to ferricyanide taking place in the rotenone-treated
pamc!cs 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 loss of the whole portion of accumulated PCB-
(Fig. 3B).

. Ii another experiment ferricyanide was found to be without any effect on the trans-
hydrogenase-supported PCB~ movements in the particles.
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Figure 2. Ferricyanide reduction in mitochondria and submitochondrial
rticles. Incubation mixture: 0-25 M sucrose, 0-05 M TrissHCI buffer
107 M K,Fe(CN),, 2:5.10-* M NaCN. The mixture was supplemented-
with {A) submitochondrial particles (0-6 mg of protein/ml) or (B} with
mitachondria (0-8 mg of protein/ml).
. At curve 1——1.10-* M NADH, alcohol dehydrogenase (0-1 mg/ml),
0‘9 5 ethanol; 1.10~* M rotenone, 2. 10~ \hnlm\)cm Ajcurve2—rotenone
and anumycm were omitted ; curve 3—0-01 M succmatc curve $—0-01 M
succinate and 2. 10~ M antimycin.

Exp. B: curve [—5.10"* M gluamate, 5.10-? malate; curve 2—as (1)
with 2, 10~* M antimycin; curve 3—as (1) with 2.10-* M antimycin and
£.107* M rutenonc: curve +—0-01 M succinate; curve 3—0-01 M succinate
and 2.10~* M antimycin.

Figure 4 demonstrates frrrocyanide oxidation in mitochondria and particles. Tt is
shown that mitochondria rapidly oxidize ferrocyanide via the cyénidc-scnsiti\c pathway.
Particles oxidize only a small portion of ferrocyanide, the process being insensitive to
cyaride. Rcspccn\ cly, mitochondria can translocate PCB- at the expense of ferrocyanide
oxidation energy in the cyanide-sensitive 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
initiation of the electron transfer cia thissite by addition of the penetrating electron donor,’
TMPDH,, results in th2 PCB~ influx into the particles (Fig. 5). In another experiment
it was shown that ferrocytochrome ¢, like ferrocyanide, does not induce the PCB-
accumulation in the particles.



- 106

L. L. GRINIUS, T. 1. GUDS AND V. P. SKULACHEV

44 MITO
ankimycin,
21 KaFefen)e
L& Jmin
2 4 SMP
1 E
(Pee) 10" ™M
fumarate
"
5 ye
nntinydn
i. ’._2_@___.‘
(pce),10°8 M
F_igur: |<13e al;g%: "&n:gon supported by rcductiofl of

A. Incubation mixture (0-25 M sucrose, 0-05 M Trx
HCl) was supplemented in experiment showed by the upper
curve with mitochondria {1 mg of protcin/mti), 3.1072 M
NaCN and 1:3. 10~ M g-hydroxibutyrate, in experiment
showed by the lower curve—with submitochondrial par-
ticles (0-7 mg of protein/ml), alcohol dchydrogenase (0-1
mg/ml), 0-9%, nol, §.10~* M NADH, 2-5.10~% M
NaCNand'1.10-¢ Mantimycin. Additicas: 1.106~? M K,Fe
{CN),, 3.10"* M antimycin, 1.10~% M rotenone. .

“B. fncubation mixture : 0-25 M sucrose, 0-05 M Tris-HCl,
6.10-* M MgSO,, alcobol dchydrogenase (0-13 mg/ml),
099 ethanol, 1.10~ M NADH, 2.10-} M NaCXN,
submitochondrial particles (09 mg of tein/mi}.
Additions:0-01 Mfumarate, 8.1077 Mantimycin, 3. 1073 M
rotenoae,
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Effects of CoQ and Menadione
“The above described experiment with TMPD (Fig. 5) clearly showed that the dif-

ference between mitochondria and particles does not reveal itself if penetrating com-
pounds are used as the electron donor (TMPDH,) and acceptor (O,). This conclusion
was confirmed in the experiments with menadione (Fig. 6). It is seen that addition of
menadione to both mitochondria and particles causes the characteristic changes in the
PCB- concentration: the PCB- efflux from the mitochondria and influx into the particles.
In both cases the process was sensitive to rotenone. Antimycin was without effect, the
fact suggesting that menadione reacts with the redox chain before the second site of the

