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Cooperation of a “Reactive Oxygen Cycle” with The
Q Cycle and The Proton Cycle in the Respiratory
Chain—Superoxide Generating and Cycling
Mechanisms in Mitochondria

Shu-sen Liut

Based on our recent findings concerning the generating, partitioning, targeting, and functioning
of superoxide in mitochondria, a hypothetical model involving a “reactive oxygen cycle’ in
the respiratory chain has been proposed (Liu and Huang, 1991, 1996; Liu et al., 1996; Liu,
1997, 1998) This model emphasizes that during State 4 respiration, an interaction between an
electron leak (a branch of electron transfer directly from the respiratory chain to form O3,
but not H,0) and a proton leak (a branch pathway which utilizes Apy+ to produce heat, but
not ATP) may take place in cooperation with the Q and proton cyclesin mitochondria through
the consumption of H* by O3~ anions to form a protonated perhydroxyl radical, HO,, which
is directly permeable across the inner mitochondrial membrane and induces proton leakage
and a decrease of Apy+. Oy generation in the mitochondrial respiratory chain and its cycling
across the inner membrane may have the role of an endogenous protonophore in regulating and
partitioning energy transduction and heat production, aswell asin pathogenesis of mitochondrial
diseases, aging, and apoptosis. The present article summarizes the supporting experimental
evidence obtained in this laboratory and presents a brief description of the theoretical basis
of this model

KEY WORDS: Superoxide generation; protonmotive force dependent; protonophore; proton leak; heat
production; ROS cycle; mitochondria.

INTRODUCTION

It isnow commonly recognized that reactive oxy-
gen species (ROS) are involved in a wide variety of
pathophysiological processes, including thoseof AlDs,
cancer, inflammation, senescence, and neurodegenera-
tive diseases (Boiteux, 1998; Naoyuki et. al., 1998;
Ozawa, 1997; Sergant et al., 1998). The mitochondrial
respiratory chain produces 95% of superoxide radicals
(O57) in oxidative metabolism of the living body
(Schapira, 1997). During mitochondrial respiration of
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State 4, asmall amount of oxygen molecul es can accept
asingle electron transfer to form O, between NADH
and the site of antimycin A block. In genera, only
about 2—6% of oxygen consumption is partialy
reduced to O, (Boveris and Cadens, 1982; Chance et
al., 1979; Lippman, 1981) and the daily yield of O3
could reach 3 X 107 molecules per mitochondria
(Rochter, 1994). Some other ROS, such as HO, H,0,,
10,, and OH", could be formed from O5". Under normal
physiological conditions, the O3~ in the mitochondria
can be metabolized by Mn?*-superoxide dismutase
(Mn-SOD) and other scavenging enzymes, and the
steady-state concentrations of O, in vivo are main-
tained at about 10~ M (Rochter, 1994). However, the
activities of these scavenging enzymes decrease with
the development of diseases and aging and the produc-
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tion of O, could be increased and accumulated in
mitochondria resulting in oxidative damage of mtDNa
and mitochondrial dysfunctions (Lawen et al., 1994;
Luft, 1994; Shigenaga et al., 1994). At present, it is
known that more than 100 human mitochondrial
genetic diseases are related to mutations and deletions
of mtDNA, in most of which, if not al, the ROS might
be involved (Luft, 1994). O3~ and other ROS are also
involved in normal cellular processes, such as cell
signaling, gene expression, cell prolifiration, and dif-
ferentiation, as well as programmed cell death or
apoptosis. In the latter case, the mitochondrial O5~ and
its resulting cellular redox regulation occupy a central
position in the signa transduction pathway during
apoptosis (Cai and Jones, 1998; Schapira, 1997; Skula-
chev, 1997). However, the molecular mechanism of
O5 generation in mitochondria and its pathophysio-
logical functioning are not fully understood.

In this review, we summarize our recent experi-
mental evidence concerning the generation, parti-
tioning, and targeting of superoxide in mitochondria
under different physiopathological conditions (Liu and
Huang, 1991, 1996; Liu et al., 1996; Liu, 1997, 1998;
Zhou et al., 1994). We also propose a hypothetical
model involving the coexistence of a“ Reactive oxygen
cycle” with Q and H* cycles in mitochondria and
emphasize that cooperation of these cyclesin the respi-
ratory chain may be essential, not only in theregulating
and partitioning of energy transduction and heat pro-
duction, but also in pathogenesis of mitochondria
genetic diseases, cell aging, as well as apoptosis.

