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ABSTRACT

Pathways of electron transport have been studied in mito-
chondria isolated from hypocotyls of etiolated mung bean
seedlings and skunk cabbage spadices that show cyanide-re-
sistant respiratory activity. The residual flux through cyto-
chrome c¢ oxidase is shown to be small in comparison with
the flux through an unidentified alternative oxidase that is
known to have a high affinity for oxygen. This alternative
oxidase is not a cytochrome. Skunk cabbage and mung bean
mitochondria contain cytochromes a and a; that have ab-
sorption peaks differing slightly from those of animal prepara-
tions. A slow oxidation-reduction of cytochrome a>CN has
been demonstrated. Cytochromes b undergo oxidation and
reduction in the presence of cyanide but play no essential
role in the cyanide-resistant pathway. Antimyecin inhibits to an
extent similar to that of cyanide; the respiratory chain bifur-
cates on the substrate side of the antimycin-sensitive site.
Evidence is presented for the selective inhibition by thiocya-
nate, o,a’-dipyridyl, and 8-hydroxyquinoline of the alternative
oxidase pathway, which may therefore contain a non-heme
iron protein.

In only a few plant tissues is the rate of respiration sufficiently
rapid to result in an appreciable rise of the temperature of the
tissue above that of the surrounding air. This may occur in
ripening fruits, germinating seeds, and opening inflorescences
(palms, Cycadaceae and Araceae). The phenomenon is most
marked in the Araceae. Some of the earlier measurements of
respiration rates and temperatures of the aroid spadix were
recorded by Pfeffer (24), but the first investigation of the
chemical mechanism of spadix respiration was made by van
Herk (30-33) with Sauromatum guttatum. Van Herk dis-
covered the marked resistance of spadix respiration to inhibi-
tion by cyanide and recorded the exceptionally high respira-
tory rates (with a maximal Qo, between 20 and 68) of the
tissue after the opening of the spathe. These observations were
extended to Arum maculatum by James and Beevers (17).

James and Elliott (18) showed that active cyanide-resistant
respiration is associated with mitochondrial preparations from
the Arum spadix. The study of isolated mitochondria avoids
some of the problems and practical difficulties that arise in
experiments with whole tissues, and extra-mitochondrial path-
ways clearly cannot account for more than a small fraction of
the cyanide-resistant respiratory activity of aroid spadices (3).
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The present paper critically reviews the investigations that have
been carried out on the mechanism of cyanide-insensitive res-
piration of mitochondrial preparations in the light of new ex-
perimental evidence.

Five different hypotheses have been proposed to explain the
mechanism of cyanide-resistant oxidations in plant mito-
chondria.

Hypothesis 1. Van Herk (32) was unable to detect cyto-
chrome in the Sauromatum spadix but discovered an auto-
oxidizable flavoprotein of the type of Warburg’s old yellow
enzyme but with a significantly higher turnover number. More-
over, the flavin content of the spadix increased at the same time
as the respiration, and van Herk calculated that the flavopro-
tein oxidase could account for ¥ to %% of the respiration. James
and Beevers (17) made similar observations with the spadix of
Arum maculatum. Their conclusion that the cyanide-resistant
terminal oxidase was a flavoprotein was strengthened by their
observation that respiration was markedly dependent on oxygen
concentration.

Hypothesis 2. Bendall and Hill (1) showed that the Arum
spadix is richly supplied with cytochrome components. A mito-
chondrial fraction contained cytochromes a + as, b and ¢ and, in
addition, a new cytochrome termed b,. Cytochrome b, was
oxidized by air in the presence of cyanide, and it did not react
with carbon monoxide. Bendall and Hill proposed that cyto-
chrome b, mediates electron transfer to oxygen in the cyanide-
stable respiration. Lundegdrdh (21) also observed in wheat
roots the oxidation of cytochrome b in the presence of
cyanide, and he made a similar suggestion of a “b shunt to
oxygen.” The suggestion that cyanide-resistant respiration
could be explained by a second oxidase pathway connecting
with normal respiratory chain components on the substrate
side of cytochrome ¢ was first made by Okunuki (23) as a re-
sult of his study of pollen respiration.

Yocum and Hackett (36) reported evidence for the special
role of b components in the cyanide-resistant respiration of
spadices of Peltandra virginicum and Philodendron grandi-
folium. These authors made the important observation that
the respiration of the aroid spadix had a high affinity for oxy-
gen and explained the contrary result of James and Beevers
(17) by a limiting diffusion of oxygen under the conditions
used. Simon (27) confirmed the high oxygen affinity in tissues
of the Arum maculatum spadix.

Hypothesis 3. The simplest explanation of cyanide-insensi-
tive respiration is that there is incomplete inhibition of cyto-
chrome ¢ oxidase. Such a situation could arise if the mito-
chondria contained a large excess of cytochrome oxidase
relative to a rate-limiting step in the respiratory chain. The
excess oxidase hypothesis has been discussed in relation to
plants by Yocum and Hackett (36), Hackett and Haas (14),
Simon (27), Wiskich and Bonner (35), and Chance and Hackett
(10). The most important evidence in favor of the hypothesis
was reported by Chance and Hackett, who found incom-
plete reduction of cytochromes ¢ and a of skunk cabbage mito-
chondria in the presence of azide or cyanide.
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Hypothesis 4. On the basis of optical and kinetic evidence a
second oxidase of the a type was suggested to be a part of the
plant mitochondrial respiratory chain assembly (6).

