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A critical appraisal of the mitochondrial coenzyme Q pool
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Abstract The function of the coenzyme Q (CoQ) pool in the
inner mitochondrial membrane is reviewed in view of recent
findings suggesting a supramolecular organization of the
mitochondrial respiratory complexes. In spite of the structural
evidence for preferential aggregations of the inner membrane
components, most kinetic evidence is in favor of a dispersed
organization based on random collisions of the small connecting
redox components, in particular CoQ, with the individual
complexes. The shape of the CoQ molecule in the pool, suggested
to be a folded one, is in agreement with its very rapid lateral
diffusion mobility in the membrane midplane. Since the
structural evidence in favor of specific supercomplexes is rather
strong, it cannot be excluded that electron transfer may follow
either pool behavior or preferential channeling depending on the
physiological conditions. Another function ascribed to the CoQ
pool is the antioxidant action of the reduced CoQ molecules;
although it cannot be excluded that protein-bound ubisemiqui-
nones may be a source of oxygen radicals, particularly at the
level of complex III, the available evidence suggests that the
mitochondrial pool only behaves as an antioxidant under
physiological conditions. © 2001 Published by Elsevier Science
B.V. on behalf of the Federation of European Biochemical So-
cieties.
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1. Introduction

The observation that coenzyme Q (CoQ) in the inner mi-
tochondrial membrane is in stoichiometric excess over the
other components [1] has emphasized its substrate-like role,
while its utter hydrophobicity has left little doubt about its
localization in the lipid bilayer of the membrane. Morpholog-
ical studies of the inner membrane [2] and kinetic studies of
respiration [3] have put forward the idea of a homogeneous
CoQ pool dissolved in the membrane lipid phase. Such belief
has prompted a plethora of biophysical investigations of the
state and localization of CoQ in model lipid bilayers (cf. [4]).
Recently we have provided new biophysical evidence pertain-
ing to this issue, which I consider of interest in view of the
functional features of the CoQ pool.

*Fax: (39)-051-2091224.
E-mail address: lenaz@biocfarm.unibo.it (G. Lenaz).

2. A folded conformation for CoQ

The natural CoQ is 2,3-dimethoxy-5-methyl-6-polyprenyl-
1,4-benzoquinone, where the polyprenylated side chain is 6—
10 units long. Within mammals, only CoQy and CoQj, are
found, with CoQq only distributed among rodents. CoQ exists
in three redox states, fully oxidized, semiquinone, and fully
reduced: nevertheless, the existence of different possible levels
of protonation increases the possible redox forms of the qui-
none ring [5].

Due to its extreme hydrophobicity, natural CoQ can be
present in three physical states only: forming micellar aggre-
gates, dissolved in lipid bilayers, and bound to proteins. The
former state is very important working with CoQ in cell-free
systems [6], however in the living cell CoQ should be distrib-
uted among the other two states.

It has been assumed for a long time that the shape of the
CoQ molecule is linear, with some possibility of rotation al-
lowed for the long isoprenoid tail. Bending of the molecule is
required in a model proposed by us [7], on the basis of pre-
vious evidence and of theoretical considerations, and con-
firmed by linear dichroism studies [8] of the location of
CoQo in the hydrophobic midplane of the lipid bilayer,
with the polar head oscillating about the third isoprene unit
between the midplane (wholly linear shape) and the polar
heads of the phospholipids (maximal bending of 90°). The
model allows for movement of the redox center of CoQ,
that is required for interaction with other redox centers in
the mitochondrial complexes. For example, the Rieske iron—
sulfur center of complex III, that is the first electron acceptor
from ubiquinol, is situated at the level of the hydrophilic
heads of the phospholipids [9]. The model also allows for
the reduced form, in which the benzoquinone ring is more
polar, to be preferentially located at the polar surface of the
membrane [10].

In contrast to these predictions, a study of molecular dy-
namics computer simulation of CoQ homologues in vacuum
starting from different initial configurations has shown that
the conformation with lowest energy level is a folded one,
where the polar head is in tight contact with the last isopre-
noid unit of the hydrophobic tail [11]. Within the series of
homologues, the cutoff for the folded conformation is four
isoprenoid units. The folded conformation was found for
both oxidized and reduced quinones, however only small en-
ergy differences were found between oxidized and reduced
ubiquinones in the folded conformation. The difference is
not the same for the various quinones: the different behavior
would be the result of geometric differences imposed by the
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Fig. 1. Two models of the organization of the mitochondrial respiratory chain. In (A) a random distribution of mitochondrial complexes is en-
visaged, according to the postulates of the random collision model [2]. In (B) the presence of supramolecular specific aggregates is depicted, ac-
cording to the respirasome concept (modified from [24]). For simplicity, only complexes I, 111, and IV and CoQ are indicated in both models.

folding of isoprenoid units of slightly different length. For
example the enthalpy difference between oxidized and reduced
form is much higher for CoQjo than for CoQy, indicating that
the former has a stronger tendency to become oxidized, i.e. a
lower midpoint redox potential (unpublished observations
from our laboratory).

