
Biochem. J. (1981) 194, 395-406 395
Printed in Great Britain

Control of electron transfer in the cytochrome system of mitochondria by
pH, transmembrane pH gradient and electrical potential

The cytochromes b-c segment
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1. A study is presented of the effects of pH, transmembrane pH gradient and electrical
potential on oxidoreductions of b and c cytochromes in ox heart mitochondria and
'inside-out' submitochondrial particles. 2. Kinetic analysis shows that, in mitochondria
at neutral pH, there is a restraint on the aerobic oxidation of cytochrome b566 with
respect to cytochrome b562. Valinomycin plus K+ accelerates cytochrome b566 oxidation
and retards net oxidation of cytochrome b562. At alkaline pH the rate of cytochrome b566
oxidation approaches that of cytochrome b562 and the effects of valinomycin on b
cytochromes are impaired. 3. At slightly acidic pH, oxygenation of antimycin-
supplemented mitochondria causes rapid reduction of cytochrome b566 and small
delayed reduction of cytochrome b562. Valinomycin or a pH increase in the medium
promote reduction of cytochrome b562 and decrease net reduction of cytochrome b566. 4.
Addition of valinomycin to mitochondria and submitochondrial particles in the respiring
steady state causes, at pH values around neutrality, preferential oxidation of
cytochrome b566 with respect to cytochrome b562. The differential effect of valinomycin
on oxidation of cytochromes b566 and b562 is enhanced by substitution of 1H20 of the
medium with 2H20 and tends to disappear as the pH of the medium is raised to alkaline
values. 5. Nigericin addition in the aerobic steady state causes, both in mitochondria and
submitochondrial particles, preferential oxidation of cytochrome b562 with respect to
cytochrome b566. This is accompanied by c cytochrome oxidation in mitochondria but c
cytochrome reduction in submitochondrial particles. 6. In mitochondria as well as in
submitochondrial particles, the aerobic transmembrane potential (AY/) does not change
by raising the pH of the external medium from neutrality to alkalinity. The
transmembrane pH gradient (ApH), on the other hand, decreases slightly. 7. The results
presented provide evidence that the Ay/ component of the aerobic AiH+ (the sum of the
proton chemical and electrical activities) exerts a pH-dependent constraint on forward
electron flow from cytochrome b566 to cytochrome b562. This effect is explained as a
consequence of anisotropic location of cytochromes b566 and b562 in the membrane and
the pH-dependence of the redox function of these cytochromes. Transmembrane ApH,
on the other hand, exerts control on electron flow from cytochrome b562 to c
cytochromes.

The cytochrome b-c segment of the respiratory cytochrome c (Baum et al., 1967; Wikstrom, 1973;
chain consists of five redox centres, four of which, Rieske, 1976) and transmembrane 4UH+ iS generated
two b cytochromes, one non-haem iron-sulphur (Lawford & Garland, 1973; Leung & Hinkle, 1975;
protein and cytochrome c,, are arranged in a Mitchell, 1976; Papa et al., 1975a, 1977) is still
complex, complex b-c1 or III (Rieske, 1976; unsettled.
Erecinska et al., 1976; Engel et al., 1979). The The available evidence shows the existence in
mechanism by which the two reducing equivalents mitochondria of two different cytochrome b species,
donated by ubiquinol are accepted by the redox cytochrome b566 (bT or bL, low potential) and
centres of the b-c1 complex and transferred to cytochrome b562 (bK or bR, high potential), identified
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by differences in spectral properties, midpoint redox
potentials and kinetics (Chance et al., 1970; Dutton
& Wilson, 1974; Rieske, 1976; Wikstr6m, 1973;
Wainio, 1977). A dimeric b cytochrome has been
isolated from ox heart mitochondria with two redox
centres of different midpoint potentials (von Jagow
et al., 1978; cf. Weiss, 1976).

Cytochromes b exhibit peculiar energy-linked
reduction, which is explained either as the expres-
sion of a specific increase of the Em (midpoint
potential) of cytochrome b566 (Chance et al., 1970;
Dutton & Wilson, 1974; Wilson & Erecinska, 1975),
or as the result of reversed electron flow (Wikstr6m
& Lambowitz, 1974), or, more specifically, of
equilibria shifts associated with the transmembrane
potential (Mitchell, 1972, 1976).

