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Regulation of alternative oxidase kinetics by pyruvate and intermolecular 
disulfide bond redox status in soybean seedling mitochondria 
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Two factors known to regulate plant mitochondrial cyanide-resistant alternative oxidase activity, pyruvate and the redox status of the enzyme’s 
intermolecular disulfide bond, were shown to differently affect activity in isolated soybean seedling mitochond~a. Pyruvate st~ulated alternative 
oxidase activity at low levels of reduced ubiquinone, shifting the threshold level of ubiquinone reduction for enzyme activity to a lower value. The 
disulfide bond redox status determined the maximum enzyme activity obtainable in the presence of pyruvate, with the highest rates occurring when 
the bond was reduced. With variations in cellular pyruvate levels and in the proportion of reduced alternative oxidase protein, a wide range of enzyme 
activity is possible in vivo. 
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1. Introduction 

The cyanide-resistant alternative oxidase of plant mi- 
tochondria accepts electrons from the ubiquinone pool 
of the mitochondrial electron transport chain and cata- 
lyzes the subsequent reduction of oxygen to water. Un- 
like the electron transfer pathway from the ubiq~none 
pool to cytochrome c oxidase, energy is not conserved in 
this reaction so the alternative pathway has been consid- 
ered ‘wasteful’ from a bioenergetic perspective [l]. Cir- 
cumstantial evidence, however, indicates that this path- 
way is of critical importance to plant metabolism under 
certain physiological and environmental conditions 
[2-4]_ Nevertheless, how alternative oxidase activity is 
regulated and integrated with general plant metabolism 
is not well understood. 

Two means of regulation of alternative oxidase activ- 
ity are well-established. One involves variation in the 
amount of alternative oxidase protein present in the 
membrane. Changes in protein amount, as determined 
by i~unoblotting, correlate positively with changes in 
alternative oxidase activity under some circumstances. 
Examples include development of the ~uu$Q~~tu~ gat- 
tatum Schott thermogenic floral appendix [5,6] and in- 
duction by chilling [7J or salicylic acid [8] of alternative 
oxidase activity in tobacco cell suspension cultures. The 
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SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophore- 
sis; SHAM, salicylhydroxamic acid. 

second regulatory feature occurs at the level of the elec- 
tron transport chain where the extent of ubiquinone pool 
reduction determines the degree of engagement of the 
alternative pathway [9, lo]. The oxidase shows significant 
activity only after a ~reshold level of ubiquinone pool 
reduction has been achieved, beyond which activity in- 
creases as a non-linear function of reduced ubiquinone. 

Recently, additional potential regulatory mechanisms 
for the alternative oxidase have been reported. Millar et 
al. [l I] demonstrated that pyruvate stimulates alternative 
oxidase activity, the activation being especially dramatic 
for mitochondria with inherently low alternative oxidase 
rates. Succinate and malate were also shown to activate 
the alternative oxidase by a mechanism clearly distinct 
from quinone pool reduction [ 121. Additionally, Umbach 
and Siedow [13] found that the alternative oxidase pro- 
tein exists in mitochondria as a dimer. The dimer can 
occur in a disulfide-linked, less active state or in a more 
active state when the disulfide bond has been reduced. 

Here we further characterize the effects of pyruvate 
and the redox state of the dimer disul~de bond system 
on alternative oxidase activity and begin to address how 
these two regulatory mechanisms might interact. In soy- 
bean seedling mitochondria, pyruvate reduces the 
threshold level of quinone pool reduction at which the 
alternative oxidase becomes engaged, while the redox 
state of the disulfide bond affects maximum enzyme ac- 
tivity. 