Hypothesis 5. Evidence against each of the above four
hypotheses will be discussed in this paper. However, the first
two have in common the suggestion, which was first made
by Okunuki as a result of his study of pollen respiration (23),
that the cyanide-resistant pathway connects with the normal
respiratory chain on the substrate side of cytochrome c. The
results below support this contention but leave open the
question of the chemical nature of the cyanide-resistant oxi-
dase. We report evidence that a non-heme iron compound is
associated with the cyanide-resistant pathway.

MATERIALS AND METHODS

The plant material used in these experiments included the
spadices of skunk cabbage (Symplocarpus foetidus), tubers of
potato (Solanum tuberosum), and etiolated hypocotyls of mung
bean (Phaseolus aureus) and Black Valentine bean (Phaseolus
vulgaris). The skunk cabbage was collected in a swamp in
Shanesville, Berks County, Pennsylvania, and in a swamp on
the Swarthmore College campus. In the late spring skunk
cabbage inflorescences were flown from swamps in the region
of Ithaca, New York. Bean seedlings were grown in a dark
room maintained at 28 C and 60% relative humidity.

Mitochondria were prepared by methods that have been
described previously (7). The preparation was suspended in a
small volume of wash medium. For all experiments reported
in this paper dilutions were made into a medium containing
0.3 M mannitol, 10 mmM potassium phosphate buffer, 10 mm
KCl, and 5 mMm MgCl,, which was adjusted to pH 7.2. Sub-
mitochondrial particles were prepared by sonication of a
mitochondrial suspension (4—10 ml) in 0.1 M potassium phos-
phate buffer, pH 7.2, for 30 sec with a Branson Soniprobe.
The suspension was then centrifuged 15 min at 10,000g (g
max) to remove large particles, and the supernatant was centri-
fuged 1 hr at 144,000g. The particles were washed once by re-
suspension in phosphate buffer and centrifuged for 30 min
at 144,000g and were finally resuspended in a small volume of
phosphate buffer.

Oxygen consumption of isolated mitochondria was measured
at room temperature (22-24 C) with a Clark oxygen electrode
inserted into a 3-ml cuvette on a magnetic stirrer. A special
electrode and cuvette were constructed for preparing mito-
chondria in a known respiratory state that could then be frozen
rapidly in liquid nitrogen. This technique traps the respiratory
carriers in the redox condition of the steady state and so
allows the low temperature difference spectrum of the trapped
steady state to be measured. For this special electrode, as sug-
gested by Dr. J. B. Chappell, the platinum electrode and its
silver reference electrode were placed at the base of a cylindri-
cal Lucite chamber. The chamber was also fitted with a very
narrow outlet near the bottom. A plunger with a removable
Teflon center and a hole at the base was fitted into the top of
the chamber. This arrangement allowed for additions into the
chamber through the hollow plunger or, with the Teflon insert
in place, for pushing the contents out of the vessel into a
spectrophotometer cuvette cooled in liquid nitrogen.

Optical measurements were performed on a sensitive scan-
ning split beam spectrophotometer and on a differential dual
wavelength spectrophotometer (9).

RESULTS

Inhibitor Sensitivity. The various degrees of sensitivity of
plant mitochondria to inhibitors are illustrated by the results
recorded in Table I. In most experiments succinate was used
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Table I. Effects of Respiratory Inhibitors on Oxygen Uptake of
Plant Mitochondria
Inhibition was determined with the oxygen electrode. Uncoupler
was 0.12 um FCCP.

Inhibition
Succinate, 6.7 myx Ascorbate,
Inhibitor L-Malate, 1&;?1:"
30 mM, 0.1 mm
State 3 COE;]; d uncoupled o’fl%l;%'
uncoupled
% % % %
I. Cyanide, 0.1 mm
Potatoes 94
Mung beans 64-79 76 91
Black Valentine beans 66
Skunk cabbage 38 1745 | 25-45 86-95
II. Azide, 2-5 mMm
Potatoes 90-95
Mung beans 53-74 65
Skunk cabbage 32 86
III. Antimycin, 0.1-0.2 ug
Mung beans 66-77 70
Skunk cabbage 42-51

as substrate, and in these cases the mitochondria were incu-
bated for 4 min with 170 uM ATP before substrate addition to
overcome the inhibited state of the succinic oxidase system
of the mitochondria as isolated (35). All preparations of mito-
chondria showed respiratory control, although in the case of
skunk cabbage mitochondria the respiratory control indexes
were very low (about 1.2). Succinate oxidation by potato mito-
chondria was almost completely inhibited by the terminal in-
hibitors cyanide and azide, but, on the other hand, skunk cab-
bage mitochondria were inhibited only to the extent of 20 to
40%. The values obtained with mitochondria from the hypo-
cotyls of mung bean and Black Valentine bean seedlings lay
between these two extremes. The sensitivity of the mitochon-
dria to these two inhibitors was about the same in the presence
of ADP and of uncoupler. Malate oxidation was inhibited to a
similar degree as succinate oxidation in skunk cabbage mito-
chondria. Nevertheless, the oxidation of ascorbate in the pres-
ence of either TMPD® or DAD was always strongly inhibited,
even with skunk cabbage mitochondria.