encrgy coupling.
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F'lgum 4. Fcrmq‘.smdc cmd:mon in mitochondra and
submitochondrial particles. Incubation mixture: 0-25 M |
sucrose, 0-05 M Tris-HCI, submitachondrial particles (0-8
mg of protein/ml) or mitochondria {2 nig o protcm/ml)
Left-hand figure: curve 1—without inhibitors, curve 2—.
with 2.10-? M NaCN, Right-hand figure: curve 1—with
4.10~* M antimycin, curve 2—4.10-¢ M aatimycin and
2.1073 M NaCN. Additiuns: 1.10-' M K Fe (CN),.

As was shown in the further ctpérimcnts (Fig. 7) the point of interaction of CoQ,
provcd to be close to that of menadione. It is seen (Fig. 7A) that oxidation of NADH by
CoQ, in particles leads to the absorption of PCB~. Rotcnone induces the loss of PCB-
accumulated (Fig. 7A, B). Oxidation of succinate by CoQ, does not support the PCB~
influx (Fig. 7A). Spcctrophotomctnc measurements showed that succinate rapidly
reduces CoQ, in a antimycin- and rotenone-insensitive manner. Reduction of CoQ , by
NADH measured under the same conditions was partially inhibited by rotenone.

Discusss

The main result of the above experiments consists in that the non-pcnctratmg donors
and acceptors of électrons interact with the redox chain of the “insidc-out™ particles at
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levels other than those in intact mitochondria, The cytochrome ¢ region of mitochondria

proved to be the only sitc where the non-pcnctratmg donors (acccplors) can get into
contact with the redox chain supporting membrane potential gencration. This region

turned out to be inaccessible in the “inside-out” particles whereas the beginning of the

chain (flavin and transhydrogenase rcgions) can be attacked by non-penctrating donors

({acceptors). Pcnctratmg compounds interact with the respiratory chain independently

of the membrane orientation.
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Figure 5. PCB- transport supported by
ferrocyanids oxidation P;‘ncubgno'l mix-
ture (0-25 M sucrose, 0-05 M Tns-HCl
buffer) was supplemented with mito-
chondria (1-6 mg of protein/ml}, 8,10~
M ascorbate and 2.10-* M rotenone
{upper curve), or with submitochondrial
particles (09 mg of protein/ml). and
4.107% M ascorbate (lower curve). Addi-
gions: 1.10-? M K Fe(CN),, 2.10% M
antimyein, 2.16-3 M NaCN, 8.10-3 M
TMPD.

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

Version I describes the type of mitochondrial membrane organization when respira-
tory chains arc localized on both sides of the hy: drophoblc barrier c\xstmg in the internal
part of the membrane. According to version II, the respiratory chain is situated in the
membrane interior, and two hydrophobic layers separate the chain from the extra-’
membrane space. In version I1I the membrane is asymmctnc, since rcspxratory carriers
‘are only on one surface of the membrane. As to version IV, respiratory carriers occupy
both surfaces of the membrane as in version I but, nevertheless, the membrane is asym-
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metric: two membrane surfaces differ in sets of respiratory carriers. It is easy to realize
that the prcscntcd data arc incompatible with versions I, I and III. In the first case ron-
penetrating electron donors (acccptors) could react in the similar manner with both
mitochondria and the “inside-out” pamclcs in the sccond case they could react with
ncither mitochondria, nor particles; in the third case the reaction must take place in
mitochondria but not in particles, or in particles, but not in mitochondria.
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Figure 6. PCB- wransport supported by menadione reduction, Incubation
mixture (0-23 M sucruse, 0-05 M Tm-HCI buffer) was supplemented with
mitochondria (1-8 mg of protein/ml), 5.10-2 M glutamate, 510 M
malate and 2.10-? \I NaCN (lower cur\d or with submitochondrial
particles (0- 6 ¢ mig or protein/ml}, alcohol dchvdmgcnasc {0-1 mg/ml}, 0:99]
ethanol, 5.10~* M NADH, 1.10-¢ M antimycin and 2-3.1073 M .\aC\ )
{upper curve}. Additions: '8.10-¢ M menadione, 1.16-% M antimycin,
5.107¢ M rotenonc,

According to version IV non-penctrating donors {acceptors) can be reactive with-both
mitochondria and particles but theif enzymatic partaers in those two systems must be
different. This was the case:

The sxmplcst explanation of the obtained data consists in that the beginning of the
redox chain is localized near the inner surface, the end of the chain—ncar the outer
surface of the membrane of the intact mitechondrion, the middle step(s) of the chain
being responsible for the connections between the initial and the terminal steps. A version

-of such a scheme is shown in Fig- 9.
8
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Figure 7. PCB~ transport supported by reduction of the added CoQQ.

