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A method is described for the determination of in vivo ubiqui-
none (UQ) reduction levels in nongreen tissues by extraction and
subsequent detection of ubiquinone-10 and ubiquinol-10 with high-
performance liquid chromatography. In Petunia hybrida cell sus-
pensions UQ reduction remained at a stable level of about 60%,
despite the changing conditions during the batch culture (from
excess sugar to starvation) and the concomitant variations in respi-
ration. Also, in the presence of uncoupler, which causes a large
increase in respiration via both the cytochrome pathway and the
alternative pathway, UQ reduction levels stayed at 60%. In mito-
chondria isolated from these cells, activity of the alternative path-
way was only observed at UQ reduction levels higher than 80%. It
is proposed that in vivo the relationship between UQ reduction and
the activity of the alternative oxidase is modulated by mechanisms
such as thiol modifications and accumulation of organic acids.
Accordingly, pyruvate concentration in P. hybrida cells increased in
the presence of uncoupler.

With the introduction of the voltametric procedure for
measuring the redox state of UQ (Moore et al., 1988; Dry et
al., 1989), understanding of the regulation of plant mito-
chondrial respiration has increased tremendously. Differ-
ences in kinetics behavior of the two oxidizing pathways in
plant mitochondria toward UQ reduction levels explain the
proposed action of the alternative pathway as an “over-
flow” of the Cyt pathway (Bahr and Bonner, 1973a, 1973b),
although the Cyt pathway may not always be saturated
when the alternative pathway becomes engaged (Dry et al.,
1989).

Several mechanisms activating the alternative oxidase
and/or changing the relationship between oxidizing activ-
ity and UQ reduction levels have been described, including
organic acid stimulation (Wagner et al., 1989; Lidén and
Akerlund, 1993; Millar et al., 1993) and regulation via the
redox state of disulfide bonds in the oxidase (Umbach and
Siedow, 1993; Umbach et al., 1994).

However, all of these results describe situations in iso-
lated mitochondria with succinate, for the most part, as the
only substrate. These conditions are certainly different
from the in vivo situation, in which a mixture of internal
and external substrates will be present, most of them prob-
ably in concentrations lower than those necessary to reach
maximal activity of the dehydrogenases. Measurements of
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UQ reduction levels with substrates other than succinate or
with multiple substrates have been performed, but external
NADH, which is the substrate often giving the highest
respiratory rate, sometimes disturbs the voltametric mea-
surements and corrections have to be made (Day et al.,
1991). Another disadvantage of the voltametric technique
is that hydroxamates cannot be used; therefore, the rela-
tionship between respiration via the Cyt pathway and UQ
reduction cannot be studied.

These problems can be overcome by determining UQ
reduction levels in mitochondria with an extraction tech-
nique (Van den Bergen et al., 1994). After extraction UQ
and UQH, can be detected by separation with HPLC,
and the relative amounts of both compounds can be
determined.

In this paper we describe how the same technique can
also be successfully applied to whole plant cells. Most of
the results were obtained with Petunia hybrida cell suspen-
sions in batch culture, but it is also shown that it is possible
to detect UQ and UQH, in other nongreen tissues, such as
potato (Solanum tuberosum L.) and sweet potato (Ipomoeq
batatas L.) tuber tissue. The relationship between whole-cell
respiration, in the absence or presence of respiratory inhib-
itors or uncoupler, and UQ reduction levels were measured
in P. hybrida cell suspensions and compared with the situ-
ation observed in mitochondria isolated from these cells.

MATERIALS AND METHODS
Plant Material

Petunia hybrida Vilm (cv Rosy Morn) cell suspensions
were grown in batch culture as described by Van Emmerik
et al. (1992). Potato tubers (Solanum tuberosum L. cv Bintje)
were obtained from the Proefboerderij Nederlandse
Aardappelkeuringsdienst (Slootdorp, The Netherlands) .
and stored after harvest (in October) in a ventilated dark

room at 8°C. Sweet potatoes (Ipomoea batatas L. white) were

bought in local stores.