Antimycin A, which acts on a different region of the respira-
tory chain, nevertheless inhibited to about the same extent as
cyanide and azide. This observation agrees with those of
Ikuma and Bonner (15) with mung bean mitochondria and of
Bendall (3) with mitochondria from the Arum spadix. We also
observed that the effects of cyanide and antimycin were not
additive. In these experiments we used a concentration of anti-
mycin adequate to cause inhibition of the oxidation of cyto-
chrome b, observed spectroscopically. (The concentration of
mitochondria differed in the two kinds of experiment, but the
antimycin concentration was the same in terms of mitochon-
drial protein [26].)

The concentrations of cyanide and azide used in the experi-
ments recorded in Table I gave nearly the maximal effects. The
excess oxidase hypothesis demands that partial inhibitions of
succinate oxidation are due to incomplete inhibition of cyto-

3 Abbreviations: DAD: 2,3,5,6-tetramethyldiaminobenzene;
FCCP: carbonyl cyanide p-trifluoromethoxyphenylhydrazone;
TMPD: N,N,N’,N’-tetramethyl-p-phenylenediamine.
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Fic. 1. Dixon plots of the effects of cyanide and azide on the
rate of succinate oxidation by skunk cabbage mitochondria. Reac-
tions were carried out in the standard medium with 6.7 mM suc-
cinate, 0.2 mM ATP, and 0.12 uM FCCP.
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Fic. 2. Effects of cyanide on oxidation of ascorbate/DAD and
succinate by (A) skunk cabbage mitochondria [Mw], and (B) potato
mitochondria [Mw]. Final concentrations of reagents were: ATP,
0.2 mM FCCP, 0.08 uM (skunk cabbage) and 0.16 uM (potato);
ascorbate, 10 mM; DAD, 0.8 mM; KCN, 0.1 mM; succinate, 6.7 mM.
Rates are expressed as nmoles O./min.

chrome oxidase. The effects of varying inhibitor concentra-
tions are most clearly seen in the Dixon plots (11) shown in
Figure 1. Such plots would normally give straight lines. How-
ever, cyanide and azide inhibition gave biphasic curves, indi-
cating two modes of inhibition with widely different values for
Ki. These results could be explained either by two terminal
oxidases, or by one oxidase, the inhibited form of which is still
capable of rapid, though significantly reduced, turnover.

One method of distinguishing between these two possibilities
was to compare the activities of cytochrome oxidase and the
succinic oxidase system in the presence and absence of cyanide.
Wiskich and Bonner (35), working with sweet potato mitochon-
dria, observed that oxidation of a mixture of ascorbate and
TMPD, a good cytochrome oxidase substrate, was power-
fully inhibited by cyanide. The oxygen uptake could subse-
quently be restored by addition of succinate, indicating that
the cyanide-insensitive fraction of succinate oxidation was
greater than the residual activity of cytochrome oxidase. We
have made similar observations with mitochondria from mung
bean hypocotyls and skunk cabbage spadices. On the other
hand, with potato mitochondria which show little resistance to
cyanide, the succinate addition caused scarcely any stimulation
of oxygen uptake. Results obtained with skunk cabbage and
potato mitochondria were compared in Figure 2. With skunk
cabbage mitochondria the succinate-stimulated rate is about
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five times the residual rate with ascorbate and DAD (in place
of TMPD) after cyanide inhibition. This factor is a minimum,
because of the slow autooxidation of ascorbate/ DAD and be-
cause of an apparent inhibition of the succinic oxidase system
under these conditions. These experiments showed clearly that
the rate of oxygen uptake by skunk cabbage mitochondria in
the presence of cyanide and succinate was too large to be medi-
ated by the residual cytochrome oxidase activity. Strictly
speaking, a saturating concentration of DAD should have been
used in order to display the maximal activity of cytochrome
oxidase. However, Figure 3 shows that the concentration of
DAD used was not so far below the optimum as to invalidate
the arguments given above.

These experiments effectively destroy the excess oxidase
hypothesis, even in the modified form stated above that as-
sumes a significant rate of turnover for the inhibited form of
cytochrome oxidase. Thus, the existence of a second oxidase,
resistant to cyanide and azide, must be postulated. Direct evi-
dence for the presence of two oxidases in plant mitochondria
has been obtained by Ikuma, Schindler, and Bonner (16) from
a study of the oxygen affinity of mitochondrial oxidations.