2. Materials and methods 

Soybean seedlings (Glycine max [L.] Merr. cv Ransom) were grown 
in a greenhouse [13] and cotyledons were harvested at 7 to 12 days. 
Preparation of Percoll gradient-purified mitochondria, treatment of 
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isolated mitochondria with 20 mM DTT and 3 mM diamide, SDS- 
PAGE, imm~oblotting and densitometry were as described previously 
[13]. Oxygen uptake and the reduction state of the mitochondrial ubiq- 
uinone pool were measured simultaneously with a combined oxygen 
electrode and voltametric apparatus [9]. Reaction conditions were mod- 
ified as in [I 31 and included 0.15 mM ATP to activate succinate dehy- 
drogenase. Respiration was initiated by addition of 4.5 to 5 mM succi- 
nate and, after one or two state 3/state 4 transitions driven by ADP [ 131, 
5 to 6 PM myxothiazol was added to inhibit the main respiratory 
pathway, followed by addition of pyruvate (4.3 to 5 mM). The level of 
reduced ubiquinone (QJ was varied by sequential additions of malo- 
nate, up to a final concentration of 4 mM, to inhibit succinate dehydro- 
genase. The total ubiquinone pool (Q,) was considered to be equivalent 
to the reduced quinone measured when the reaction medium was al- 
lowed to become anaerobic [9]. Respiration rates were evaluated rela- 
tive to the proportion of the ubiquinone pool in the reduced state 
(QdQ,). The oxidation of ubiquinol-1, a direct electron donor to the 
alternative oxidase [14], was monitored using the same experimental 
set-up and reaction medium. After addition of mitochondria to the 
reaction chamber, myxothiazol and 2 PM ubiquinol-1 were added se- 
quentially. Oxidation was initiate by subsequent addition of 5 mM 
pyruvate. At 2 PM ubiquinol-1, oxygen uptake by the alternative oxi- 
dase was undetectable, but the change in amount of reduced quinone 
was readily measured. 

3. Results 

Activity of the alternative oxidase of isolated soybean 
cotyledon mitochondria was measured over a range of 
QJQ, as described in section 2. In the presence of 4.3 mM 
pyruvate, the alternative oxidase response to QJQ, was 
modified so that substantial activity was achieved at low 
levels of Q,./Qt, where little activity appeared in the ab- 
sence of added pyruvate (Fig. 1). Glyoxylate, at the same 
concentration, had an identical effect on alternative oxi- 
dase kinetics (Fig. 1). Similar results were obtained with 
soybean leaf mitochondria (data not shown). These 
ol-keto acids shifted the value of the QJQ, threshold 
where the alternative oxidase becomes active to a lower 
state of ubiquinone pool reduction. Immunoblots of cot- 
yledon mitochondria sampled during the activity deter- 
minations plus and minus pyruvate showed no effect of 
pyruvate on the redox status of the alternative oxidase 
protein disulfide bond (data not shown). 

The effect of pyruvate was evident as well in direct 
measurements of oxidation of ubiquinol- 1 by the alterna- 
tive oxidase. When 2 ,uM ubiquinol-1 was supplied to 
cotyledon mitochondria without pyruvate, almost no ox- 
idation was detected beyond that which could be attri- 
buted to the equilibration of ubiq~nol-1 with the en- 
dogenous mitochondrial ubiquinone pool (data not 
shown). However, in the presence of 5 mM pyruvate, a 
pronounced rate of ubiquinol-1 oxidation was achieved 
(Fig. 2, control). Glyoxylate was also found to stimulate 
ubiquinol-1 oxidation (data not shown). These results 
are consistent with a-keto acid enhancement of alterna- 
tive oxidase reactivity at low con~ntrations of reduced 
quinone, exogenous reduced substrate in this case. In 
addition, the rate of the pyruvate-stimulated ubiquinol-1 
oxidation was affected by the redox state of the alterna- 
tive oxidase intermolecular disulfide bond. Treatment of 
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Fig. 1. Relationship of isolated soybean cotyledon mitochondria alter- 
native oxidase activity (nmol OZ. min-’ . mg-’ protein) and the level of 
mitochondrial ubiquinone reduction (QJQJ in the presence and ab- 
sence of pyruvate and glyoxylate. A representative experiment is shown. 
Succinate-supported respiration and ubiquinone reduction were moni- 
tored as described in section 2. For the pyruvate and glyoxylate treat- 
ments, 4.3 mM pyruvate or glyoxylate was added after myxothiazol. 
The QfQ, level was subsequently varied by incremental additions of 
malonate; 0, no pyruvate; A, before pyruvate addition; A, plus 4.3 mM 
pyruvate; o, before glyoxylate addition; l , plus 4.3 mM glyoxylate. 

cotyledon mitochondria with 20 mM DTT, which fully 
reduces the disulfide bond [13], stimulated the en- 
dogenous rate of ubiquinol-1 oxidation (Fig. 2, DTT), 
while 3 mM diamide treatment, which leads to quantita- 
tive formation of the disulfide through sulfhydryl oxida- 
tion [13], decreased the rate of ubiquinol-1 oxidation to 
near the background rate seen in the absence of pyruvate 
(Fig. 2, diamide). For S-day-old soybean root mitochon- 
dria, reduction and oxidation of the disulfide bond had 
the same effects on alternative oxidase rates as seen with 
cotyledon mitochondria (data not shown). 