Although the molecular modeling has been performed in
vacuum, we have reason to believe that the folded conforma-

tions also apply to the CoQ homologues in natural mem-
branes; this idea is supported by the experimental demonstra-
tion by magnetic resonance techniques that ubisemiquinones
are folded in organic solvents [12].

There are important implications of a folded structure.
First, the similar size of short and long homologues would
explain the similar high rates of lateral diffusion found in our
laboratory for all quinone homologues [6,11]. In addition,
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protein-binding during electron transfer may require unfold-
ing, contributing to the high activation energy and low colli-
sion efficiency observed for electron transfer (e.g. [13,14]).

3. The CoQ pool in mitochondria

Two opposite models have alternated for the organization
of the mitochondrial respiratory chain. The original solid-
state model of Chance [15] was substituted by the model of
enzyme complexes individually dissolved in the lipid bilayer,
based on the discovery of the complexes in Green’s laboratory
(e.g. [16]) and advanced in a systematic way by Hackenbrock
[2,17] in his random diffusion model: the first postulate of this
model is that electron transfer depends on random collisions
between complexes and small diffusing molecules (CoQ and
cytochrome ¢); in addition it was also postulated that CoQ
diffusion is rate-limiting for electron transfer.

Is there a CoQ pool? Certainly some CoQ is protein-
bound: but how much? If we consider bound CoQ as stoi-
chiometric with one site in the complexes that have been
shown to contain bound CoQ (I, II, IIT) [18-20], in beef heart
mitochondria we come up to no more than 0.35 nmol/mg
protein, that would increase to ca. 0.5 nmol assuming more
than one site to be fully occupied in complex I and complex
II1. Since the total CoQ content is higher than 3 nmol/mg
[1,14], we must assume that most CoQ (>84%) is free in
the bilayer. This calculation is in agreement with the direct
measurements of CoQ bound to mitochondrial proteins after
extraction in detergent micelles [21].

In spite of the favor of the CoQ pool idea, the concept of a
solid-state organization was never abandoned, since preferen-
tial associations were occasionally found between specific
complexes, starting from the pioneering studies of Hatefi
[16]. In 1987 Ozawa [22] advanced the concept of the supra-
molecule, an assembly of electron transfer complexes and H+-
pump ATPase, with a molecular weight of 1.8-1.9 X 10°. Re-
cently Schigger [23,24] using digitonin solubilization and Blue
Native PAGE has produced new evidence of preferential as-
sociations between mitochondrial complexes, in particular a
complex I monomer with a complex III dimer, and suggested
a model of the respiratory chain (the respirasome) based on
direct electron channeling between complexes and not on ran-
dom collisions. In this view, the CoQ pool dissolved in the
lipid bilayer may be in contact with the CoQ within the super-
complexes, however its function might be no more than a
reservoir of CoQ molecules. The two extreme models are de-
picted in Fig. 1.

A critical appraisal of the above model requires its recon-
ciliation with previous kinetic and morphological evidence
that was in favor of a random distribution of the complexes.

Morphological evidence by freeze fracture electron micros-
copy [2,25] always showed the majority of the intramembrane

Table 1

153

particles to have a random distribution, with little evidence
for organized aggregations; the size of the particles does not
seem to be compatible with that of large supercomplexes.

Both the manipulations required for freeze fracture electron
microscopy and the isolation of protein complexes in digito-
nin may suffer from artifacts, albeit in opposite directions;
thus, the kinetic evidence in intact mitochondrial membranes
may become decisive to understand the role of the CoQ pool.
To this purpose it is puzzling that, in the past, preferential
association was proposed rather for complexes II-III than for
complexes I-III, based on the calorimetric properties of the
reconstituted succinate cytochrome ¢ reductase [26] and on the
isolation and properties of a well defined succinate cyto-
chrome c¢ reductase that could be resolved into a succinate
CoQ reductase and an ubiquinol cytochrome ¢ reductase [27].