The strong inhibition by cyanide of ascorbate oxidation in
the presence of TMPD or DAD, which interact with the mito-
chondria at the level of cytochrome c, also argues against the
possibility that the second oxidase is a modified form of cyto-
chrome a (hypothesis 4). This is examined in more detail in
the next section.

Optical Properties of Cytochrome Oxidase and Its Com-
pounds with Cyanide and Azide. Keilin and Hartree (19) showed
that mammalian cytochrome oxidase in the reduced state ex-
hibited a two-banded spectrum with maxima at 605 and 448
nm. They deduced that the main portion of the 605 nm band
was contributed by component a and the main portion of the
448 nm band by component a.. Subsequently Yonetani (37)
made a careful study of the optical properties of highly puri-
fied cytochrome oxidase from beef heart. In both the absolute
spectrum and the reduced minus oxidized difference spectrum
there were absorption maxima at 605 nm and 445 nm; cyto-
chrome a, contributed 51% to the 445 nm peak and 28% to
the 605 nm peak.

Cytochrome oxidase in plant mitochondria shows some opti-
cal differences compared with the mammalian enzyme. For
example, the combined a-band of cytochromes a + a. has an
absorption maximum at 602 nm, rather than 605 nm (5). More
important is the observation that at —196 C the y-band shows
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Fic. 3. Effect of the concentration of DAD on the rate of oxida-
tion of ascorbate (10 mM) by skunk cabbage mitochondria in the
presence of 0.08 uM FCCP.
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two distinct absorption maxima (5). This has led to the sug-
gestion that the second oxidase of plant mitochondria may be
of the cytochrome a type. A similar suggestion arose from the
observation that in the presence of azide difference spectra
could be obtained with the cytochrome a + a: a-band at 608
nm at room temperature (4).

The spectra of cytochromes a and a, were studied in skunk
cabbage and mung bean mitochondria by Yonetani’s method
(37) for the optical separation of these two components. Re-
sults obtained with skunk cabbage mitochondria are shown in
Figure 4. The reduced minus oxidized difference spectrum for
cytochrome a was obtained from the difference spectrum for
aerobic mitochondria in the presence of ascorbate, TMPD,
and cyanide minus the fully oxidized state (Fig. 4B). The con-
tribution from cytochrome a, was virtually canceled out as the
ferric a:-cyanide compound in the sample cuvette and ferric
a, in the reference cuvette. However, the small shoulder at 589
nm suggested the presence of a small proportion of ferrous a.-
cyanide. The difference spectrum of cytochrome a; was obtained
from the spectrum of anaerobic mitochondria reduced with
ascorbate and TMPD minus the aerobic mitochondria in the
presence of ascorbate, TMPD, and cyanide (Fig. 4C). The
spectrum obtained is the difference ferrous a; minus ferric as-
cyanide. The spectra recorded in Figure 4 include contribu-
tions from cytochrome ¢, which gives rise to an a-peak at
548 nm and Soret absorption at 418 nm in the anaerobic state
and in the aerobic state with cyanide, and from b components.
The b components were responsible for the double a-peak at
552 and 554 nm and Soret absorption in the region 420 to 430
nm in the anaerobic sample. Whether the reduction is caused
by endogenous substrates or by ascorbate/ TMPD is not
known. It is unlikely to be caused by an energy-requiring re-
versed electron transport from cytochrome c, as has been ob-
served with liver mitochondria (4), because uncoupler was
present in these experiments. We conclude that the a-peak at
600 nm and the double Soret peak at 439 and 446 nm belong
to the difference spectrum (reduced minus oxidized) of cyto-
chrome a, while the cytochrome a; spectrum has little or no
a-absorption and a single Soret peak at 446 nm. A similar
double Soret peak for cytochrome a has been observed with
purified preparations of mammalian cytochrome oxidase (29)
and there is no evidence for the existence of two discrete com-
ponents. The double a-peak in the difference spectrum (anaero-
bic minus oxidized) of plant mitochondria is clearly derived
from a normal cytochrome a spectrum differing from that of
the mammalian component only in that the peaks are shifted
2 to 3 nm toward the violet. No evidence could be found for
a third a-type component in plant mitochondria.