- A. Incubation mixture: D-Zg M sucrose, 0-05 M Tris-HCI buffer, submito~-
chondrial particles (0-7 mg of protein/ml). Additions; 0-0F M succinate, 2.10-*
M NaCN, 3.10-* CoQ,, 11072 M NADH, 5. 107¢ M rotenone,

_ B. Incubation mixture: 0-25 M sucvose, 0-05 M Tris-HCt buffer, alcohol

_dehydrogenase (6-1 mg/ml), 0-92;, ethancl, submitochondrial particles {14 mg
of ein/ml). Additions: 1.10~2 "M NADH, 1.10°2 CoQ,, 0.01 M NaCN,
2.10~* M antimycin, 1.10™* M rotenone.
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Figure 8. Different versions of the inwamembranc arrangeiient of respiratory carriers,

A, B, C, D, E, F—respiratory carriers. Direction of electron and hydrogen transfer is indicated
by arrows.
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Figurc 9. Ponible arrangement of the respiratory cliain including one

!up of the ramsmembrane movement of reducing equivalents, T-trans-

bydrogenase. Stoichiometric coefficients of hydrogen and electron.
transfer reactions are not indicated.
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According to this scheme, the bcgmmng of the respiratory chain including trans-
hydrogcnasc (T) and flavins is localized in the mitochondrial membrane close to its
inner (knob-bearing) surface. The redox couple “CoQ-cytochrome 4" is engaged in the
translocation of reducing equivalents across the membrane. Cytochromcs ¢, &, a, 5 are
localized on the outer surface. The redox chain as a whole is arrangcd in a helix-like
fashion occupying the base piece of the knob which participates in the utilization of the
redox chain-released energy.

Itis poss:blc however, that the arrangement of the redox chain can be more compli-
cated than is shown in Fig. 9. So, Mitchell’s chemiosmotic scheme?- '? includes eight
stages of transmembrane movement ef reducing cqux\alcnts The above results being
discussed in terms of the Mitchellian redox chain necessitates 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 5)
rather than in the second onessince {a) reduction ofadded CoQ by succinate is not coupled
either with the membrane potential generation (see this paper, Fig. 7) or ADP phos-
phorylation** while that by NADH is, and (b) redox potential of endogencous CoQ) is
near 0 instcad of about + 0-25 V, ¥ i.e. it is too negative for a hydrogen carrierinvolved in
the sca.ond"‘loop In the position occupied by CoQ in Mitchell’s scheme, an unknown
hydrogen carrier should be postulated.!® Seme complications arise if one tries to apply
Mitchell’s scheme to the fourth coupling site (transhydrogenase reaction). The process
of hydrogen transfer from one nicotinamide nucleotide to another eccurs without the H*
cxch:mgc with water.!” To overcome this dn'ﬁcult) a scheme was'put 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
rcspimtory enzymes the available data are sufficient for the conclusion that the reducing
equu alents moving along the potcntxal-gcncratmg redox chain traverse at least once the '
inner mitochondrial mcmbranc. This concluston is supportcd by cxpc.nmenb on PCB-
transport described above as well as by some other observations suggesting the localiza-
tion of the respiratory chain flav: oprotcms and of cytochrome ¢ on different sides of the
mitochiondrial membrane {for review scc ref. 16).

If reducmg equivalents traverse the membrane in a charged form (e.g. as e~ or H 9,
the respiratory chain can charge the membrane without participation of a high-energy
intermediate (.Y ~ ¥). Ifit is an electrically neutral component (e.g. H) the respiratory
chain per se is unable to produce the membrane potcnual unless the energy of oxidation
is transformed into that of .X ~ ¥. This question is now under investigation.
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