The pool equation of Kroger and Klingenberg [3] relates
the total rate of electron transfer through the CoQ pool (Vops)
to both the rate of CoQ reduction (Viq4) and of ubiquinol
oxidation (¥V,x) in a hyperbolic fashion:

Vobs = Vox'Vred/( Vox + Vred)

A large body of experimental evidence has validated the pool
equation in a variety of mitochondrial systems [3,14,28]. In
bovine heart submitochondrial particles the observed rate of
electron transfer between complex I and complex III is the
same as that calculated from the pool equation [14] (Table 1).
In other systems the rate of complex I is underestimated, so
that the pool equation is not directly applicable [29]. One
exception appears to be represented by yeast mitochondria,
where the pool behavior on antimycin A titration was ob-
served only in the presence of chaotropic agents [30].

The substrate-like nature of CoQ is also shown by the fact
that it exhibits saturation kinetics, not only when a short
homologue is used as a substrate for an individual enzyme,
but also when the natural CoQy is titrated in integrated res-
piration (e.g. NADH cytochrome ¢ reductase) [31-33]. Anoth-
er puzzling observation to this purpose is that the Ky, for
CoQjp of NADH cytochrome ¢ reductase is much higher
than that of succinate cytochrome ¢ reductase [33]: the latter
is of the same order of magnitude as the concentration of
respiratory enzymes, a possible suggestion in favor of a stoi-
chiometric association of complex II with complex III, that is
however not experimentally found in the Blue Native PAGE
investigations [24].

The pool equation is only valid if CoQ behaves as a homo-
geneous diffusible pool between all reducing enzymes (Vieq)
and all oxidizing enzymes (Vox) [28]: is this compatible with
the existence of preferential associations? Stoichiometric chan-
neling of CoQ between complex I and complex II1 [22-24]
would exclude the bulk of the CoQ pool from kinetic deter-
mination and would therefore be incompatible with the pool

NADH oxidation activities in bovine heart submitochondrial particles (data from [14])

Activity Calculation umol/min/mg protein
NADH-CoQ Experimental (NADH-CoQ1) (Vieq) 1.08
Ubiquinol-O, Experimental (reduced CoQ;-0;) (Vox) 1.05
NADH-0; Experimental 0.58
NADH-0, Calculated (pool equation) (Vo) 0.53
NADH-0, Calculated (stoichiometric) 1.05

Calculation of NADH oxidase as stoichiometric is made on the basis of the lower rate between Vieq and V.
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behavior. Thus, in the presence of preferential associations,
the pool equation would be experimentally validated only if
the rate of association/dissociation of the complexes was faster
than the rate of electron transfer between complexes and CoQ
molecules in the pool. An alternative possibility would be
that, within a supercomplex, CoQ reduced by one enzyme
has anyway to dissociate in the pool in order to meet any
other supercomplex, including the same one in a different
site, for being oxidized: this explanation, however, frankly
appears hard to support.

Most kinetic features of electron transfer available now are
compatible with a random organization, in which CoQ be-
haves as a substrate-like diffusible molecule. Within this
view, we have produced a large body of biophysical and ki-
netic evidence that CoQ diffusion is not rate-limiting for elec-
tron transfer [6,7].

Nevertheless, the evidence produced for the existence of
supercomplexes is difficult to reject on structural terms. If
supercomplexes exist structurally, it should make little sense
if they had no function.

Of course much work has to be made to discriminate be-
tween the kinetic evidence (CoQ pool) and the structural evi-
dence (supercomplexes). However, a simple-minded compro-
mise can be advanced as a working hypothesis that both
models are true. How can that be? The structural evidence
of Schigger shows that the supercomplexes are labile, for
instance an aliquot of complex III appears to be dissociated
from the supercomplex [23]. The authors ascribe the existence
of dissociated complexes to the effect of the solubilizing agent
[24]. Why not postulate that the supercomplexes physiologi-
cally exist in equilibrium with the isolated complexes? Thus
electron transfer would either follow a specific channeling or
be governed by random collisions depending on the condi-
tions of the system. The kinetic behavior obeying to the
pool equation was only studied in submitochondrial particles,
in which electron transfer is a simplified system of three con-
secutive enzymes (complexes I, III, and IV). It would be of
interest to investigate the kinetics of electron transfer in more
physiological systems, such as in intact mitochondria respiring
under state III and state IV conditions with natural sub-
strates.