Isolation of Mitochondria

P. hybrida mitochondria were isolated by homogenizing
15-g fresh weight portions with a mortar and pestle at 4°C

Abbreviations: BHAM, benzohydroxamate; S13, 5-chloro-3-t-
butyl-2'-chloro-4'-nitrosalicylanilide; UQ, ubiquinone; UQI10,
ubiquinone-10; UQH,, ubiquinol; UQ10-H,, ubiquinol-10.
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with 15 mL of medium containing 0.4 M mannitol, 1 mm
EDTA, 2 mm 1-Cys, 0.2% BSA, 0.7% PVP-25, and 10 mm
potassium phosphate buffer, pH 7.4. The homogenate was
pressed through a double layer of cheesecloth and centri-
fuged at 1000g for 5 min at 4°C. Centrifuge and washing
steps were performed as described by Van Emmerik et al.
(1992). Potato tuber mitochondria were isolated as de-
scribed previously (Hemrika-Wagner et al., 1982). Sweet
potato mitochondria were isolated according to the method
of Van den Bergen et al. (1991).

Measurements of Respiration

Respiration of cells and mitochondria was measured at -

25°C using a Yellow Springs Instrument (Yellow Springs,
OH) oxygen monitor model 53 and a 5-mL (cells) or 1-mL
(mitochondria) reaction vessel. Mitochondrial respiration
was measured in a reaction medium containing 0.4 M man-
nitol, 10 mM potassium phosphate buffer, 0.2% BSA, pH
7.1, with succinate (20 mm), malate 20 mm), NADH (2
mm), or a mixture of those three as substrates. Pyruvate
was added in a final concentration of 5 mm. For state 3
measurements 0.1 mm ADP was supplied. Respiration of
cells was measured by transferring 5 mL of the cell sus-
pension to the reaction vessel. The alternative pathway was
inhibited with BHAM (2 and 13 mm for mitochondria and
cells, respectively), and the Cyt pathway was inhibited
with KCN (0.1 mM in mitochondria) or azide (0.35 mm in
cells). Uncoupler S13 (kindly donated by Dr. P.C. Hamm,
Monsanto, St. Louis, MO) was supplied in a final concen-
tration of 0.4 um (cells and mitochondria). Mitochondrial
protein was determined by the Bradford (1976) method.

UQ Extractions

Mitochondria (1 mg of protein) were added to 1 mL of
reaction medium. After the required substrates and/or
inhibitors were added, the oxygen uptake rate was re-
corded until a steady state was reached. The reaction mix-
ture was removed from the vessel with a syringe filled with
3 mL of 0.2 M HCIO, in methanol (0°C). The mixture was
then rapidly transferred to a tube with 3 mL of petroleum
ether (boiling point 40-60°C) and vortexed for 1 min. After
the mixture was centrifuged (1500g, 2 min) the upper pe-
troleum ether phase was removed, transferred to a test
tube, and evaporated to dryness under a flow of nitrogen.
Another 3 mL of petroleum ether was added to the lower
phases, and the vortex and centrifugation steps were re-
peated. The upper phase was added to the one previously
obtained. After evaporation extracts could be stored for at
least 1 d under nitrogen at —20°C. Immediately before use,
the extracted UQ/ubiquinol was resuspended with a glass
rod in 100 pL of nitrogen-purged ethanol and analyzed in
an HPLC (a Gilson [Villiers le Bel, France] pump system
with a Perkin-Elmer model 811 detector) with a reversed-
phase Lichrosorb (Chrompack, Bergen op Zoom, The
Netherlands) 10 RP 18 column (size 4.6 mm, internal di-
ameter, X 250 mm). The column was equilibrated with
nitrogen-purged ethanol:methanol (3:2, v/v), and this mix-
ture was used as the mobile phase. The flow rate was 1
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mL/min. Detection of the quinones was performed at 290
nm. The amounts of UQ10 and UQ10-H, were calculated
from the peak areas (as determined by weighing). Com-
mercially obtained UQ10 (Sigma) was used as a standard.
Calibration of the peaks was obtained with an oxidized and
a reduced extract. An oxidized extract was obtained when
the extract was evaporated to dryness under reduced pres-
sure by rotary evaporation (during evaporation and venti-
lation the extract is completely oxidized), and a reduced
extract was obtained when the mitochondria (or the stan-
dard UQ10) were reduced with dithionite before extrac-
tion. Methanol, ethanol, and petroleum ether were of ana-
lytical grade.