Another property of b cytochromes that has not
so far received sufficient attention is represented by
the pH-dependence of their midpoint redox potential
observed in intact mitochondria (Straub & Colpa-
Boonstra, 1962; Urban & Klingenberg, 1969;
Wilson et al., 1972), isolated b-cl complex and
purified b cytochromes (von Jagow et al., 1978).
This pH-dependence, which applies to both b
cytochromes of complex III (Dutton & Wilson,
1974; von Jagow et al., 1978), indicates the
existence of allosteric linkage (Wyman, 1968)
between the redox state of the haem iron and
protolytic equilibria in the apoprotein (Papa, 1976;
Papaetal., 1973a, 1979).
The present paper characterizes the effects of pH

and the electrical (Ay/) and chemical (ApH) compo-
nents of the respiration-linked transmembrane APH+
on oxidoreductions of b and c cytochromes. It is
shown that AV exerts a specific pH-dependent
'crossover effect' on forward electron flow from
cytochrome b566 to cytochrome b562. Trans-
membrane ApH controls, on the other hand, electron
flow from cytochrome b562 to c cytochromes.

Materials and methods

Chemicals
Valinomycin was obtained from Sigma Chemical

Co., nigericin from Eli Lilly Laboratories, catalase
from Boehringer-Mannheim, 2H20 from Bio-Rad
Laboratories, ['4Clsucrose, 86RbCl and 3H20 from
The Radiochemical Centre, and ['4C15,5-dimethyl-
oxazolidine-2,4-dione and [3Hlmethyltriphenylphos-
phonium bromide from New England Nuclear Corp.

Preparation of mitochondria and submitochondrial
particles

Heavy-fraction ox heart mitochondria were pre-
pared as described by Low & Vallin (1963).
Submitochondrial particles were prepared by expos-
ing mitochondria to ultrasonic energy in the
presence ofEDTA (Lee & Ernster, 1968).

Determination ofthe protonmotiveforce
Ay/ and ApH in respiring mitochondria were

determined by the distribution of 86Rb or
[3H]methyltriphenylphosphonium bromide and
[14C]5,5-dimethyloxazolidine-2,4-dione respectively,
across the inner membrane (Nicholls, 1974; Schul-
diner & Kaback, 1975).

Mitochondria were incubated in the reaction
mixture (see the legend to Table 1) and bubbled with
oxygen. Samples of the suspension were then
centrifuged in the presence of catalase (0.2mg/ml)
and 2mM-H202, at 20000g. Portions of the HC04
extract of the pellet and of the supernatant were
counted for radioactivity.

Ay/ in respiring submitochondrial particles was
determined by the transmembrane distribution of
SCN- (Papa et al., 1973b; Kell et al., 1978).
Particles were incubated in the reaction mixture (see
the legend to Table 1) in the presence of catalase
(0.2mg/ml) at 250C (+0.10C) under a stream of
argon. The uptake of SCN- was monitored by an
SCN--sensitive electrode (Sens-Ion model 201;
Amel, Milan, Italy). Once the particle suspension
was made anaerobic by succinate oxidation, respi-
ration was activated by addition of 6,1 of 2.5%
H202/ml. The internal volume of the particles was
taken as 1.4,p1/mg of protein (Papa et al., 1973c).

Measurement ofoxidoreduction ofcytochromes
Oxidoreduction of cytochromes was monitored

with a Johnson Foundation dual-wavelength
spectrophotometer. The slit-width of monochro-
mators was 0.1-1 mm and the two beams were
directed on to the observation cell by a mirror
oscillating at 400 Hz.

Kinetic analysis. A stopped-flow apparatus
(Chance et al., 1967) with mixing ratio of 1: 70 was
used. The main compartment of the apparatus was
filled with the suspension of mitochondria. The
oxygen in the suspension was allowed to be
consumed by succinate oxidation. Oxygen pulses
were delivered from the side syringe as oxygenated
reaction mixture.
The reaction time at the point of observation in

the flow spectrophotometer (continuous-flow phase)
ranged, from experiment to experiment, between 6
and 9ms, depending on the speed of the discharge
(see Papa et al., 1975a).