To determine how the pyruvate effect and disulfide 
bond redox status might interact, alternative oxidase ac- 
tivity was measured over a range of QJQ, in the presence 
or absence of 5 mM pyruvate, after the cotyledon mito- 
chondria were pretreated with diamide or DTT to fully 
oxidize or reduce, respectively, the alternative oxidase 
protein disulfide bond. Immunoblots showed that the 
alternative oxidase was initially present as a 60%/40% 
mixture of oxidized and reduced dimers in control mito- 
chondria and confirmed the efficacy of the DTT and 
diamide treatments (1131, data not shown). The separate 
effects of the two regulatory mechanisms were clearly 
evident. At high Q,./Q, (e.g., before addition of malonate 
to inhibit succinate oxidation), the redox state of the 
disulfide bond had an overriding effect on alternative 
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Fig. 2. Effect of altemative oxidase disulfide bond redox state on the rate of ub~quinol-1 (UQ,) oxidation A representative experiment with 7-day-old 
soybean cotyledon mitochondria is shown. The disulfide bond redox state was changed by pretreatment of the isolated mitochondria with either 20 
mM DTT or 3 mM diamide [13]. Ubiquinol-1 oxidation rates through the alternative oxidase were subsequently dete~ined as described in section 
2, with 2 PM ubiquinol-1 and 5 mM pyruvate in the presence of 6 PM myxothiazol. Numbers in parenthesis indicate the magnitude of the initial 
slopes, relative to the control. 

oxidase activity (Table 1). Pyruvate addition stimulated 
the control, DTT-, and diamide-treated mitochondria 
alternative oxidase rates about 10%. In contrast, DTT 
treatment alone stimulated alternative oxidase activity 
54% and oxidation by diamide inhibited activity 72%. 
Eight-day-old soybean root mit~hondria displayed a 
qualitatively similar pattern. While percent stimulation 
of activity by pyruvate was much larger for root than for 
cotyledon mitochondria, the maximum alternative oxi- 
dase activity was again achieved with DTT-treated mito- 
chondria in the presence of pyruvate (data not shown). 
For cotyledon mitochondria, reduction of the disulfide 
bond had only a small effect on the QJQt range over 
which the oxidase was active; enzyme activity declined 
precipitously in either control or DTT-treated mitochon- 
dria as QJQ, decreased (Fig. 3A). In contrast, in the 
presence of 5 mM pyruvate, for both DTT-treated and 
control mitochondria, the alternative oxidase was active 
at markedly lower levels of QI/Qt, with reduced-enzyme 
rates being higher throughout (Fig. 3B). For diamide- 
treated mitochondria, alternative oxidase activity re- 
mained low, regardless of Q,./Q, or pyruvate treatment 
(Table 1; Fig. 3B). 

Table 1 
Effect of pymvate on alternative oxidase activity of control, DTT-, and 
dia~de-tr~ted soybean cotyledon ~to~hon~ia 

Treatmentb Alternative oxidase activity 
(nmol0,. min-’ . mg-’ . protein) 

-Pyr +Pyr 

Control 93 100 
DTT 143 159 
Diamide 26 29 

“Oxygen uptake was measured as described in section 2 with 5 mM 
succinate as respiratory substrate. ‘-Pyr’ rates were measured in the 
presence of 6 PM myxothiazol and ‘+Pyr’ rates were measured subse- 
quently, after addition of 5 mM pyruvate. 
b Isolated 7-day-old soybean cotyledon mitochondria were treated with 
20 mM DTT to reduce the alternative oxidase disulfide bond or with 
3 mM diamide to oxidize the bond [13]. 