Whole-cell extracts from P. hybrida cell suspensions were
obtained by rapidly separating approximately 5 g of cells,
from which the steady-state oxygen uptake was measured,
from the culture medium with a funnel and cheesecloth
and transferring the cells to a mortar filled with liquid
nitrogen. Frozen cells were ground to a fine powder, and
10 mL of 0.2 m HCIO, in methanol (0°C) was added. From
that step on the procedure followed the one described for
the mitochondria with one exception. Instead of 3-mL ali-
quots, 10 mL of petroleum ether were added. For potato
tuber and sweet potato, the same procedure as for P. hy-
brida cells was used with the exception that 20 g fresh
weight were used, which were ground in 20 mL of 0.2 mm
HCIO, and mixed with 20 mL of petroleum ether.

Cyt ¢ Oxidase Determinations

Cells were ground with a mortar and pestle first in liquid
nitrogen and, after thawing, in 0.1 M potassium phosphate
buffer (pH 7.2) and supplemented with 0.1% Triton X-100.
Mitochondria were diluted 5-fold in 0.1 M potassium phos-
phate buffer (pH 7.4) with 0.1% Triton X-100. Both prepa-
rations were centrifuged at 3000¢ for 10 min. The superna-
tants were used for the spectrophotometrical assay. Cyt ¢
oxidase activity (EC 1.9.3.1) was measured at 550 nm in the
presence of 0.03 mM reduced Cyt ¢ in 10 mm phosphate
buffer (pH 7.2). Cyt ¢ (from horse heart, Boehringer-Mann-
heim) was reduced with sodium dithionite, and excess
dithionite was removed by applying the Cyt c¢/sodium
dithionite mixture to a Dowex column (type 1 X 8, mesh
width 100200 openings per inch) and eluting with dis-
tilled water. Activities (measured at 25°C) were calculated
as the first-order rate constant k (g~" fresh weight min™")
(Van Emmerik et al., 1994).

Determination of Pyruvate Concentration in the Cells

Cells were ground with a mortar and pestle first in liquid
nitrogen and, after thawing, in 0.67 N HCIO, in 0.01 M
potassium phosphate buffer. After the sample was centri-
fuged for 5 min at 10,000g, the supernatant was adjusted to
pH 3.5 with 10 N KOH, and another centrifugation precip-
itated the KCIO, that was formed. The resulting superna-
tant was used as the extract for the determination of pyru-
vate. The reaction mixture contained 0.4 M triethanolamine
(pH 7.6), 0.02 m EDTA, 0.15 mMm NADH, and 1 mL of
extract in a total volume of 3 mL (Brinkman and Van der
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Meer, 1975). Pyruvate content was measured via the ex-
tinction changes at 340 nm after the addition of 10 uL of
lactate dehydrogenase (specific activity 500 units mg_l,
Boehringer Mannheim).

RESULTS AND DISCUSSION
UQ Extractions from Intact Tissues

A first prerequisite for the successful determination of
UQ reduction levels in vivo is that in addition to mitochon-
drial UQ/ubiquinol no other products are extracted
that conceal the UQ peaks in the HPLC chromatogram.
Schindler et al. (1984), who extracted UQ from a number of
plant tissues, stated that a purification step by adsorption
HPLC is necessary to separate UQ from other prenylqui-
nones. Such a step would be extremely undesirable, be-
cause of the increased risk of oxidation of the ubiquinol
during this extra step. As shown in Figure 1, A and B, it
is apparently not necessary to purify the extracts from
white (dark grown) P. hybrida cells. The HPLC chromato-
gram (detection at 290 nm) shows that in cells, as in mito-
chondria isolated from these cells, the UQ and ubiquinol
peaks are easily detected. Chromatography of commer-
cially obtained UQ10 and UQ10-H, (obtained by reduction
with dithionite) showed that the observed peaks are de-
rived from UQ10 and UQ10-H,, respectively (data not
shown). When a known amount of UQ10 was added to
petunia cells before extraction, a recovery of 85% was
found (7%, n = 3).