Steady-state measurements. The suspension of
mitochondria or submitochondrial particles, sup-
plemented with succinate, was allowed to become
anaerobic in the observation cell. Respiration was
activated by addition of 1-5,u1 of 3% H202/ml. The
total amount of reducible cytochromes was obtained
by addition of solid sodium dithionite. Both the static
cuvette and the flow cell were thermostatically
controlled at 20 or 25 + 0.010C.
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Results

Kinetics ofaerobic oxidation ofb cytochromes
Fig. 1 shows the effect of pH and valinomycin on

the kinetics of aerobic oxidation of cytochromes b566
and b562, monitored at the wavelength couples
566-575 nm and 562-575 nm, in ox heart mitochon-
dria whose respiratory carriers were reduced by
succinate in anaerobiosis. At pH 6.8 the oxygen-
induced absorbance decrease at 566-575nm was
preceded by a small absorbance increase (completed
in the flow period, 8 ms) and was slower than that
monitored at 562-5 75 nm. In the latter case no initial
absorbance increase was observed. Valinomycin
(plus K+) accelerated the absorbance decrease at
both wavelength couples. This acceleration was
much more marked at 566-575nm than at 562-
575nm.
At pH 8 the oxygen pulse induced immediate

absorbance decreases at both 566-575 and 562-
575nm, which were faster than at pH6.8 and
practically synchronous. Valinomycin specifically
accelerated the absorbance decrease at 566-575 nm,
but the effect was smaller than at pH 6.8.

The comparison of the kinetic patterns of the
absorbance changes at 566-575 with those at
562-575nm shows that cytochromes b566 and b562
respond differently to pH and valinomycin. A closer
quantitative evaluation of the difference in the
response of cytochromes b566 and b562 can be
provided by calculating, from the observed absor-
bance changes, the respective absorbance changes of
the two b cytochromes. These were obtained (see the
legend to Fig. 2) on the basis of the fractional
contributions of cytochromes b566 and b562 at
562-575 and 566-575 nm reported for ox heart
mitochondria (Berden et al., 1972) and submito-
chondrial particles (von Jagow, 1975). It can be

Fig. 1. Effect ofpH and valinomycin on the kinetics of
aerobic oxidation of b cytochromes in ox heart

mitochondria
The fast kinetics of b-cytochrome oxidation was
analysed as described in the Materials and methods
section. The main syringe of the flow apparatus
contained 200mM-sucrose, 10mM-potassium suc-
cinate, 10mM-potassium malonate, 30mM-KCl,
oligomycin (2,g/mg of protein), rotenone (1,ug/mg
of protein) and ox heart mitochondria (2.5mg of
protein/ml). The temperature was 25°C. The smal-
ler syringe contained an oxygen-saturated mixture
consisting of 200mM-sucrose and 30mM-KCl.
Where indicated, valinomycin (0.1 ug/mg of protein)
was present in the mitochondrial suspension. The
small horizontal absorbance traces (A,=,,) show the
absorbance at the end of aerobic oxidation of b
cytochromes. For other details, see the Materials
and methods section.
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Fig. 2. First-order plots of absorbance changes of cytochrome b566 and b562 at 566-5 75 nm caused by oxygenation of
anaerobic ox heart mitochondria.

The respective absorbance changes of cytochromes b566 and b562, presented in arbitrary units, were obtained from the
deflections (in cm) of the absorbance traces at 566-575 nm of Fig. 1, by applying eqn. (1):

AA 566-575- Y I A 562-575-(Y1 *R)

AA,T566-575* 0.6 AA,T562-575. 0.2
(1)

This was also used (Figs. 6-9) to calculate the respective redox transitions of the two b cytochromes, expressed as a
percentage of the total dithionite-reducible amounts. The first quantity in eqn. (1) refers to measurements at
566-575nm and the second to measurements at 562-575nm; AA.T 66-57, and AA , T62-57, represent the total
absorbance changes, y, the absorbance change of cytochrome b562 at 566-5 75 nm and R the ratio of the absorption
coefficients of cytochrome b562 at 562-575 and 566-575 nm. The factors 0.2 and 0.6 represent the relative
contributions of cytochrome b566 to the total AA (dithionite-reduced minus fully oxidized) at 562-575 and
566-575nm respectively (Berden et al., 1972; von Jagow, 1975). A,=, represents the total extent of absorbance
decrease (in cm), caused by aerobic oxidation of b cytochromes. The values used for the first-order plot can be
converted into absolute absorbance changes by using the calibration factor shown in Fig. 1.

noted that these represent the lower estimate, as

compared with other measurements in different
mitochondria (Dutton et al., 1972; Wikstrom, 1973;
Wilson & Erecinska, 1975), for the contribution of
cytochrome b566 at 566-575 and 562-575 nm.