When azide was used instead of cyanide to define the oxida-
tion-reduction states of the two a components (2, 13), results
rather similar to those described above were obtained in the
Soret band region. In the a-band region there were striking dif-
ferences that were most easily seen in spectra of the difference
between the anaerobic state with cyanide or azide present and
the inhibited aerobic steady state. With cyanide-treated mito-
chondria the difference spectrum showed evidence of the re-
duction of the a,-cyanide complex, the ferrous form of which
is characterized by a strong a-band at 590 nm (13). With
azide, on the other hand, a peak was observed at 608 nm
(Fig. 5). This peak cannot represent the ferrous form of the
cytochrome a.-azide complex, as was at first thought, because
an almost identical spectrum was observed when only the
aerobic reference cuvette contained azide. Wilson (34) has
shown that azide induces a shift of the a-band of cytochrome
a in rat liver mitochondria 6 nm toward the violet, a shift which
is reversed on anaerobiosis. A similar effect has been observed
with purified cytochrome oxidase (29). The spectral effects of
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Fi1G. 4. Spectra of cytochrome a components in skunk cabbage
mitochondria as revealed by reduction with ascorbate and TMPD.
Difference spectra were determined at —196 C. Mitochondria
were diluted in the standard medium with 1 uM FCCP. Final con-
centrations of reagents added, where appropriate, were: ascorbate,
10 mm; TMPD, 0.1 mM; KCN, 0.2 mM. A: Anaerobic sample re-
duced with ascorbate/TMPD minus oxidized. The suspension in
the positive compartment was incubated 3 min with ascorbate/
TMPD at room temperature, and the suspension in the negative
(or reference) compartment was oxygenated before the cuvette was
frozen. B: Aerobic sample reduced with ascorbate/TMPD in pres-
ence of cyanide minus oxidized. The suspension in the positive
compartment was incubated 1 min at room temperature with
ascorbate/TMPD after addition of KCN and the reference (nega-
tive) suspension was oxygenated before the cuvette was frozen. C:
anaerobic sample reduced with ascorbate/TMPD in presence of
cyanide. The positive suspension was incubated with ascorbate/
TMPD for 3 min at room temperature, and the reference was
incubated for 1 min with ascorbate/TMPD and KCN and oxy-
genated, bfore the cuvette was frozen.

azide on skunk cabbage mitochondria can be explained simi-
larly, although in this case the observed shift was only 1 to 2
nm. The effect was most clearly seen in the low temperature
spectra illustrated in Figure 6. In spectra of anaerobic mito-
chondria (with or without azide) minus that of mitochondria
in the aerobic azide-inhibited state, the peak at 602 nm was
always accompanied by a trough at 594 nm as would be ex-
pected from a small shift of the cytochrome a a-band toward
the red. In these experiments a small peak and trough at the
same wave lengths were observed in the difference spectrum of
the anaerobic state with and without azide, and this indicates
that reversal of the shift on anaerobiosis was not complete.
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Fic. 5. Difference spectra for cytochrome a + a; in skunk cab-
bage mitochondria at S C in presence and absence of azide. A:
Anaerobic minus oxidized. The suspension in the sample cuvette
was treated with 6.7 mM succinate and allowed to become anaero-
bic, the suspension in the reference cuvette was oxygenated. B:
Anaerobic suspension reduced with 6.7 mM succinate in presence
of 4.2 mM sodium azide minus oxygenated suspension treated with
6.7 mM succinate and 4.2 mM azide.

However, the Soret region of this spectrum shows that azide
also induces small shifts in the Soret bands of cytochrome a.

Wilson and co-workers (13, 34) argued that the spectral
effects of azide indicate that it complexes with cytochrome a
rather than with a. as had been supposed by Keilin and Hartree
(19). However, Nicholls and Kimelberg (22) pointed out that
the effects could also be explained by an interaction between
ferric as-azide and ferrous a,. Whatever the correct explana-
tion, there is no evidence for the existence of a ferrous a.-
azide complex, but the spectra in Figure 6 show clearly that
cytochrome a, becomes reduced in azide-inhibited skunk cab-
bage mitochondria. Thus, cytochrome a: seems to undergo
oxidation and reduction in the presence of both cyanide and
azide, although presumably at a much reduced rate. Conse-
quently, although the main pathway of cyanide- and azide-
resistant respiration must be via a pathway that bypasses much
of the normal respiratory chain, there is also a slow leak
through the inhibited cytochrome oxidase. Unfortunately, we
have no quantitative data on the electron flux through this
leak, but probably it is insignificantly small.

Steady States of Carriers in Skunk Cabbage Mitochondria.
Chance and Hackett (10) have shown that the addition of azide
or cyanide to suspensions of skunk cabbage mitochondria re-
sults in marked changes in the level of reduction of most
carriers in the aerobic steady state. However, they stressed the
fact that these terminal inhibitors did not lead to complete re-
duction of the carriers. For example, in the presence of 15
mMm azide with a-ketoglutarate as substrate, cytochrome a was
reduced to 85% of the level at anaerobiosis. The corresponding
figures for the other carriers were: cytochrome ¢, 80%; cyto-
chrome b, 30%: flavoprotein, 45%; and pyridine nucleotide,
15%. The maximal degree of reduction of cytochrome ¢
achieved in the inhibited state was 93%. Chance and Hackett

BENDALL AND BONNER

Plant Physiol. Vol. 47, 1971

regarded these results as evidence for the excess oxidase hy-
pothesis.

