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1. Introduction

The niain purpose of the ‘protonmotive Q-cycle’
which was proposed by Mitchell [1--4] is to achieve
theoretically the transport of twa protons from the
inside to the outside of the mitochondrial membrane
by the transfer of only one electron from the dehydro-
genasge site of ubiquinone to cytochrome ¢, . Thus
the cycle is thought to include loop 2 and 3 of the
‘chemiosmotic hypothesis’.

The flow scheme given in fig.i is essentially that
proposed by Mitchell in [2] and represents the
Q-cycle of the mitochondrial electron transport [3].
Two electrons and two protons are transferred by
the diffusion of QH, from the inside to the outside
of the membrane. Here QH, is oxidized to give Q
which diffuses back to the inside. Only one of the two
electrons is passed on to oxygen via cytochrome ¢ ;
the other is conducted back to the inside via the
b-cytochromes, where it is transferred to Q together
with the electron donated by the dehydrogenase.

In the vxidation reaction the specific transfer of
the two electrons may be achieved by the &—c¢,
complex without the intermediate liberation of the
quinone radical. In contrast, in the reduction of Q to
QH, the radicals have to be liberated in order to
eqquilibrate with Q and QH; via the dismutation
reaction (a).

. .
207 +2H =——Q + QH, (a)

Abbreviations: Q, ubiquinene; QH, , ubjhydroquinone; QH,

neutral radical of ubiguinene; Q7 radical anion of ubiguinonc.
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Fig.1. Tlow scheme of the protonmotive Q-cycle proposed
for the mitochondrial clectron transport by Mitchell {2,3].
¢y, bT and bK designate the respective cytochromes and dh
means the dehydrogenase site of Q interaction. The letters
given in brackets refer to the reactions written in the texi.

This is necessary for explaining the reduction of Q in
the presence of antimycin [3,4]. This situation
requires that cytochrome b reacts specificly with Q
and the dehydrogenase specifically with the radical
[3,4]. Hence the Q-cycle can be described by reac-
tions (a—d). Reaction (b) represents the reduction of

QO +2H +e———» QH, (b
QH, —— Q+2H +2¢ (c)
Q+e —» O (d)

the quinone radical by the dehydrogenases, and is
agsociated with the uptake of two protons from the
inside of the membrane. The protons are liberated
on the outside of the membrane in the oxidation of
QH, by the &~¢, complex (reaction ¢). One of the
electrons of reaction (c) is transferred back to Q
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(reaction d) which forms the radical once again, and
is thought to be inhibited by antimycin [3,4].

In this communication arguments are raised against
the function of the Q-cycle in mitochondrial electron
transport. These arguments are based largely on the
fact that the stability constant of the quinone radical
is extremely small. In addition it will be shown that a
ratio of two protons translocated per electron trans-
ferred through the Q-region of the respiratory chain
can be also achieved by the ‘pool-function of Q* [5],
and does hot require the interaction of the Q-cycle.

2. The equilibrium guinone radical concentration

The rate of formation of the quinone radicals in
the Q-cycle {reaction d} is equal to that of their
reduction according to reaction (b). This means that
the radical concentration as determined by the equi-
librium of dismutation (reaction a) is unaffected by
electron transport. The equilibrium constant of the
dismutation as measured for duroguinone in water
(about 1072*M?) [6,7] should be similar for
ubiquinone in the mitochondrial membrane [8].
With this constant at pH 7 the radical concentration
is calculated to be about 0.001% of the total quinone
[8]. This number is about three orders of magnitude
smaller than the content of the NADH- and succinic
dehydrogenase of the membrane. This extremely
small concentration makes the quinone radical a very
unlikely acceptor of reducing equivalents, and there-
fore argues against the participation of reaction (b)
in electron transport. Furthermore, the reduction of
Q was found to be pseudo-first order with respect 1o
the concentration of Q [9]. This suggests that Q and
not the radical is the acceptor of the reducing equi-
valents donated by the dehydrogenases.

