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SUMMARY: Antimycin plus Op increases the reducibility of cytochrome b-566 in
plant mitochondria to an extent consistent with an increase of over 110 mv in
the apparent midpoint potential of b-566. Enhanced reduction of b-566 is
relaxed following consumption of 02, but contrary to previous reports this
relaxation does not show a close kinetic correlation with reduction of cyto-
chrome c¢,. Experiments with cyanide-inhibited mitochondria demonstrate that

neither active cytochrome oxidase nor extensive oxidation of cytochrome c. is
required for enhancement of b-566 reduction. -1
Antimycin, in addition to inhibiting electron transport between cyto-
chromes b and q5 also directly affects the spectra and redox properties of
the b-cytochromes (1-7). Particularly striking is the ability of antimycin,
acting in both plant and animal mitochondria, to cause enhanced reduction of
the long wavelength b-cytochrome, b-566 (1-9). This effect is frequently con-
sidered to bear directly on the control of electron transport and the mech~
anism of energy transduction (10-13). A surprising aspect of the enhanced
reduction of b-566 is its further dependence on the presence of an oxidizing
agent (O2 or ferricyanide) (3,4,12-17), and indeed, the role of the oxidant is
often emphasized in formulating the mechanism of the effect. Thus, as consid-
ered in detail in this paper, Frecifiska and coworkers (13,18,19) and Storey
(9) proposed that the enhanced reduction of b-566 was a respense to the oxida-
tion of cytochrome c,, the latter cytochrome being assigned a key role in
regulating the reducibility of b~566 or of an antimycin/b-566 complex. To
account for the behavior of b-566, these authors postulated that oxidation of
[]

=1
plus oxidant —- causes the midpoint potential (Em) of b-566 to shift to a more

-- as occurs in substrate-reduced mitochondria upon addition of antimycin

positive value, leading to increased reduction of 27566. Conversely, reduc-

tion of El

of the enhanced reduction. In support of such a mechanism, Storey (9)

was considered to decrease the Em of 27566, leading to relaxation

reported an apparent synchronous reduction of ¢, and relaxation of 27566

1
reduction upon anserobiosis in antimycin-treated mung bean mitochondria which
had been respiring with succinate. In our opinion, however, the data are not
sufficient to warrant the conclusion that the redox state of S controls that

of 97566. It is the purpose of this paper to re-evaluate the evidence for the
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proposed mechanism in plant mitochondria through more detailed examination of

the relationships between the redox states of these two cytochromes.

MATERTALS AND METHODS

Tightly coupled, gradient-~purified mitochondria were prepared from mung
bean hypocotyls and potato tubers as described by Douce et al, (20). Reactions
were carried out in medium A (0.3 M mannitol, 5 mM MgCl2, 10 mM KC1, 10 mM K-POh
buffer, pH 7.2) or medium B (0.3 M mannitol, 5 mM MgClg, 10 mM KC1, 10 mM Tris-
HC1, pH T7.2). Prior to each experiment, mitochondria were suspended in reaction
medium and soaked in ATP (0.33 mM) for 2 min to activate succinate dehydrogenase,
Spectra at room temperature and at T7° K were obtained with a scanning split beam
spectrophotometer as described by Chance (21). The time course and extent of
oxidation and reduction of the cytochromes were measured with a dual wavelength
spectrophotometer (21). Potentiometric titrations were carried out as described
by Dutton et al. (22). Mitochondrial protein was assayed by the method of Lowry et
§}3(23).Antimycin (Cal-Biochem) was added from a 1 mg/ml stock solution in
absolute ethanol.

The b-cytochromes are named according to thelr a-absorption maxima in

room temperature difference spectra.