Discrimination between the two models is amenable to ki-
netic testing: besides a deep scrutiny of pool behavior, flux
control analysis [34] represents a powerful method to this
purpose. If a metabolic pathway is composed of distinct en-
zymes, the extent to which each enzyme is rate-limiting may
be different, and the sum of all flux coefficients for the differ-
ent enzymes should be one. On the other hand, in a super-
complex, the metabolic pathway would behave as a single
enzyme, and inhibition of anyone of the respiratory complexes
would elicit the same flux control. In particular, in a system in
which the respiratory chain is totally dissociated from other
components of the oxidative phosphorylation machinery (car-
riers, ATP synthase, membrane potential), such as open non-
phosphorylating submitochondrial particles from rat liver, the
existence of a supercomplex would elicit a flux control coef-
ficient near unity at anyone of the respiratory complexes. We
have preliminary data that aerobic NADH oxidation in such
particles exhibits a control coefficient between 0.7 and 1 after
titration with either rotenone (complex I) and mucidin (com-
plex III).
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4. The CoQ pool: pro-oxidant or antioxidant?

A role of the bulk of CoQ in the mitochondrial membrane
(as well as in other membranes) is to serve as an antioxidant
in its reduced form [35]. The first hints on an antioxidant
action of CoQ were provided by the classical studies of Mel-
lors and Tappel [36] and Takeshige et al. [37] in mitochondria.
Since then, overwhelming evidence has accumulated that re-
duced CoQ is an antioxidant in a variety of conditions, from
model lipid bilayers to mitochondrial and other cellular mem-
branes, and to physiological systems in vivo ([38] and refer-
ences therein).

Thus, since the CoQ pool in mitochondria is partly reduced
under steady-state conditions of electron transfer, CoQH,
may serve as an antioxidant under oxidative stress conditions.
The observation that CoQjy has a stronger antioxidant activ-
ity than CoQyg [39] is hard to explain on a mere difference of
hydrophobicity, but may find a plausible explanation in our
observation by molecular modeling that the midpoint poten-
tial of CoQyq is lower than that of CoQy (see above).

The antioxidant action of CoQ has been challenged on the
basis that mitochondria produce reactive oxygen species
(ROS) under a variety of conditions, and that ubisemiquinone
was considered the main source of oxygen radicals [40].

Within complex III, for a number of reasons, ubisemiqui-
none (SQ) at center o was assumed as the most plausible
candidate for univalent oxygen reduction, however autoxida-
tion of SQ bound in complex III to lead to superoxide re-
quires the availability of protons [41]; according to Nohl et al.
[42] CoQ may be transformed from a safe electron carrier to a
superoxide generator when protons are allowed to penetrate
the inner membrane, as in toluene-treated mitochondria.
Although SQ is autoxidizable in ethanol under suitable con-
ditions [5], no direct demonstration is available for the role of
SQ in reacting with oxygen at center o: the notion that ubi-
quinol at center o delivers both electrons simultaneously to
Rieske’s iron-sulfur cluster and to cytochrome bsg6 [20] would
argue against significant accumulation of SQ to be able to
reduce oxygen, even in the presence of antimycin. Indeed,
SQ at center o has never been directly demonstrated (cf. [9]).

Addition of NADH to mucidin-inhibited SMP promoted
superoxide formation [43], that was enhanced to similar ex-
tents by complex I inhibitors belonging to all three classes
described by Degli Esposti [44] among quinone antagonists
and acting at three different sites in the hydrophobic core of
the complex, and by combinations thereof. The fact that a
combination of inhibitors, acting on three quinone-binding
sites of the complex, enhances superoxide formation suggests
that the site of oxygen reduction lies upstream the quinone-
binding sites of the complex. In agreement with this interpre-
tation, studies in CoQ-depleted and reconstituted mitochon-
dria [43] indicated that endogenous CoQ is not required for
superoxide generation. It is worth noting that reconstituted
mitochondria, containing a large excess of CoQqo, produce
the same amount of superoxide as CoQ-depleted mitochon-
dria, indicating that endogenous CoQjy is not a source of
ROS.

Ubisemiquinone is relatively stable only when protein-
bound [20], therefore the CoQ pool in the lipid bilayer should
be no source of ROS. Indeed, with concern to the pro-oxi-
dant/antioxidant role of CoQ, there seems to be an inherent
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misunderstanding. Even allowing that SQ is the pro-oxidant
species in antimycin-treated mitochondria, this species is a
sort of enzyme cofactor and its amount can be at most stoi-
chiometric with the enzyme content and cannot be changed by
extensive decreases or increases of the ubiquinone pool, that
behaves as a substrate in large excess over the respiratory
chain content. Exogenously administered CoQ has always
been found to behave as an antioxidant in vivo (cf. [38,45]):
thus, the pro-oxidant species deriving from its antioxidant
action [46] would not seem to be operative in vivo, at least
in mitochondria. This cannot be excluded for other biomem-
branes that have no recycling system for CoQ metabolites
[471.
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