SUPEROXIDE GENERATION MECHANISM
IN MITOCHONDRIA

The accumulated evidence indicates that under
mitochondrial State 4 respiration the univalent reduc-
tion of dioxygen may occur at different sites of the
respiratory chain between NADH and the site of anti-
mycin A block. However, the highest rates of super-
oxide generation (about 80%) were observed in
connection with the operation of the Q cycle in com-
plex 11l (Boveris and Cadens, 1982; McCord and Tur-
rens, 1994; Rochter, 1994). Ubisemiquinone seems to
serve as the primary direct electron donor, affording
80% of O, generation with the remaining 20% being
derived from the NADH dehydrogenase flavoprotein
(Boveris and Cadens, 1982). Since the generation of
O5 by the respiratory chain is a nonenzymic reaction,
the rate of O, formation, as a function of the concen-
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trations of oxygen [O,] and of free radical ubisemiqui-
none [UQH], may be represented by the following
equation (Boveris and Stoppni, 1976; McCord and
Turrens, 1994):

d[O5]/dt = k [O,] [UQH]

However, our recent observation showed that in car-
diac mitochondria of rat, the generation rates of O5~
(and H,0,) by succinate oxidation were increased non-
linearly with the O, consumption rate during State 4.
The same relationship pattern was observed between
the rates of cyt bssg reduction and State 4 respiration
(Liuand Huang, 1996; Liu, 1997, 1998). To distinguish
the possible roles in ROS generation between both
components of the protonmotive force, AW and ApH,
we also compared the steady-state rates of O3 and
H,O, generation as well as cyt bsg reduction in rat
heart mitochondriawith different AW titrated by succi-
nate with malonate (Liu and Huang, 1996), asin Fig 1.

Figure 1 shows that there is a clear nonlinear
relationship between respiration rate and AWV, as first
discovered by Nicholls (1982), and subsequently con-
firmed by different groups (Brand et al ., 1994; Murphy,
1989). Interestingly, the relationships between the
changes in values of AW across the mitochondrial
membrane and the rates of O, and H,0O, generation,
as well as the reduction of cyt bsgg, are also nonlinear
and show a pattern amost identical to that of AW
versus respiration. Both CCCP and nigericin were
found to inhibit O, and H,O, generation in liver mito-
chondria from euthyroid and hyperthyroid rats (Liu,
1997, 1998). These results give clear evidence that
ROS production in mitochondriais nonohmic with AW
and protonmotive-force dependent.

It isknown (Turrens et al., 1985, 1997) that anti-
mycin A inhibits Q reduction at the Q, center of the
bc, complex and increases cyt bsgg reduction at the Qg
center; myxothiazol inhibits QH, oxidation at the Qg
center and prevents the formation of ubisemiquinone
(QH) and the reduction of cyt bsgg. In our system, it
was also found that antimycin A stimulates O, pro-
duction and myxothiazol inhibits O,  generation. In
addition, SOD inhibits O;  production completely.
Since reduced cyt bsgg is favorable for the formation
of QH- at the Qq site, both cyt bsgg reduction and QH-
formation in the Q cycle may be the essential step for
O3 generation at higher values of protonmotive force
(Liu, 1998; Liu and Huang, 1996).