RESULTS

Teble I shows the extent of reduction of cytochrome 97566 by 10 mM
succinate in coupled and uncoupled plant mitochondria under normal conditions
(lines A,B) and in the presence of antimycin plus oxidant (lines D,E). The
enhanced reducibility of b-566 under the latter conditions is readily apparent.
The extent of reduction of this cytochrome increases from a relatively low
initial level (0O to 20%; lines A,B) to at least 85 or 90% in aerobic, antimycin-
treated mitochondria (lines D,E). The low level of reduction prior to addition
of antimycin seems somewhat surprising at first, but actually it agrees closely
with the redox level normally expected for equilibrium between b-566 and suc-
cinate based on their measured E 's (723 line C). Significantly, the increased
reduction of b-566 under the influence of antimycin plus oxidant is seen to
result from displacement of this normal redox equilibrium. It is also note-
worthy that the effect occurs equally well in coupled and uncoupled mitochondria.
Quantitatively, the extra reduction of b-566 is consistent with an increase of
over 110 mv in its apparent Em’ in agreement with analogous estimates for
animal mitochondria (16,17,24).

Further experiments centered on the possibility that the enhanced
reduction of 27566 reflects control of its Em by the redox state of cytochrome

S (see INTRODUCTION). Fig. 1 shows dual wavelength spectrophotometer record-

ings which are addressed to the previously reported correlation in the oxida-
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TABLE I

Extent of Reduction of b-566 by 10 mM Succinate in Different Steady States
in Potato Mitochondria

The table shows levels of reduction of b-566 measured with a dual wavelength
spectrophotometer at 566-5T5 nm and expressed as percent b-566 reduced by
dithionite. Correction was made for spectral interference from the neighboring
o-peak of 27560 by measuring its contribution to the total absorbance potentio-
metrically and by making the assumption that 27560 -- which has a relatively
high E; ca. 80 mv; Lambowitz and Bonner, manuscript in preparation -- is com-
pletely reduced in the steady states indicated. Both b-560 and b-566 were
assumed to be fully oxidized in aerobic mitochondria prior to addition of suc-
cinate. Reactions were carried out at room temperature in 3.0 ml medium A or
B. Antimycin was added at a concentration of 0.5 to 1.5 ug/mg protein; the
uncoupler was 1799 (6.7 uM). Each value represents two or more determinations.
A consistent set of results was obtained from low temperature difference spec~
tra. Line A: refers to the stable level of reduction reached 2 to 5 min

after anaerobiosis. Line C: level of reduction calculated on the basis of
measured Ej of b-566 (ca. -75 mv; Lambowitz and Bonner, manuscript in prepar-
ation) assuming equilibrium between b-566 and succinate. For this calculation,
the potential of the medium after anaerobiosis in the presence of 10 mM succi-
nate was estimated to be -8 mv.

Conditions Percent reduction b-566

A. Succinate/anaerobic 5 to 20

B Succinate + uncoupler/anaerobic 0 to 5

C. Succinate -- calculated "normal" equilibrium level T

D. Succinate + antimycin/aerobic 90

E. Succinate + antimycin + uncoupler/aerobic 85 to 90

566-+575nm
Reduction T Anaerobic

T;i ATP ﬁ\\\\“*-——___

T " 1 -— Stir

551-540nm [ Succinate
_L Antimycin
ATP
T=% m —*
P —

T

T—Sut:cinme Anaerobic

Antimycin 2m|n——’|

Figure 1: Dual wavelength spectrophotometer recordings of the oxidation-
reduction behavior of cytochromes b-566 and ¢ + c. in antimycin-treated mung
bean mitochondria. Upper trace: cytochrome b-566 monitored at 566-575 nm.
Bottom trace: cytochrome c + ¢, monitored at 551-540 nm, The light path was
1 em, Concentrations were: K%P (0.33 mM), antimycin (0.5 to 1.1 ug/mg mito-
chondrial protein), succinate (8.3 mM), Mp = 6,0 and 4.6 mg mitochondrial
protein in upper and lower traces, respectively. Reactions were carried out
in 3,0 ml medium A at room temperature., Similar results -- with comparable
fast and slow oxidations -- were obtained in medium B; the extent of the fast