In agreement with Chance and Hackett, we have observed
in experiments with the dual wave length spectrophotometer
that the reduction of cytochrome ¢, measured by the change in
absorption between the wave length pair 550 minus 540 nm, is
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Fic. 6. Low temperature difference spectra (—196 C) of skunk
cabbage mitochondria in the azide-inhibited state. Mitochondria
were diluted in the standard medium and incubated with 0.38 mM
ATP for 5 min at room temperature; FCCP (2 uM) was then added.
Succinate (6.7 mM) and azide (3.9 mM) were added as described
below. A: Anaerobic suspension reduced with succinate minus oxi-
dized. The positive suspension was incubated with succinate for
3 min at room temperature and the reference suspension was oxy-
genated before the cuvette was frozen. B: Anaerobic suspension re-
duced with succinate in presence of azide minus oxidized. Pre-
pared as A, with the addition of azide to the positive suspension
only. C: Aerobic suspension treated with succinate and azide minus
oxidized. The positive suspension was incubated with succinate and
azide 1 min at room temperature, both suspensions were oXxy-
genated, and the cuvette was frozen without delay. D: Anaerobic
suspension reduced with succinate in presence of azide minus
aerobic suspension treated with succinate and azide. Azide was
added to positive and negative suspensions. The positive suspension
was incubated with succinate for 3 min at room temperature and
then oxygenated, before the cuvette was frozen. E: Anaerobic sus-
pension reduced with succinate minus anaerobic suspension re-
duced with succinate in presence of azide. The positive suspension
was incubated with succinate and the negative suspension with
succinate and azide for 3 min at room temperature before the
cuvette was frozen.
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FiG. 7. Low temperature difference spectra (—196 C) of skunk cabbage mitochondria to show the effects of cyanide on the redox states of the
carriers. Samples were taken from the specially constructed oxygen electrode cuvette. Mitochondria diluted in the standard medium were incu-
bated for several min at 0 C with 0.2 mM ATP in the electrode cuvette. Succinate (6.8 mM) and FCCP (2.4 mm) were added and when a steady
state was established a sample was taken into the negative compartment of a low temperature spectrophotometer cuvette cooled in liquid nitrogen.
KCN (0.1 mm) was added to the electrode cuvette and when the new steady state was established a sample was taken into the positive compart-
ment of the spectrophotometer cuvette. These two samples gave spectrum A. Spectrum B was obtained from the same reaction mixture which
was allowed to go anaerobic. A sample was taken into the positive compartment of a low temperature spectrophotometer cuvette at room tem-
perature. The reaction mixture in the electrode cuvette was oxygenated, and a sample was taken into the negative compartment of the spectro-

photometer cuvette which was immediately plunged into liquid nitrogen.

incomplete in the cyanide-inhibited aerobic steady state with
succinate as substrate. With uncoupled mitochondria the appar-
ent level of oxidized cytochrome ¢ was small; in several experi-
ments the reduction was more than 90% complete. The in-
completeness could be more apparent than real because the
cytochrome b components are largely oxidized under aerobic
conditions and they will make a small contribution to absorp-
tion changes at 550 nm at room temperature. Also, it is well
known that respiratory carriers in plant mitochondria are not
always completely reduced by substrate on anaerobiosis. This
is true particularly of cytochrome » components, but we have
found it to apply to a smaller extent to cytochrome c. Thus,
incomplete reduction may merely indicate the presence of a
small proportion of damaged mitochondria.

A more significant explanation may apply when there is no
uncoupler present (as was true of Chance and Hackett’s experi-
ments). Bonner and Bendall (8) showed that in mitochondria
isolated from the spadix of Arum maculatum an energy-de-
pendent reversed electron transport could maintain cyto-
chromes a and c in a partially oxidized state under aerobic con-
ditions in the presence of cyanide.

The steady state levels of reduction of the carriers in in-
hibited mitochondria are best seen in low temperature dif-
ference spectra. Results obtained with uncoupled skunk cab-
bage mitochondria in the presence of cyanide are shown in

Figure 7. In the aerobic steady state cytochrome a and cyto-
chrome ¢ were almost completely reduced while b-type cyto-
chromes and flavoproteins were largely oxidized. A small
degree of reduction of cytochromes b, and b.;: was detectable.
The oxidized state of the cytochromes b agrees with earlier
work (10). At anaerobiosis all three » components became
reduced and there was extensive reduction of flavoprotein, in-
dicated by the trough in the region of 460 nm. The peak at
589 nm and the Soret band at 443 nm indicated the reduction
of the a:-cyanide complex. These results show that in the
cyanide-inhibited state of skunk cabbage mitochondria there is
a turnover of cytochrome a; and the cytochromes b. The highly
reduced condition of cytochrome a in the aerobic steady state
and other results described above make it unlikely that the flux
through a; is significant. On the other hand, the highly oxidized
state of the b cytochromes under aerobic conditions suggests
that they are capable of rapid oxidation in the presence of
cyanide. The results of Chance and Hackett (10) and Storey
and Bahr (28), as well as our own observations on the rates of
reduction at anaerobiosis, show that there is a significant flux
through b components in the cyanide-inhibited state, although
the turnover may not be as rapid as the rate of reduction of
oxygen. These results therefore offer some support for the
special role of b components in the cyanide-resistant oxidase
pathway (hypothesis 2).
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FiG. 8. Low temperature difference spectra (—196 C) of skunk cabbage mitochondria to show the effect of antimycin on the redox states o
the carriers. Mitochondria were diluted in the standard medium and incubated with 0.38 M ATP for 5 min at room temperature; FCCP (2 um)
was then added. Succinate (7.6 mM) and antimycin (1.5 ug/ml) were added as described below. A: Aerobic suspension treated with succinate
and antimycin minus oxidized suspension. The positive suspension was treated with antimycin and succinate and oxygenated for 1 min at room
temperature, and the negative suspension was oxygenated after addition of ethanol to compensate for that in which the antimycin was dissolved,
before the cuvette was frozen. B: Anaerobic suspension reduced with succinate in presence of antimycin minus aerobic suspension treated with
succinate and antimycin. The positive suspension was incubated with antimycin and succinate for 2 min at room temperature and the negative
suspension was cooled to 0 C, treated with antimycin and succinate, and oxygenated for 1 min, before the cuvette was frozen.