Although we do not know the precise molecular
mechanism of O3 generation before the site of cyt
bss, of the respiratory chain, especialy in connection
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Fig. 1. Correlation between the rates of respiration, superoxide, and hydrogen peroxide generation,
cytochrome bsgg reduction and the transmembrane potential in rat heart mitochondria (from Liu, and
Huang, 1996 with permission). (1) The respiration rate of mitochondria was measured using a Clark
oxygen electrode on YS|I Model 53 Oxygen Monitor. The reaction medium contains in 2 ml (mM):
sucrose, 225; KCl, 20; Tris-HCl, 15, pH 7.2; KH,PO,, 17; MgCl, 7; BSA, 1 mg/ml; mitochondria protein,
1 mg/ml. Temperature, 25°C. Succinate at 2.5 mM was added to initiate the reaction. Malonate was 0-5
mM. (2) The transmembrane potential AW of mitochondria was assayed fluorospectrometrically in a
dialysis flow cell using rhodamine-123 as a probe. The reaction medium was 0.5 ml containing (mM):
sucrose, 225; KCl, 10; KH,PO,, 10; MgCl,, 5; Tris—Cl, 2, pH, 7.4; rotenone, 1 .M; mitochondrial protein,
1 mg/ml; succinate, 2.5 mM. Rhodamine-123 (0.4-0.8 nM) was added as standard to calibrate the
fluorescence intensity and the transmembrane potential, AW, was cal culated according to Nernst equation.
(3) Cytochrome bsgg reduction was measured on Hitachi 557 double-wavelength spectrophotometer
following the absorbance changes at 566—575 nm according to Bovers and Chance (1973), (4) Superoxide
was assayed on luminometer using 2-methyl-6-( p-methyoxyl)-3,7-dihydroimidozol[1,2-A] pyrazin-3-one
(MCLA) as probe according to Nakano (1990.) The reaction medium (1.0 ml) contains (mM): sucrose,
300; Tris—HClI, 10, pH 7.5; KPO,, 10; KCI, 10 MgCl,, 5; MCLA, 4 uM; mitochondria was 0.1 mg/ml.
(5) Hydrogen peroxide was determined according to Bovers and Chance (1973). The reaction medium
(2 ml) contains (MM ): sucrose, 75; mannitol, 225; Tris—HCI, pH 7.3, 20; mitochondria, 1 mg/ml; horse
radish peroxidase, 1.7 wM; mitochondria was 0.1 mg/ml. Succinate (5 mM) was added to initiate the
reaction. Temperature, 25°C; The activity of the enzyme was monitored by following the absorbance
changes at 417—-407 nm (Ae mM = 50 mM-1 cm-1).
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with the operation of the Q cycle, our experimental
results could constitute a basis to propose that a higher
value of AW and ApH across the inner mitochondrial
membrane may create a suitable physical condition
for O5 generating and partitioning (Liu, 1989, 1998;
Liu and Huang, 1996; Liu et al., 1996; Wei and Liu,
1995). This could be the case for severa reasons. In
State 4, A+ is S0 high that bsgg can not be oxidized

by bsg, and, hence, @~ (QH") becomes long-lived in
the Qq center and morereadily donatesasingle electron
to oxygen to generate O . In addition, a high value
of AW (about 200 mV) across the inner mitochondrial
membrane may have a strong inducing effect on ubi-
semiquinone to donate an electron directly to the oxy-
gen molecule near the C side of the membrane, but
not to bsg, at the Q; center near the electronegative M
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Fig. 2. Succinate oxidation increases the pH in the matrix of mitochondria and xanthine/xanthine oxidase (X/XQ) decreases
the pH in the matrix of mitochondria (from Liu and Huang, 1996 with permission). The reaction medium contains (mM):
KClI, 100; K* - Mops, 80; pH 7.0; rotenone, 5 wM; mitochondria (1 mg protein/ml) preloaded with BCECF/AM 4 pM;
succinate, 5 mM; xanthine, 240 pM; xanthine oxidase, 0.028 wM; CCCP, 1.0 uM. The inset in Fig 2 shows that the extent
of fluorescence quenching of BCECF/AM in the matrix of mitochondria was proportional to the amount of X/XO added to

the medium outside of the mitochondria.

side of the inner mitochondrial membrane. In addition,
there was evidence in the literature that a higher value
of Apy* particularly of AW in mitochondria, caused
bses to become reduced relative to bggy. The apparent
midpoint potential (E;, 7) of bsgg changed from 40 to
0 to 70 mV (Haliward and Guitteridge, 1990). This
means that a membrane potential causes the displace-
ment of eectrons from bsg, on the matrix side to bggg
on the cytosolic side.