3. The possible function of quinone radicals in
electron transport

As proposed earlier by Krdger and Klingenberg
(91, electron transport from the dehydrogenases to
the cytochromes is mediated by the sequential
operation of the reactions (d), (a) and (e) as illustrated
in fig.2. According to this sequence guinone radicals
are formed as primary products of the reduction of Q
by the
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Fig.2. The interaction of Q in the mitochondrial electron
transport as propased by Kroger and Klingenberg {9]. The
radical anion rather than the neuttal radical of Q is assumed
10 be formed by the reduction of Q and the oxidation of QH,,
because the pK of the proton of the neutral radical is about

6 [10]. The dismutation is probably attained by the diffusion
of the radicals in the membrane. In direct electron transport
the donor represents the dehydrogenase and the acceptor the
cytochrome site of the Q-pool; the opposite obtains in the
energy-driven reverse of the electron transport. The letters
given in brackets refer to the reactions written in the text.

QH, —— e +Q +21 ()

donor (reaction d) and of the oxidation of QH, by
the acceptor {reaction e). In contrast to the Q-cycle,
however, it was suggested that the radicals only
dismutate (Teaction a}, but do not react with other
respiratory carriers, The dismutation as well as the
redox reactions of Q and QH, are probably facilitated
by the diffusion of Q in the lipid space of the mito-
chondrial membrane [5,9] . In direct electron transport
the donor would be the dehydrogenase and the
acceptor the cytochrome site of the Q-pool; the
opposite would occur in the energy-driven reverse of
electron transport.

As the pK of the dissociation of the proton of the
neutral radical according Lo reaction (f) is about 6
[101, the radical anion rather than the neutral radical
is probably the primary product of the redox reactions
of (. This assumption has the interesting consequence,
that electron transport is associated with

QH ——= Q +H’ )

the uptake of two protons in the dismutation (reaction
a) and the liberation of two protons in the oxidation
reaction (€), (fig.2). On the basis of the chemiosmotic
hypothesis this would effect the transport of two
protons across the membrane per electron transferred
from the donor site of Q to cytochrome ¢, , provided
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that the protons are taken up on the inside and
liberated on the outside of the membrane.

This may serve to demonstrate that the transloca-
tion of two protons per electron transferred through
the Q-pool does not necessarily require the assump-
tion that the quinonc radical interacts with other
components as acceptor (or donor) of reducing
cquivalents as postulated by the Q-cycle. It is pointed
out, however, that there is no conclusive experimental
evidence either in support of this or of any other
chemiosmotic proton-translocating mechanism.

4. The quinone radical concentration in the steady
state

The concentration of the quinone radicals in the
steady state is a function of the activity of the elec-
tron transport according to the mechanism set out in
fig.2. Hence the radical concentration is estimated
from the velocities of electron transport and of the
dismutation reaction and compared with the results
obtained from the observation of the reactions of Q
in the mitochondrial membrane [9,12]. This compari-
son may be regarded as a test of the probability of
function of the mechanism given in fig.2.

The velocity of electron transport which causes the
formation of the radicals (two radicals per electron) is
assumed to be 4 X 107> M sec ™. This is equivalent
to a respiratory activity of 1200 uatoms O per gram
of protein per min on the basis that 1 gram of protein
corresponds to 1 ml of the lipid phase of the mem-
brane as the solvent of Q. With this assumption the
total concentration of Q in the mmembrane is 5 mM.
The rate constant of dismutation of the radical anion
according to reaction (g) has been measured with
duroquinone in aqueous solution and is 4.6 - 10° M™!
sec” [11]. This value is assumed to hold also for Q

200 —» Q+0Q7" ()

in the membrane [8]. In the steady state where the
rate of formation of the radicals is equal to the rate of
dismutation, the radical concentration can be calcu-
lated as the ratio of the velocity of electron transport
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and the rate constant of dismutation. The radical
concentration so obtained amounts to about 2% of
the total Q. This number is consistent with the results
obtained from the investigation of the reactions of Q
as a function of electron transport and of oxidative
phosphorylation [9,12] . In these studies only the
apparent conversion of Q to QH; and the reverse
reaction were noticed, and the radical concentration
was estimated to be smaller than 5% of the total Q.
From this it was concluded that the dismutation of
the radicals proceeds much faster than their possible
formation by electron transport, and this conclusion
is in agreement with the result of the above calcula-
tion.
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