The first-order plots of the respective responses of
cytochromes b566 and b562 to oxygenation (Fig. 2)
show, at pH 6.8, a first phase (up to - 20ms)
characterized by rapid oxidation of cytochrome b562
and reduction of cytochrome b566. In the second
phase, cytochrome b566 started to be oxidized, and
this was accompanied by decline in the net rate of
cytochrome b562 oxidation. Valinomycin accelerated
cytochrome b566 oxidation. In its presence the initial
reduction of cytochrome b566 was suppressed and a
lag in the oxidation of cytochrome b562 appeared. At
pH 8 cytochrome b566 started to be immediately
oxidized at a rate close to that for cytochrome b562

oxidation. Valinomycin enhanced the rate of
cytochrome b566 oxidation (this effect was smaller
than that at pH 6.8) and decreased the initial rate of
cytochrome b562 oxidation.

Oxygen-induced reduction ofb cytochromes
Oxygenation of anaerobic mitochondria, supplied

with succinate and antimycin, results in rapid
reduction of b cytochromes (Erecinska et al., 1972;
Wikstrom, 1973). In Fig. 3 the effects of pH and
valinomycin on this reduction of b cytochromes is
presented. Comparison of the kinetics of the absor-
bance increase at 566-575 and 562-575nm indi-
cates that the reduction of cytochrome b566 was,
especially at pH6.5, faster than that of cytochrome
b562. At pH 7.5 the rate of cytochrome b566 reduction
was lower than at pH 6.5; the reverse was observed
in the case of cytochrome b562. Valinomycin ac-
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celerated the reduction of cytochrome b562, but
slowed down that of cytochrome b566. These effects
of valinomycin were more pronounced at pH6.5
than at pH 7.5.

Steady-state redox transitions ofcytochromes
The APH+ set up across the membrane by

respiration exerts at the steady state (State 4;
Chance & Williams, 1956) back pressure on
oxidation of cytochromes. The influences of Ay and
ApH were respectively analysed by testing the effect
on the redox levels of cytochromes of Ay/ collapse
by valinomycin and ApH collapse by nigericin.

Fig. 4(a) shows that, at pH 6.9, the addition of
valinomycin to mitochondria respiring with succin-
ate caused oxidation of b cytochromes and reduction
of c cytochromes. Nigericin, added when the
cytochromes had attained a new redox level, caused
oxidation of both b and c cytochromes.

In submitochondrial particles (Fig. 4b), addition
of oligomycin, which enhances respiration-linked
proton uptake (Papa et al., 1970), resulted in
reduction of b cytochromes. Oligomycin induced
also transient reduction of c cytochromes.
Valinomycin caused rapid oxidation of b
cytochromes and reduction of c cytochromes. These
initial transitions were followed by partial re-
reduction of b cytochromes and reoxidation of c
cytochromes, which can be ascribed to replacement
of Ay/ by generation of extra ApH (Papa et al.,
1972). Further addition of nigericin caused oxidation
of b cytochromes and reduction of c cytochromes.

In Fig. 5(a), spectral analysis is presented of the
absorbance changes of b and c cytochromes
observed when nigericin, instead of valinomycin,
was added to respiring mitochondria and submito-
chondrial particles. In mitochondria, nigericin
caused oxidation of both b and c cytochromes. From
the position of the peak, oxidation of cytochrome
b562 can clearly be identified. In submitochondrial
particles, nigericin caused oxidation of cytochrome
b562 but reduction of c cytochromes.
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Fig. 3. Effect ofpH and valinomycin on the kinetics of
oxygen-induced reduction of b cytochromes in antimycin-

inhibited anaerobic ox heart mitochondria
The main syringe contained 200mM-sucrose, 30mM-
KCl, 5mM-potassium succinate, oligomycin (2,g/
mg of protein), antimycin (0.5,ug/mg of protein) and
ox heart mitochondria (2mg of protein/ml). The
smaller syringe contained a mixture of 200 mm-
sucrose and 30mM-KCI. Where indicated,
valinomycin (0.1,ug/mg of protein) was present in
the mitochondrial suspension. The temperature was
25°C. The small horizontal absorbance traces

(A,=,,) show the absorbances at the end of aerobic
reduction of b cytochromes.
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Fig. 4. Effect of oligomycin and ionophores on the aerobic steady-state redox level of b and c cytochromes in ox heart
mitochondria (a) and submitochondrial particles (b)

The reaction mixture contained 200mM-sucrose, 20mM-KCl, 5 mM-Tris/HCI, 10mM-potassium succinate,
rotenone (l,g/mg of protein) 0.2mg of purified catalase/ml and ox heart mitochondria or EDTA-treated sub-
mitochondrial particles (2mg of protein/ml). Respiration was activated by adding 15,u1 of 3% H202 to anaerobic
mitochondria or submitochondrial particles. Where indicated, oligomycin (2,ug/mg of protein), valinomycin
(0.4,ug/mg of protein) and nigericin (0.4,ug/mg of protein) were added. The final volume was 1.5ml and the final
pH was 6.9; the temperature was 200C. Oxidoreduction of c cytochromes was monitored at 550-540nm.