Since Nicholls first found that the proton leak
ratesin mammalian mitochondriaincreased dispropor-
tionally with the increase of mitochondrial AW
(Nicholls, 1982), the increase in proton conductance
across the mitochondrial membrane was also found to
be nonohmic with AW elevation (Murphy, 1989; Brand
et al., 1994). Our datain Fig. 1 shows that the genera-
tion of O, and H,O, are nonohmic with A¥, with a
pattern almost identical to that of AW versus respira
tion. It is logical to suggest that the increased proton
conductance at high values of AW may also be due to
the higher yield of O, generation at higher values of
AWV during State 4 respiration. The evidence support-

ing this idea also comes from our two recent reports,
one of which showed that the singlet oxygen, O,
generated in hematoporphyrin photosensization leads
to an increased proton leak across the mitochondrial
membrane, resulting in dissipation of Apy* and uncou-
pling of oxidative phosphorylation(Zhou et al., 1994).
It is known that 'O, is a group of excited oxygen
molecules with strong electrophilicity and can proba-
bly be formed by superimposing the reaction of O3
and H,0, in biological systems (Halliward and Gut-
teridge, 1990). Our other paper has presented evidence
that the nonlinearity between AW and proton leak rates
is also observed in rat liver mitochondria (Wei and
Liu, 1995).

SUPEROXIDE INDUCES MITOCHONDRIAL
PROTON LEAKAGE

P. Mitchell in 1967 first suggested that protonmo-
tive force formed during mitochondria respiration
could have three pathways for H* to come back from
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C side of the mitochondrial membrane to the matrix.
One of methods is a proton leak pathway directly
through the lipid bilayer by passive diffusion. Nicholls
(1974) was the first to experimentally demonstrate
that the proton leak rates in mammalian mitochondria
increased disproportionally with increase mitochon-
drial AW. Using isolated liver cells and perfused rat
skeletal musle, Brand's group was able to show that
the proton leak accounts for about 26% of oxygen
consumption in resting liver cells and about 52% in
resting rat skeletal muscle. In addition, the experiment
of Challoner provided an upper limit estimate of 12%
for the contribution of proton leak to the respiration
rate of the intact heart (Rolfe and Brand, 1997). These
authors further emphasized that the proton leak is an
important component of cellular metabolism and sug-
gested several different physiological functionsfor this
leak, including heat production to maintain body tem-
perature and reduction of harmful free radical forma
tion. However, thus far, the molecular mechanism for
the proton leak in mitochondriais still unknown (Sku-
lachev, 1996, 1997)

Recently, we found that State 4 respiration with
succinate could decrease outer membrane surface pH
of mitochondriaor mitoplast by 0.6—1.0 pH units(Lian
and Liu, 1989; Liu et al., 1992). By labeling the outer
surface of the mitoplast membrane with a fluorescent

SOD
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in the Matrix of Mitochondria

100 sec

Fluorescence Intensity of BCECF/AM
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probe, we showed that State 4 respiration by succinate
induces fluorescence quenching (a pH decrease); add-
ing an O, generating system of xanthine/xanthine oxi-
dase (X/XO) reversed the reaction and rapidly
increased the fluorescence intensity of the probe on the
mitoplast surface (a pH increase) with no simultaneous
changein pH of the medium. The extent of pH increase
on the mitoplast membrane surface is proportional to
the amount of X/XO added (Liu and Huang, 1996)

We also observed that O5~ generated outside of
mitochondria by X/XO could induce proton transloca-
tion from the outer surface of the mitochondrial inner
membrane (C side) into the matrix (M side). The pH
change in the matrix of mitochondria was detected
by changes in fluorescence intensity of a soluble pH
sensitive probe—BCECF/AM preloaded in the mito-
chondrial matrix. The pH in the matrix was rapidly
increased by the proton pumping activity of succinate
oxidation or ATP hydrolysis. Carboxyatractyloside, or
malonate, and KCN as well as X/XO addition were
found to reverse the pH increase in the mitochondrial
matrix induced by ATP or succinate energization (Liu
and Huang, 1996).

Incubating mitochondria with an ATP generation
system to drive the H* pumping of ATP hydrolysis
first acidifies the surface of the inner mitochondrial
membrane. Adding succinate and antimycin A,
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Fig. 3. The prevention effect of superoxide dismutase (SOD) on the changes in pH of the matrix of mitochondria decreased by
xanthine/xanthine oxidase (X/XO) (from Liu and Huang, 1996 with permission). The condition for the experiment was the same as
inFig. 2. The extent of prevention on fluorescence quenching of BCECF/AM preloaded in the matrix of mitochondria was proportional

to the amount of SOD added into the reaction medium.
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(instead of X/X0), stimulates O5~ production probably
by reducing cyt bsgg or ubisemiquinone at the Q, center
in mitochondria and induces a significant and rapid
pH decrease in the matrix of mitochondria (Liu and
Huang, 1996). This set of experiments confirms that
O5 generated in mitochondria exhibits the same effect
of decreasing pH in the matrix of mitochondria as for
the exogenously generated O~ system, X/XO (in vitro
O3 generation). Adding SOD to the reaction medium
could prevent O3 induced H* translocation from the
outer surface of inner mitochondrial membrane into
the matrix. The extent of the prevention effect of SOD
is proportional to the amount of SOD added (Fig 3).