oxidation was decreased in uncoupled mitochondria.
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tion-reduction behavior of b-566 and [ (9). After addition of antimycin and
succinate, the mitochondria enter a steady state during which O2 is consumed
by non-cytochrome pathways (25), and during which, in accord with the proposed

mechanism, cytochrome c + c. (bottom trace) is almost completely oxidized and

cytochrome 27566 (top trace% almost completely reduced. Upon anaeroblosis
(following the aerobic steady state, or following the transient aerobic steady
state induced by stirring), one observes a rapid reduction of cytochrome c +
S and an oxidation of cytochrome 27566, the latter reflecting relaxation of
the enhanced reduction. This relaxation is biphasic, however. Only the rela-
tively small initial fast phase is closely correlated with reduction of cyto-
chrome c + ¢ and control experiments -- appropriate difference spectra and
potentiometric titrations -- showed that at least half of this apparent fast
oxidation is actually spectral interference from reduction of cytochrome ¢ +

[ which appears as a decrease in absorbance at this wavelength pair). More

g (
importantly, the greater part of the relaxation is a previously over-looked
slow oxidation, and this occurs much later than reduction of cytochrome ¢ + &
(shown in Fig. 1, and confirmed by repetitive difference spectra; Fig. 2). A
very similar picture of the redox behavior of b-566 was obtained from spectra
of the corresponding steady states frozen in liquid nitrogen (Fig. 3). Com-
parison of the spectrum of the aerobic steady state (Fig. 3B) with that at 30
sec after anaerobliosis suggests that very little oxidation of 97566 occurs
concomitantly with reduction of cytochrome ¢ + Ei' Instead, as shown in Fig.
3D, the spectrum at 45 min after anaerobiosis, oxidation of 97566 to the normal
redox level (Fig. 3A) occurs only after an extended period of anaerobiosis
corresponding to the slow oxidative phase in Fig. 1. In further experiments,
primarily with the dual wavelength instrument, the same behavior of 97566 was
observed in coupled and uncoupled mitochondria from both mung beans and
potatos. However, the rate and extent of the slow oxidative phase were found
to vary for different preparations with 30 to 100% of the extra reduction of
27566 relaxed in 5 to 15 min after anaerobiosis. 1In all cases as previously
demonstrated for rat liver mitochondria by WikstrBm (26), the relaxation could
be accelerated to completion (ca. 10% reduction of b-566; cf. Table I) by
addition of 1low concentrations of redox mediators (g,g, 10 uM phenazine meth-
osulfate) to establish oxidation-reduction equilibrium. From the above data
considered together, we conclude that relaxation of b-566 reduction upon ana-
erobiosis does not show a close kinetic correlation with reduction of cyto-
chrome c,, as had been reported previously (9), There is no basis from this
more complete picture for the unqualified conclusion that the redox state of

eytochrome c. controls that of b-566.

1,
The above data are not sufficient to rule out such control, however,
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Figure 2: Repetitive difference spectra showing relaxation of enhanced
reduction of b-566 (and of b-558, a second component which responds to anti-
mycin; ref. 30) after anaerobiosis in antimycin-treated mung bean mitochondria,
Mitochondria (9.9 mg protein) were suspended in 3.0 ml medium A, soaked in ATP
(0,33 mwM), and made anaerobic by addition of succinate (8.3 mM). The spectra
show the extra reduction in a sample treated with antimycin (0.51 ug/mg protein)
at various times following partial aeration by vigorous stirring. Relaxation

of enhanced reduction is complete at 12,3 min (bottom spectrum); at this point,
the spectrum shows only an antimycin-induced red shift in the o-pesk of 27560

{a high potential b-cytochrome; see ref. 30)., 1 em light path, room temperature.