In Fig. 6 the steady-state reduction levels of
cytochromes, before the addition of ionophores, in
respiring mitochondria and submitochondrial par-

ticles and in the pH range 6.2-8.3, are presented.
The specific reduction levels of cytochrome b566 and
b562 (calculated as described in the legend to Fig. 2)
did not differ much from the reduction levels
obtained from the overall absorbance changes
recorded at 566-575 and 562-575nm.

Fig. 7 shows the pH-dependence of the respective
transitions of cytochromes b566, b562 and c
induced by valinomycin, expressed as mV changes
in actual redox potential. Both in mitochondria
and in submitochondrial particles, collapse of
Ay/ by valinomycin caused substantial oxidation
of cytochrome b566 (increase of Eh). Cytochrome
b562 was also oxidized, but to a much lower extent.
The fact that the pattern of cytochrome b

response to valinomycin was qualitatively similar in
mitochondria and 'inside-out' submitochondrial par-
ticles verifies that their response was due to an effect
of Ay/ collapse on the redox poise rather than to
effect of internal pH changes on the Em.

It can be noted that valinomycin produced a

greater oxidation of b cytochromes in mitochondria

than in submitochondrial particles. In submitochon-
drial particles, collapse of Ay/ by valinomycin
depends on efflux of K+ (Papa et al., 1973c) and
could be limited by the intravesicular concentration
of K+.

Both in mitochondria and in submitochondrial par-

ticles, the valinomycin-induced oxidation of cyto-
chrome b566 decreased as the pH of the medium was
raised from neutrality to alkaline values. Concomi-
tantly, c cytochromes, which at acidic pH values
exhibited a small reduction, showed, at alkaline pH
values, oxidation on valinomycin addition. The low
oxidation of cytochrome b562 caused by valinomycin
was, on the other hand, practically unaffected by
changing the external pH. It should be mentioned
that, at all the pH values tested, valinomycin left
cytochromes b566 and b562 still, in part, reduced. A
similar pattern of Eh changes was obtained when
these were directly calculated from the overall
absorbance changes recorded at 566-575nm and
562-575 nm. The differences in the response of
cytochromes b566 and b562 to valinomycin, indicated
by these absorbance changes, were smaller, as

expected from the spectral overlapping of b
cytochromes, but still significant.
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Fig. 5. Spectra of the redox transitions of b and c
cytochromes caused bYv nigericin addition to respiring ox
heart mitochondria (0) and submitochondrial particles

(0)
The experimental conditions were those described in
the legend to Fig. 4. The absorbance changes caused
by nigericin addition were measured with the
dual-wavelength spectrophotometer (see the
Materials and methods section) on separate samples
at the wavelengths indicated. The reference wave-
length was kept constant at 540 nm for measuring
wavelengths varying from 546 to 558nm, and at
575 nm for measuring wavelengths varying from 562
to 566 nm. The redox transitions presented in the
Figure are expressed as a percentage of the total
absorbance increase measured at the given
wavelengths on addition of solid dithionite to fully
oxidized organelles. Submitochondrial particles were
supplemented with oligomycin (2pug/mg of protein).

In other experiments the aerobic steady-state A,v
and transmembrane ApH were directly measured.
Ay/ was determined by the distribution of either
86Rb, in the presence of valinomycin and absence of
added K+, or [3H]methyltriphenylphosphonium

bromide in the absence of valinomycin and in the
reaction mixture used for monitoring oxidoreduction
of cytochromes. The same Ay/ values were found
under the two conditions (Table 1). Respiration
generated a steady-state AUH+, which at pH 7
amounted to 165mV, of which 86mV were contri-
buted by Ay/ and 79mV by ApH. At pH8, no
change of AV was observed as compared with pH 7,
but ApH decreased by 30%. Submitochondrial
particles also exhibited a Ay/ of 9OmV, which was
unaffected by changing the pH from 7 to 8. Other
controls showed that, both in mitochondria and in
submitochondrial particles, valinomycin, added in
the presence of nigericin, caused at pH8 the same
stimulation of succinate respiration as at pH 7.