SUPEROXIDE DECREASES H*/2e RATIO
AND TRANSMEMBRANE POTENTIAL
ACROSS MITOCHONDRIAL MEMBRANES

From the results mentioned above, one may ask
whether or not the O5~ generated during State 4 respira-
tion could dissipate some sort of energy stored in the
protonmoative force. The reduction of the free energy
would lead to adecrease of H*/2e ratio and transmem-
brane potential associated with mitochondrial respira-
tion. Our results (Liu et al., 1996) indicated that the
O5 generating system, X/XO, decreases the energized
transmembrane potential, AWg, of mitochondria by
succinate oxidation. However, the “resting” transmem-
brane potential, AWy, arising from the fixed-charge
differences between both surfaces of the inner mito-
chondrial membrane in the absence of added oxidizing
substratewas not affected (Fig. 4). Theseresultsclearly
confirm theideathat O5 may have aspecific inducing
effect on proton leaks in the respiratory chain, as pro-
posed by the authors in 1991(Liu and Huang,
1991,1996). In line with this mode of action of O3
on the mitochondria, the H*/2e ratio and proton pump-
ing activity of mitochondria oxidizing succinate were
also decreased by adding X/XO(Liu et al., 1996).

We have observed also that the proton leak and
respiration activities in hyperthyroid mitochondria
were 51 and 71% higher than those in euthyroid con-
trols (Liu and Hu, 1995). In addition, the production
of Oy and respiration were 40 and 70% higher in
hyperthyroid mitochondria than that of euthyroid con-
trols. We suggested that ahigher O3 level in hyperthy-
roid animals could be the cause of a higher proton leak
in the mitochondria (Liu and Hu, 1995, Liu, 1997,
1998).
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Fig. 4. Time course of effect of superoxide generated by xanthine/
xanthine oxidase system on transmembrane potentials (AW) of rat
cardiac mitochondria energized with or without succinate oxidation
(from Liu et al., 1996 with permission). Curve 1, energized mito-
chondrial potential (AWg) without X/XO addition; curve 2, ener-
gized mitochondrial potential (AWg) with X/XO addition; curve 3,
nonenergized mitochondrial potential (AWg) without X/XO addi-
tion; Curve 4, nonenergized mitochondrial potential (AWg) with
X/IXO addition.

SUPEROXIDE ENHANCES HEAT
PRODUCTION IN MITOCHONDRIA

Based on the results mentiond above, a question
remains to be answered as to whether or not O
induces proton leakage in mitochondria leading to a
decrease of protonmotive force and an increase in heat
production? Mitochondria from hyperthyroid animals
possess higher levels of superoxide, respiration, and
proton leakage that could be used as a suitable experi-
mental model for studying this problem (Liu and
Hu, 1995).

Microcalorigraphic analysis showed that the total
amount of heat production in hyperthyroid mitochon-
dria supported by succinate (5 mM) was determined
to be 13.03 X 102 Jmg mitochondrial protein and is
about 70% higher than that of euthyroid mitochondria
(7.67 X 10~2 ¥mg mitochondrial protein). These data
are consistent with the recent observation in this labo-
ratory that State 4 respiration of hyperthyroid mito-
chondria is also 71% higher than that of euthyroid
mitochondria (Liu and Hu, 1995). It seems that the
portion of the elevated State 4 respiration in hyperthy-
roid mitochondria is totally associated with nonphos-
phorylating respiration and amost completely
contributes to heat production. Interestingly, SOD
could completely repress the “extra’ heat production
and reduces thermogenesis of hyperthyroid mitochon-
driato alevel equal to that of euthyroid mitochondria
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(7.55 X 102 Jmg mitochondrial protein). SOD per
se had no effect on heat production. The same conclu-
sion can be drawn from our recent observations (Table
1) on heat production induced by superoxide with suc-
cinate oxidation in mitochondriafrom sponge and carp
and rat liver (Xiao and Liu, 1998).