Figure 3: Low temperature difference spectra of mung bean mitochondria. Mito-
chondria (8.25 mg protein) were suspended in 1.1 ml medium A and soaked in ATP
(0. 3 mM). Spectrum A: succinate (10 mM)/anaerobic minus aerobic. Spectrum B:
succinate (10 mM) + antimycin (AA; 0.13 pg/mg protein)/aerobic minus aerobic.
The positive sample was treated with antimycin for 2 min, succinate was added,
and 30 sec later, the sample was frozen in liquid nitrogen. Spectra C,D: suc-
cinate (10 mM) + antimycin (AA; 0.13 ug/mg protein)/anaerobic minus aercbic.

The positive sample was made anaerobic by addition of succinate, and antimycin
was added. 2 min later, the sample was partially aerated. The sample was
frozen 45 sec after aeration in spectrum C and 45 min after aeration in
spectrum D, The spectra show a-peaks of cytochromes ¢ + ¢., b-556, b-560, and
b-566; the actual locations of these peaks are 549, 553—53&, 557-558, and 563 nm,
respectively. 2 mm light path, T7°K.

since it remains possible that reduction of ¢, upon anaerobiosis does cause a
concomitant decrease in the Em of b-566 and that the slow oxidation observed in
Fig. 1 is relaxation of disproportionately reduced b-566. For this reason, to

determine whether oxidation of ¢, is a prerequisite for enhanced reduction of

1
27566, we examined the effect of antimycin in aerobic, succinate-reduced mito=-

chondria in which oxidation of ¢. was prevented by blocking cytochrome oxidase

1
with cyanide. The upper trace in Fig. U4 shows that antimycin does cause

enhanced reduction of b-566 (b-566 becomes 55 to 80% reduced; cf. Table I)
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Figure 4: Dual wavelength spectrophotometer recordings showing the effect of
antimycin on the oxidation-reduction levels of cytochromes b-566, ¢ + ¢, and
aa3z in aerobic, cyanide-treated potato mitochondria. Upper trace: cytoChrome
b-566 monitored at 566-575 mm. Middle trace: cytochrome ¢ + ¢ monitored at
551-545 nm. Bottom trace: cytochrome aa3 monitored at 602-630"nm. The light
path was 1 cm. Concentrations were: ATP (0.33 mM), 1799 (an uncoupler; 6.7 uM),
KCN (0.83 mM), succinate (8.3 mM), antimycin (O.891Jg/mg protein). Mp = 5.6 mg
mitochondrial protein. Reactions were carried out in 3.0 ml medium A at room
temperature. Assignment of redox changes to b-566 were confirmed by difference
spectra (not shown).

Figure 5: Dual wavelength spectrophotometer recordings similar to those of
Fig. It but with TMPD plus ascorbate present, Upper trace: cytochrome b-566
monitored at 566-575 mm. Lower trace: cytochrome ¢ + ¢, monitored at 550-540
nm, Oscilloscope traces to the right show addition of antimycin on expanded
time scale. The light path was 1 cm. Concentrations were: N,N,N',N'-tetra-
methyl-p-phenylenediamine dihydrochloride (TMPD; 0.2 mM), ascorbate (10 mM),
Mp = 5.8 mg mitochondrial protein. All other concentrations were as in Fig. k4.
Reactions were carried out in 3.0 ml medjum A at room temperature. Similar
results were also obtained with coupled mitochondria in medium B.

under these conditions. Concomitantly, as shown in the lower traces, there is

only a small -- ca. 15% ~- oxidation of cytochromes c + Ei

attributed to inhibition of a slow residual flux through the cyanide-inhibited

and aag, which may be

chain. In other experiments, shown in Fig. 5, under the same conditions, but
with TMPD plus ascorbate present as an additional clamp on the redox state of
cytochrome ¢ + Ei’ antimycin has the same effect on 27566, and concomitantly,
cte remains at least 95% reduced. The possibility that a transient oxida-
tion of 2y oceurs in conjunction with the enhanced reduction is ruled out in the