Thus change of the external medium from
neutrality to alkalinity does not cause per se any
impairment of the capacity of mitochondria to
conserve aerobic Ay/, or of the control exerted by
Ay on overall electron flow from succinate to
oxygen. The pH-dependence of the effect exerted by
valinomycin on oxidation of cytochrome b566 results
from a specific pH-dependence of the response of
this cytochrome to AV collapse.

In Fig. 8 the effect of nigericin on the aerobic
steady-state redox level of cytochromes is shown.
Both in mitochondria and in submitochondrial par-
ticles, nigericin produced, at acidic and neutral pH, a
significant shift of cytochrome b562 to a more
oxidized state. Also, cytochrome b566 underwent
oxidation, but to a smaller extent. In mitochondria
the nigericin-induced oxidation of cytochrome b562
decreased as the pH was raised from 6.2 to 8.3. The
same pattern was observed in submitochondrial
particles, except that there was an increase of this
effect from pH 6.2 to 6.9. Nigericin caused oxidation
of c cytochromes in mitochondria that declined as
pH was raised, but reduction of c cytochromes in
submitochondrial particles, which was augmented
with increasing pH.

Fig. 9 shows that when 1H20 was replaced by
2H20, valinomycin addition to respiring submito-
chondrial particles had clearly a different effect on
the specific redox level of cytochrome b566 and b562.
Though cytochrome b566 underwent a significant
oxidation, cytochrome b562 was almost unaffected.
The shift in 2H20 of the peak of cytochrome b566
oxidation towards alkalinity with respect to that in
'H20 can be ascribed to the decreasing effect of
2H20 on the ionization constant of acidic groups in
cytochrome b. In the 2H20 medium, nigericin caused
net oxidation of c cytochromes over all the p2H
range.

Discussion

The results presented show that the AV and ApH
components of aerobic transmembrane AiiH+ exert
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Fig. 6. pH-dependence of the aerobic steady-state reduction levels of b and c cytochromes (cyt.) in respiring mitochondria

(a) and submitochondrial particles (b)
Both mitochondria and submitochondrial particles were supplemented with 1OmM-succinate; to the latter, oligomycin
(2,ug/mg of protein) was also added. The stationary reduction levels of b cytochromes, expressed as a percentage of
the total amount of dithionite-reducible cytochromes, were calculated either directly from the observed absorbance
changes at 566-575 and 562-575 nm (----) or from the specific absorbance changes of cytochrome b566 and b562

), obtained from the former as described in the legend to Fig. 2. For experimental conditions, see the legend to
Fig. 4. The Figures for the reduction levels of cytochromes in mitochondria and submitochondrial particles represent
the means + S.E.M. for eight experiments. 0, Cytochrome b562; *, cytochrome b566; O, cytochrome c.
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Fig. 7. pH-dependence of Eh changes of b and c cytochromes (cyt.) caused by valinomycin addition to respiring
mitochondria (a) and submitochondrial particles (b)

For procedure, experimental conditions and calculations, see the legends to Figs. 2, 4 and 6. AEh values refer to the
difference in the redox level of cytochromes measured on the same sample after and before addition of valinomycin,
either directly from the recorded absorbance changes at 566-575 and 562-575nm (----) or from the specific
changes of cytochromes b566 and b562 ( ) calculated from the former as described in the legend to Fig. 2. The
values for AEh presented are the mean values (± S.E.M.) for four separate experiments. 0, Cytochrome b566; 0,

cytochrome b562; O, cytochrome c.

specific effects on different steps of the cytochrome

system.
Ay/ exerts a pH-dependent control on forward

electron flow from cytochrome b566 to cytochrome

b562. This is documented by the following obser-
vations. (1) In mitochondria, as well as sub-
mitochondrial particles (Papa et al., 1972), at pH
values around neutrality, aerobic oxidation of
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Table 1. Steady-state membrane potential and transmembrane ApH in respiring ox heart mitochondria and
submitochondrial particles