HYPOTHETICAL MODEL

Although the O, generation in mitochondria is
usualy considered a primary source of harmful oxy-
gen-free radicals in mitochondrial disease and senes-
cence, it may, in many situations, aso have
physiological significance for the bioenergetics of
mitochondriaaswell asto cellular signaling processes.
First, O5- may beinvolved in cyanide-resistant respira-
tion of plant and animal mitochondria, which consti-
tutes a branch of the respiratory chain not associated
with ATP formation at the level of the Q pool before
the substrate side (Skulachev, 1996; Rustin, 1987
Moore and Seidow, 1991). Second, under State 4 respi-
ration in mitochondria with high A+, the ubisemi-
quinone (or reduced cyt bsg) formed in the Q cycle
could directly donate a single electron to the oxygen
molecule to make O, thus constituting an additional
branch of an electron transfer pathway in connection
with the Q cycle. O3 can form H,0, by SOD or by
a self-dismutation reaction and the formed H,0, can
further regenerate molecular oxygen and H,O by the
action of glutathione peroxidase (Boveris and Cadens,
1982; Halliward and Gutteridge, 1990). Third, the pro-

Tablel. Total Amount of Heat Production by Succinate
Oxidation in Mitochondria from Sponge, Carp Liver, and
Rat Liver?

+KCN and
Sources of +S0D +KCN SHAM
mitochondria Control (350 U/ml) (1 mmol/L) (1 mmol/L)

Sponge 690 8 13550 35.6
Carp liver 6390 410 5480 9.4
Rat liver 59 57 380 17.6

aValuesin mJmg protein. By using Calvet MS-80 type of microca
|orimetry, acomparative assay of the heat production of mitochon-
dria from sponge, and carp and rat liver was carried out.
Temperature, 25 °C. The reaction medium containsin 5 ml (mM):
sucrose, 250; HEPES, 2 (pH 7.4); EDTA, 0.1; rotenone, 0.004;
oligomycin, 2 mg/ml; mitochondrial protein, 1 mg/ml; succinate,
5. (From Xiao and Liu 1998).
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ton leak process in mitochondria occurs only during
State 4 respiration and isinvolved not only in regulat-
ing and partitioning energy transduction of Apy+ and
heat production, but could also be involved in the
development of other physiopathological states
(McCord and Turrens, 1994; Rolfe and Brand, 1997).
In addition, ROS have been shown to be involved in
a variety of célular signaling processes as well as
in apoptosis (Rusting, 1993; Kroemer et al., 1995;
Wachsman, 1996). In considering these points, it is
logical to assume that both electron leak and proton
leak processes occurring at the same location (inner
mitochondrial membrane) in association with the respi-
ratory chain and under the same conditions (State 4
respiration) should have some intrinsic connections
with each other physically and/or functionally. This
idea constitutesthe foundation of our present hypothet-
ical model (Liu and Huang, 1996).

Figure 5 summarizes the main points of our
model, indicating that during State 4 respiration an
interaction between electron leak (abranch of electron
transfer directly from the respiratory chain to form
05, but not H,O) and proton leak (a branch pathway
in utilization of Apy+ to produce heat, but not ATP)
may take place in cooperation with the Q and proton
cycles in the mitochondria respiratory chain.

Thefirst postulate of the model isthat under State
4 respiration a higher value of A¥ (about 200 mV)
across inner mitochondrial membrane may constitute
a suitable physical condition, making it easier for ubi-
semiquinone (or reduced cyt bsg) to leak a single
electron directly onto an oxygen molecule to produce
05 at the Qq site of bc,; complex facing the C side of
the inner mitochondrial membrane, but not allowing
donation of an electron to the cyt bsg, at the Q; site
near the M side of the membrane. The distance between
the Q site and the surface of C side of the membrane
is very close (about 15A), and the C side of the inner
mitochondrial membrane is more electropositive rela
tive to the M side. The latter is more electronegative,
especially under the condition of State 4 respiration.
The evidence for this model has been presented in the
first set of experimental results of this article.