However, our results with antimycin-inhibited mitochondria
render the concept of a “b-shunt” to oxygen very unlikely. The
low temperature difference spectra plotted in Figure 8 shows
that in the aerobic antimycin-inhibited steady state the three b
cytochromes were virtually completely reduced except for a
small proportion of oxidized b.. In other experiments carried
out at room temperature with the dual wave length spectro-
photometer, no further increase in absorption occurred at 565
nm on anaerobiosis. These results therefore imply a very
powerful inhibition of cytochrome & oxidation by antimycin,
and this has been confirmed by direct measurements with a re-
generative flow apparatus by Storey and Bahr (28). Cyto-
chrome b components can therefore play no significant part
in the antimycin-insensitive respiration, and this suggests that
their part in cyanide-resistant respiration is secondary. The
idea of a b-shunt to oxygen came from work with Arum mito-
chondria, and the behavior of these mitochondria toward anti-
mycin (2) is notably different from that of skunk cabbage
mitochondria. The experiment recorded in Figure 8 also differ-
entiated between b cytochromes and flavoproteins, for the latter
were largely oxidized in the aerobic antimycin-inhibited steady
state, as one would expect.

Selective Inhibition of the Cyanide- and Antimycin-re-
sistant Pathway. The experiments with antimycin A described
above showed that cytochromes do not play any essential role

in the second pathway of electron transport to oxygen in the
skunk cabbage spadix mitochondria; the bifurcation of the
respiratory chain is at the flavoprotein level. However, a simple
flavoprotein is unlikely to be the second oxidase because there
is no evidence for the formation of hydrogen peroxide as the
product of oxygen reduction. Consequently, it seemed possible
that an autooxidizable non-heme metal complex of some kind
would be involved, and the effects of metal complexing agents
were studied. Figure 9 shows the results of an oxygen electrode
experiment with potassium thiocyanate. Cyanide or antimycin
alone had little effect on the oxygen uptake of skunk cabbage
mitochondria oxidizing succinate. The addition of thiocyanate
instead of cyanide or antimycin caused a mild inhibition, but
very strong inhibition occurred when both thiocyanate and
cyanide or thiocyanate and antimycin were present. Subse-
quently it was found that «,a’-dipyridyl and 8-hydroxyquino-
line were also effective inhibitors but only when added to the
respiring mitochondria with antimycin A or cyanide.
The simplest interpretation of this synergistic inhibition is that
thiocyanate, «,a’-dipyridyl, and 8-hydroxyquinoline selectively
inhibit the second oxidase pathway, but this only becomes ap-
parent when the cytochrome oxidase pathway is also blocked,
because of the possibility of a switch of electron flow from one
pathway to the other.

Submitochondrial particles prepared from sonicated skunk
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FiG. 9. Synergistic effects of thiocyanate and cyanide or antimycin on succinate oxidation by slgunk cabbage mitochondria. Final concentra-
tions of reagents were: ATP, 0.33 mM; FCCP, 0.15 mM; succinate, 6.7 mm; KCN, 0.1 mM; antimycin, 0.67 ug/ml; KSCN, 0.1 mm. Rates are ex-
pressed as nmoles O./min. The breaks in the traces represent intervals of 4 min.

cabbage mitochondria retained the cyanide- and antimycin-
resistant respiration. As in the case of intact mitochondria,
substrate oxidations were inhibited by addition of thiocyanate,
a,a’-dipyridyl, or 8-hydroxyquinoline together with cyanide or
antimycin. The metal complexing agents removed iron in the
ferrous state, as shown by the characteristic absorption spectra
of the a,a’-dipyridyl and 8-hydroxyquinoline complexes. Sub-
mitochondrial particles reduced with dithionite also gave a
large clear electron spin resonance signal at g = 1.92. Thus
the skunk cabbage preparations contained non-heme iron, but
whether some of this non-heme iron is associated with the
second oxidase remains unknown. Attempts to reactivate the
inhibited system with ferrous salts were unsuccessful.