expanded time scale oscilloscope traces to the right in Fig. 5. We conclude
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that neither active cytochrome oxidase nor more than 5% oxidation of cytochrome
¢ *+¢; is required for the enhanced reduction of b-566. (However, that 0,
continues to play a crucial role, even under these conditions, was confirmed by
subsequent experiments showing that the enhanced reduction in cyanide-inhibited

mitochondria was relaxed upon anaerobiosis.)
DISCUSSION
The results presented in this paper show (a) that the reducibility of

o (b) that

relaxation of the enhanced reduction following consumption of O2 does not show s

cytochrone 27566 in plant mitochondria is increased by antimycin plus O

close kinetic correlation with reduction of cytochrome s and (c) that enhance-
ment of b-566 reduction does not require oxidation of cytochrome -
The lack of kinetic correlation between reduction of cytochrome c.

upon anaerobiosis and relaxation of 3;566 reduction is in agreement with ihe
recent results of Wikstrom and Berden (17) who reported apparent fast and slow
oxidations of b-566 following anaerobiosis in antimycin-treated beef heart
mitochondria. Here too, under comparable experimental conditions, the fast
oxidation was synchronous with reduction of cytochrome c + (B and was mainly attri-
buted to spectral interference, while the slow oxidation was assigned to b-566.
Wikstrom and Berden also pointed out that the antimycin plus Og—enhanced
reduction of b-566 is stable for some time in the presence of reduced cytochrome
4 in both anaerobic and cyanide-inhibited mitochondria, Our results extend
theirs by demonstrating that an initial oxidation of cytochrome & is not
required to produce this effect.

That section of our results describing the relaxation of the enhanced
reduction upon anaerobiosis (Fig. 1) is also in substantial agreement with
results reported for plant mitochondria by Storey (9), even though the latter
author considered the relaxation to be closely correlated with reduction of Sy
This discrepancy is explained by the fact that Storey was concerned only with
the fast oxidation and did not attribute any slow oxidation to b-566. 1In
light of other results presented in our report, it appears that the importance
of the fast oxidation was over-emphasized.

In general terms, the enhanced reduction of b-566 in plant and animal
mitochondria can be attributed equally well to a decrease in the effective
redox potential of the substrate, or to an increase in the Em of 27566. The
fact that the effect occurs only under non-equilibrium conditions, in the
presence of an oxidant, makes it extremely difficult to distinguish between
these possibilities. Tt should be emphasized, in view of proposals made in the
literature(%10,27,28)that the enhanced reduction does not necessarily require

formation of an antimycin/97566 complex. The detailed mechanism of the effect
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remains of great interest. Although our results indicate that oxidation of

cytochrome Sl

suggested mechanisms. (i) The effect could reflect the response of b-566

is not a key factor, they are compatible with three other

to oxidation of some other regulatory component -~ designated X -- perhaps

an iron sulfur protein (16,29). X would have to behave as an electron
transport component similar to cytochrome e but should also possess the
unique ability to remain oxidized in the presence of substrate and cyanide
{since enhanced reduction of 2;566 occurs under these conditions; Fig. Ly,

The latter consideration could imply that X, if it exists, is reduced slowly
and is not on the main electron transport pathway. (ii) The enhanced reduction
of 27566 could reflect an increase in its Em resulting from accumulation of a
high energy form of b-566, generated by electron flow through the terminal seg-
ment of the chain and stabilized by antimycin {12). However, the occurrence

of the effect in cyanide-inhibited mitochondria (see Fig. L) means that even
very slow electron flow should be sufficient to maintain the high energy form.
(iii) Finally, the enhanced reduction could be caused by a decrease in the
redox potential expressed at b-566, resulting from an oxidant-induced shift in
an equilibrium below the antimycin block of the type proposed by Wikstrdm and
Berden (17). The data available are not sufficient to determine which, if

any, of these mechanisms is correct.
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