The second postulate of the model is that under
State 4 respiration the ApH component of Apy+ may
provide a suitable chemical environment and the H*
from the redox proton pumps could be primarily local -
ized on the surface of the C side of the inner mitochon-
drial membrane, where O~ may consume the protons
and conduct them across the membrane to the matrix
side through a pK-dependent formation of a protonated
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Fig. 5. A hypothetical model of coexistence of “reactive oxygen cycle” with Q and H* cycles in the respiratory chain
of mitochondria (from Liu and Huang, 1996, with permission). For details, see text.

species of HO, perhydroxyl radicals (Benon and Ross,
1985). The reaction is
H* + Oy «——- HO;,

with a pK = 4.8 (Halliward and Gutteridge, 1990;
Rochter, 1994;). Under acidic circumstances (for
example, on the C side of the inner mitochondrial
membrane under State 4 respiration, as demonstrated
in our papers (Lian and Liu, 1989; Liu et al., 1992;
Liu, 1989; Wei and Liu, 1995), thedirection of equilib-
rium of the reaction will be shifted toward theright side
of the equation. The permeability of the neutralized
HO; across the membrane ought to be much higher
than that of O5 anions. The experimental results pre-
sented in Fig. 3 provide evidence to confirm that the
second postulate may be the case. In addition, there
was a report that by using an EPR assay the signal of
HO, can be detected in rat cardiac mitochondria under
state 4 respiration (Green and Hill, 1984; Nohl, 1987).

Thethird postul ateisthat under State 4 respiration
the pH in the matrix of mitochondria becomes more
alkaline (the pH value is about 8.0) (Lippman, 1981)
and the formed HO, dissociates again into H* and
O3 anions as soon as HO is transported to the matrix.
In this condition, the Ay + may also have a protective
rolein scavenging the O5~ generated during mitochon-
drial respiration. Usually O, is subject to the dismuta-
tion by SOD and glutathione peroxidase (GSH-Px) in
the matrix of mitochondria to regenerate an oxygen
molecule, which could reenter the reactive oxygen
cycle as described in our model. The scheme may be
represented as follows:

402 Jouw + 4(H ot —— 4(HO)in (D)
(HO; forms at acidic condition on the C side and
diffuses across the inner mitochondrial membrane to
the matrix where [HO3] is low)
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4(HO)in —— 4(0z )in + 4(H")in @)
(HO; dissociates at alkaline pH on the matrix side.)
40z )in + 4(H")in —— 4(H02)in + 2(O)in  (3)

(02~ dismutates under the action of Mn?*-SOD in
the matrix to form H,O, and O,.)

4(H,05)in —— 2(H0) + O, (4)

(Under the action of GSH-Px in the matrix, 2H,0,
dissociate into 2H,0 and O,.)
In sum,

403 Jou + HH)ouw —— 4H0)in + 3(Oin  (5)

In this case, the functional role of the O in the
respiratory chain may serve asaproton carrier translo-
cating H* from C to M side, just opposite to that of
QH:, which brings protonsfrom M to C sidein Q cycle
of respiratory chain. In addition, the H* regenerated in
a dismutation reaction of O, in the matrix (reaction
2) can aso reenter the energy-associated H* cycle of
redox proton pumps of mitochondria. The O5 in the
matrix may damage mtDNA structure or the functions
of mitochondria when the activity of the scavenging
enzyme system in mitochondria decreases (Halliward,
1994). If O3 anions in the matrix are not dismutated
by Mn?*-SOD, they could move out from the nega-
tively (M side) to the positively charged compartment
(C side) by facilitated electrophoresis, or be
hydrolyzed and transported to C side through the
O, carrier in the inner mitochondrial membrane as
postul ated by Skulachev (1997). According to the Sku-
lachev scheme, the version of our scheme mentioned
above will be modified as the following:

(0.2_)in - (0.2_)out (3&)
(facilitated el ectrophoretic movement of O5)

(0.2_)0ut + (H+)out - (HO.Z_)in (4a)

Alternatively, the formed HO; in the membrane
lipid phase may directly attack the double alylic H
atoms in polyunsaturated fatty acids of membrane
phospholipid of mitochondriawith formation of H,O,,
from which molecular oxygen could be regenerated
(Wagner et al., 1994). Certainly, further work needs
to be done to determine which of the mechanisms
mentioned above is more reliable. However, in this
paper, we have summarized some experimental evi-
dence from our laboratory to support the idea that
O5 generated in the mitochondrial respiratory chain
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and its cycling across the inner membrane may take
place in cooperation with Q and H* cycles and serve
as an endogenous protonophorein regulating and parti-
tioning energy transduction and heat production.
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