We took advantage of the selective inhibition of the second
oxidase pathway to attempt a spectral identification of the
carriers or oxidase involved. Addition of thiocyanate to mito-
chondria oxidizing succinate induced striking changes in the
blue region of the spectrum (Fig. 10). Similar effects were
caused by «,a’-dipyridyl and 8-hydroxyquinoline. However,
later work has shown that this spectrum is not related to the
cyanide-resistant oxidase pathway. Although it was not found
in mitochondria from yeast, rat liver, or pigeon breast muscle,
it did occur in a variety of plant mitochondria in a manner un-
related to the activity of the cyanide-resistant pathway. For
example, it was readily detectable in Jerusalem artichoke mito-
chondria, which have little or no cyanide leak, and was weak

in mitochondria from the spadix of Arum maculatum,
which have the highest known cyanide-resistant activity. More-
over, the spectrum could also be observed in microsomes from
Jersualem artichoke and potato tubers. An unusually strong
spectrum was observed in mitochondrial preparations from the
corollas of daffodils, which again were strongly inhibited by
cyanide, and these preparations were rich in carotenoids. The
spectrum could no longer be detected in Jerusalem artichoke
mitochondria that had been extracted with acetone after freeze-
drying. Thus the spectrum seems to be related to carotenoid
pigments, but the nature of the metal complexing agents on the
carotenoids is obscure.

Frequently, spectral changes due to an oxidase have been
detected by the spectral shift induced by carbon monoxide with
the preparation in the reduced state. However, the only carbon
monoxide-binding pigment that we were able to detect in skunk
cabbage mitochondria was cytochrome a,. This agrees with the
work of Plesnicar, Bonner, and Storey (25) with mung bean
mitochondria.

DISCUSSION

In this paper we have shown beyond reasonable doubt that
residual cytochrome ¢ oxidase activity makes only a small
contribution to the cyanide-resistant respiration of plant mito-
chondria, with the corollary that a second oxidase is present
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Fic. 10. Low temperature difference spectrum (—196 C) of
skunk cabbage mitochondria: aerobic suspension treated with suc-
cinate and KSCN minus aerobic suspension treated with succinate.
Mitochondria were diluted in the standard medium and incubated
with 0.38 M ATP for 5 min at room temperature; FCCP (3 uM)
was then added, and the suspension was oxygenated. The positive
sample was treated with 7.5 mM succinate and 0.11 M KSCN and
oxygenated for 1 min, and the negative sample was treated with
7.5 mM succinate and oxygenated, before the cuvette was frozen.

that is insensitive to the usual terminal inhibitors. Our results
are complementary to the kinetic experiments of Storey and
Bahr (28), who reached the same conclusion.

The effects of antimycin and the steady states of the carriers
in the presence of cyanide confirm the view stated originally
by Okunuki (23) that the alternative pathway connects with
the normal respiratory chain on the substrate side of cyto-
chrome c¢ or the antimycin-sensitive site. However, the possi-
bility that the cyanide-resistant pathway resides in separate
particles is not easily eliminated. Perhaps the best evidence
against it is the demonstration that substrate oxidation in the
presence of cyanide can drive an oxidation of cytochromes ¢
and a by a reversal of the normal respiratory chain without the
mediation of ATP (8).

The second oxidase appears to have unusual properties al-
though there is little positive information by which to charac-
terize it. Our results and those of Storey and Bahr (28) elimi-
nate the possibility that it is a cytochrome, at least for skunk
cabbage. The old suggestion that is a flavoprotein seems in
many ways to come nearest to a solution, but a simple flavo-
protein oxidase would reduce oxygen to hydrogen peroxide,
which has not been found. The very low apparent Km for O.
(0.5 um) found by Ikuma, Schindler, and Bonner (16) with
mung bean hypocotyl mitochondria is also inconsistent with a
flavoprotein oxidase. We have failed to observe any charac-
teristic spectrum in the visible region that can be ascribed to
the second oxidase. The ability to catalyze the reduction of
oxygen to water suggests that the enzyme has a rather high
oxidation-reduction potential. The theoretical dividing line is
determined by the equilibrium of the reaction

0. + 2H* 4+ 2¢~ = H,0,
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for which E,’ = 40.27 v at pH 7.0 (24). However, one might
expect artificial hydrogen donors such as ascorbate, TMPD,
or DAD to reduce a high potential oxidase at a significant rate.

The experiments with thiocyanate and other iron-binding re-
agents indicate that a non-heme iron protein (or possibly some
other type of metallo-protein) is probably a component of the
cyanide-resistant pathway. Such a component may either react
directly with oxygen or act as an intermediate electron carrier.

The behavior of the b cytochromes is puzzling. Although
their oxidation and reduction can be observed in the presence
of cyanide, the reactions are too sluggish to play an essential
role in the alternative pathway of skunk cabbage mitochondria
(28). This is even more apparent when cyanide is replaced by
antimycin, which very powerfully inhibits the oxidation of b
cytochromes by either pathway.

Finally, there remains the problem of the physiological im-
portance of the alternate oxidase pathway. The results in
Table I show a wide variation in the relative activities of the
two oxidase systems. The alternative pathway seems to be
associated with tissues that are rapidly growing, such as the
etiolated bean hypocotyl, or which liberate large quantities of
heat, as in the aroid spadix. Whether the two pathways simply
compete with each other in vivo or whether some controlling
switch operates is unknown.
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