Mitochondria (1.5mg of protein/ml) were incubated for 5min in a reaction mixture containing 200mM-sucrose,
SmM-Tris/HCl, lOmM-succinate, rotenone (1,pg/mg of protein) and oligomycin (2#g/mg of protein). In expts. (a)
the mixture was adjusted to the indicated pH values with 0.1 M-NaOH, and lOUM-86RbCl (l10Ci/ml) plus valino-
mycin (0.4,ug/mg of protein) were added. In expts. (b) the mixture was adjusted to the indicated pH values with
O.1M-KOH; in addition 20mM-KCl and lOuM-[3H]methyltriphenylphosphonium bromide (2pCi/ml) were also
present. Transmembrane ApH and matrix 'H20 were measured for both expts. (a) and (b) by adding to separate
samples, in the absence of radioactive cations, 3H20 (l0,uCi/ml), ['4Clsucrose (l0,uCi/ml) and 20pM-[U4Cldimethyl-
oxazolidinedione (2,uCi/ml). Submitochondrial particles (2mg of protein/ml) were incubated in a reaction mixture
containing 200mM-sucrose, 20mM-KCl, 50,M-KSCN, 5mM-Tris/HCl, 10mM-sodium succinate, rotenone (0.5,ug/
mg of protein) and oligomycin (2,ug/mg of protein). The temperature was 250C. The values represent means
(±S.E.M.). ApH was not determined in submitochondrial particles. For experimental procedure and details, see the
Materials and methods section.

Mitochondria

Submitochondrial particles

Parameter
AV (mV)

-59* ApH (mV)

AY/(mV)

pH 7
(a) 86+5
(b) 86+6
(a) 75+5
(b) 83+3

95+7

pH 8
87 +4
91+6
52+5
65+4
94+6

-2.303RT

F

6.2 6.9 7.6 8.3 6.2 6.9 7.6 8.3
pH pH

Fig. 8. pH-dependence of Eh changes of b and c cytochromes (cyt.) caused by nigericin addition to respiring mitochondria
(a) and submitochondrial particles (b)

For procedure, experimental conditions and calculations, see the legends to Figs. 2 and 5. AEh values refer to the
difference in the redox level of cytochromes measured on the same sample after and before the addition of nigericin,
either directly from the recorded absorbance changes at 566-575 and 562-575nm (----) or from the specific
changes of cytochromes b566 and b562 ( ) calculated from the former as described in the legend to Fig. 2. The
values for AEh presented are the mean values (± S.E.M.) for four separate experiments. 0, Cytochrome b562; e,
cytochrome b566; O, cytochrome c.

cytochrome b562 was faster than that of cytochrome
b566. (2) In the presence of antimycin the oxygen-
induced reduction of cytochrome b566 was, at pH 6.5,
much faster than that of cytochrome b562 (Fig. 3).

(3) Collapse of Ay by valinomycin: (a) accelerated
aerobic oxidation of cytochrome b566 and decreased
the net rate of cytochrome b562 oxidation; (b)
promoted the oxygen/antimycin-dependent reduc-
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Fig. 9. p12H-dependence of the aerobic steady-state
reduction levels (b) and Eh changes (a) of b and c

cytochromes (cyt.) caused by valinomycin addition to
respiring submitochondrial particles in 2H20 medium
The reaction mixture was the same as that described
in the legend to Fig. 4, with 1H20 replaced by 2H20.
Final p2H was calculated from the pH-meter reading
calibrated with buffers in 'H20, by using the
following equation: p2H = pH-meter reading+0.4.
Temperature was 200C. AEh values refer to the dif-
ference in redox level of cytochromes measured
from the specific absorbance changes of cyto-
chromes b566 and b562 (see the legends to Figs. 2 and
7). For experimental conditions, see the legend to
Fig. 4 and the Materials and methods section.

tion of cytochrome b562 and decreased that of
cytochrome b566; (c) at pH values around neutrality
caused a preferential positive shift (oxidation) of the
Eh of cytochrome b566 in respiring mitochondria or
submitochondrial particles with respect to that of
cytochrome b562. ApH collapse by nigericin caused,
on the contrary, preferential oxidation of cyto-
chrome b562 with respect to cytochrome b566. (4) The

stimulatory effects exerted by Ay,v collapse on
aerobic oxidation of cytochrome b566 (and reduction
of cytochrome b562 in the presence of antimycin)
appears to be related to the pH-dependence of the
Em of b cytochromes (Straub & Colpa-Boonstra,
1962; Urban & Klingenberg, 1969; von Jagow et al.,
1978). In fact, these effects clearly evident at pH
values where b cytochromes act essentially as pure
electron carriers, tended to disappear as (increas-
ing the pH above neutrality) b cytochromes changed
to effective hydrogen carriers (Urban & Klingen-
berg, 1969; Papa, 1976).
Thus aerobic Ay/ specifically impedes the transfer