4. Discussion 

Two recently-reported regulatory mechanisms of al- 
ternative oxidase activity, pyruvate stimulation [l l] and 
redox status of the alternative oxidase dimer intermol- 
ecular disuliide bond [ 131, are shown here to affect activ- 
ity differently. Pyruvate markedly broadens the range of 
4,./Q, over which the enzyme is active, es~ntially lower- 
ing the ‘effective’ Km of the alternative oxidase for re- 
duced ubiquinone. Glyoxylate has the same effect on 
activity (Fig. 1) which is consistent with the stimulation 
of alternative oxidase by hydroxypyruvate, another 
a-keto acid, previously observed with soybean mito- 
chondria [ll]. Thus, the alternative oxidase is found to 
have substantial activity at relatively low Q,/Q, levels in 
the presence of pyruvate and related metabolites. The 
stimulation of alternative ox&se by succinate and ma- 
late [12], possibly a related phenomenon, is another in- 
stance where metabolite levels can affect alternative oxi- 
dase activity, although whether the effect is mediated 
through response to Q/Q, or the fo~ation of pyruvate 
is not yet known. In light of these findings, the paradigm 
of a constant threshold QfQ, level below which the alter- 
native oxidase is inactive [9, IO] may need to be modified. 
Depending on the endogenous pyruvate, or other metab- 
olite, levels, ‘threshold’ Q,/Qt could vary considerably 
such that, under the appropriate metabolic conditions, 
the alternative pathway could achieve substantial rates 
without saturation of the cytochrome pathway. If so, 
previous interpretations of some experimental results 
may need re-evaluation. Alternative pathway engage- 
ment has been operationally derived from the change in 
respiratory rate upon addition of saturating amounts of 
the inhibitor SHAM [15]. Yet under the circumstan~s 
outlined above, SHAM addition could result in little or 
even no net change in rate, because electrons could be 
shunted to the unsaturated cytochrome c oxidase path- 
way. No change in rate would be incorrectly interpreted 
as a lack of engagement of the alternative pathway. 
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mitochondria~ membrane, most probably near the begin- 
ning of the first of the two putative membrane-spanning 
helices of the protein [13], while pyruvate is postulated 
to act at the region between the two membrane-spanning 
heiices which is localized toward the inter-membrane 
space ill]. The observation that pyruvate is an allosteric 
effector of alternative oxidase activity [ 1 I] is consistent 
with the recent characterization of the alternative oxi- 
dase as a dimeric enzyme [ 131, allostery being uncommon 
with monomeric enzymes [16]. 

Generalizations concerning the newly recognized com- 
plexity of regulation of alternative oxidase activity must 
be made cautiously. The nature of the pyruvate effect is 
not yet thoroughly characterized. The number of differ- 
ent tissues and plant species in which either the disulfide 
bond redox state or the pyruvate effect has been investi- 
gated is limited, and an in vivo role for either regulatory 
mechanism has yet to be clearly established. However, 
for isolated soybean seedling mitochondria, pyruvate 
and disulfide bond redox state, individually and to- 
gether, can have large effects on alternative oxidase ki- 
netics and activity. 

Fig. 3. Combined effect of pyruvate and disulfide bond redox state on 
the alternative oxidase response to the level of ubiquinone reduction. 
The disnlfide bond redox state of I-day-old soybean cotyledon mito- 
chondria was changed as described for Fig. 2. Measurem~ts were 
conducted as for Fig. 1. but with 5 mM succinate, 6 pM myxothiazol 
and 5 mM pyruvate. (A) In the absence of pyruvate; (B) in the presence 
of 5 mM pyruvate. For both A and B, open symbols are rates either 
without or before the addition of pyruvate; closed symbols are rates 
in the presence of pyruvate. l , untreated (control); m, DTT-treated, 
A, diamide-treated. 

The redox state of the intramolecular disulfide bond 
apparently can affect alternative oxidase capacity by act- 
ing as a governor on the enzyme’s activity. While py- 
ruvate facilitated ubiquinol-1 oxidation, the rate 
achieved was dependent on whether the disulfide bond 
was in the oxidized or the reduced state. Factors such as 
oxidant/reductant effects on other mitochondrial elec- 
tron transport chain complexes can be ruled out as af- 
fecting alternative oxidase activity in this assay since 
ubiquinol-I acts as a direct donor to the alternative oxi- 
dase [14]. Also, with succinate as substrate and for a 
given range of Q,lQ,, maximum activity (with or without 
pyruvate) was dependent on whether the disulfide bond 
was oxidized or reduced (Fig. 3). Thus, pyruvate can 
stimulate the alternative oxidase, but the maxims rate 
achieved wili be also dependent on the degree of oxida- 
tion or reduction of the disulfide bond in situ. 

That pyruvate and the disulnde redox state have dif- 
ferent effects is consistent with different sites of action 
for these factors on the alternative oxidase protein. 
Based on predictions of alternative oxidase protein to- 
pology and on sequence similarities, the relevant sulfhy- 
dry1 group is located on the matrix side of the inner 
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Arubidopsis that is not identical to NTRl but also belongs to the same family of related proteins (Steiner, H.Y. et al, 
Plant Cell, in press). 