of electrons from cytochrome b566 to cytochrome
b562. It is possible that electrons passing from
cytochrome b566 to b562 move across the membrane
against the electrical field, i.e. from the outer (C-side,
positive) to the inner side (M-side, negative).
The present observations, showing occurrence of

forward electron transfer from cytochrome b566 to
b562, substantiate previous proposals (Mitchell, 1972,
1976; Papa et al., 1975b) that b cytochromes are
arranged in a linear sequence with b566 located at the
C-side of the membrane and towards the substrate
and b562 at the M-side towards oxygen. It seems, on
the other hand, difficult to explain mechanisms that
visualize cytochrome b566 as located closer to c
cytochromes than is b562 (Chance et al., 1970;
Chance, 1972) or a mechanism, proposed by
Malvija et al. (1980), that questions the occurrence
of significant electron transfer from cytochrome b566
to b562.
We further specify the characteristics of vectorial

electron transfer from cytochrome b566 to b562 by
proposing that when electrons are accepted by the
haem iron of cytochrome b566 at the C-side of the
membrane, protons are taken up at this side by the
cytochrome and then transferred and released at the
M-side, as electrons pass to b562. Thus, at alkaline
pH values, transmembrane electron flow would be
replaced by effective hydrogen transfer so that the
electric field control of the flow of reducing equiva-
lents along the b cytochrome disappears.

The vectorial proton translocation that could
result would take place in the direction opposite to
that of the respiratory proton pump. It might
contribute, by introducing a partial and pH-
dependent back-flow of protons, to control the
conversion of redox energy into transmembrane
AfiH+.
The present investigation shows control by trans-

membrane ApH of electron flow on the oxygen side
of both b cytochromes. ApH collapse by nigericin
caused in respiring mitochondria and submito-
chondrial particles a greater oxidation of
cytochrome b562 relative to cytochrome b566.
Nigericin caused also c-cytochrome oxidation in
mitochondria but c-cytochrome reduction in

1981
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submitochondrial particles. This difference is likely
due to the fact that, in 'inside-out' particles, the
oxygen protonation site of cytochrome oxidase,
exposed in intact mitochondria to the matrix
aqueous phase (Mitchell, 1976; Papa, 1976),
becomes exposed to the outer space (Papa et al.,
1974a). Respiration produces significant pH
increase in the matrix of mitochondria and pH
decrease in the inner space of submitochondrial
particles, with no appreciable pH change of the
external medium.

In mitochondria, alkalinization of the matrix will
decrease the rate of oxygen reduction to 1H20 by
cytochrome c oxidase. ApH collapse by nigericin
produces stimulation of cytochrome c oxidase. The
opposite redox transitions of cytochrome b562 (oxi-
dation) and c cytochromes (reduction), caused by
nigericin in submitochondrial particles, can be
ascribed to a collapse of the transmembrane ApH,
which appears to exert a crossover effect between
these two components.

The pH-dependent increase of the nigericin-
induced reduction of c cytochrome, observed in
submitochondrial particles, probably reflects the
decrease of turnover of cytochrome c oxidase at
alkaline pH values (Nicholls & Chance, 1974). This,
as well as decrease of transmembrane ApH (Table 1;
see also Rottenberg, 1978), can explain the decline at
alkaline pH values of the nigericin-induced oxidation
of cytochrome b562, observed both in mitochondria
and submitochondrial particles, and of the oxidation
of c cytochromes in mitochondria.

Collapse of Ay/ accelerates aerobic oxidation of
cytochrome c (Papa et al., 1974b). Thus Ay/ exerts
two 'crossover effects' on electron flow between
cytochromes b566 and b562, and between cytochrome
c and oxygen. 2H20, by decreasing the activity of a
proton-translocating redox step between cyto-
chromes b562 and c (Baum et al., 1967; Leung &
Hinkle, 1975; Papa, 1976; Papa et al., 1977; cf.
Mitchell, 1976), isolates cytochrome b562 from the
pulling effect on forward electron flow exerted by Ay
collapse at the level of cytochrome c oxidase (see
Fig. 9).

In conclusion, the present work, besides providing
a description of specific effects exerted by pH, Ay
and transmembrane ApH on oxidoreductions in the
b-c segment of the respiratory chain, offers a new
insight into the possible implications that linkage
between the redox state of the metal of b
cytochromes, as well as of other electron carriers
(Dutton & Wilson, 1972; Prince & Dutton, 1976;
van Gelder et al., 1977), and protolytic equilibria in
these enzymes, might have for their function (Papa,
1976).
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