In potato tubers (Fig. 1, C and D) UQ and ubiquinol are
also easily recognized in the whole-cell extract, with UQ10
again being the only UQ present, but here an additional
peak is visible in the cell extract. The peak, however, does
not interfere in the determination of the relative amounts of
UQ and ubiquinol. Sweet potato extracts show UQ10 and
UQ10-H, only as the major peaks (Fig. 1, E and F).

Petunia hybrida Solanum tuberosum

lpomoea batatas

Although a purification step is apparently not necessary
in these nongreen tissues, a leaf extract from Silene vulgaris
revealed an enormous number of peaks that made it im-
possible to determine accurately the relative heights of the
UQ/ubiquinol peaks (data not shown).

Yields of UQ Extracted from P. hybrida Cells and
Isolated Mitochondria

To draw conclusions concerning the relationship be-
tween the reduction state and the respiratory rate in whole
cells, it has to be established that all UQ that is isolated
from the whole cells has a mitochondrial origin and exclu-
sively represents the mitochondrial pool. Therefore, we
compared the relative amount of UQ extracted from P.
hybrida cells with the mitochondrial yield (based on Cyt
oxidase activities in cells and isolated mitochondria).

In Table I, results of two experiments are shown that
demonstrate that the mitochondrial yield is +20% based
both on Cyt oxidase activity and on the amount of UQ
extracted. Therefore, it is likely that all of the UQ extracted
from the cells originates from the mitochondria. Both in
mitochondrial extracts and in whole-cell extracts Cyt ¢
reduction was negligible in the presence of 0.1 mm KCN,
indicating that nonenzymatic Cyt ¢ oxidation did not occur
(data not shown).

Manipulation of the in Vivo UQ Reduction Levels in
P. hybrida Cells

In Table II, reduction states of UQ extracted from P.
hybrida cells under various conditions are shown. Upon
addition of azide, an inhibitor of the Cyt pathway, reduc-
tion of UQ extracted from intact cells increases from 58% in
the control cells to 73%. When azide was combined with
BHAM, an inhibitor of the alternative pathway, 77% reduc-
tion was found. In cells incubated anaerobically for 10 min,

Figure 1. HPLC chromatograms of UQ and
ubiquinol extracted from P. hybrida (A and B),

A: mitochondria C: mitochondria

E: mitochondria

potato tuber (C and D), and sweet potato (E and
F). Extracts from cells (B, D, and F) are compared
with extracts from mitochondria (A, C, and E).
Extracts were prepared from approximately 1
mg of mitochondrial protein and approximately
5 g (fresh weight) of cells. A,q is in arbitrary
units.
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Table . Mitochondrial yield based on Cyt oxidase activities in P. hybrida cells and mitochondria isolated
from these cells compared with the amount of extracted UQ (nmol/g fresh weight) in cells or mitochondria

Plant Physiol. Vol. 108, 1995

Data are from two separate experiments.

Cyt ¢ Oxidase

Total UQ Extracted

Experiment
Cells Mitochondria Yield Cells Mitochondria Yield
k g~ 'fresh wt min~! % nmol/g fresh wt %
1 39.1 8.6 22.0 0.91 0.22 24.2
2 26.3 5.5 20.9 1.30 0.27 20.8

a similar high UQ reduction level was observed. In cells
that were killed by increasing the temperature to 80°C for
5 min, the UQ pool became oxidized. These results show
that the reduction of UQ that was extracted from the whole
cell varies with the treatment and, therefore, gives an in-
dication of the in vivo situation.

UQ Reduction in P. hybrida Cells during a Batch Cycle

When studying whole-cell respiration, plant cell suspen-
sion cultures are an ideal tool, because they are homoge-
neous, consisting of undifferentiated cells, and oxygen up-
take measurements and the effects of inhibitors are not
confounded by diffusion problems. These cells go through
a cycle of high supply of respiratory substrate at the be-
ginning of the culture when the cells are diluted in fresh
medium with excess Glc to a situation of Glc starvation. In
P. hybrida cell suspensions, respiration varies by a factor of
more than 2 in the various growth phases (Van Emmerik et
al., 1992), which makes these cell cultures an ideal tool to
investigate how these changing conditions are reflected in
the reduction state of the UQ pool.

Figure 2A shows the well-known course of growth and
sugar consumption during a batch cycle of P. hybrida cells.
Growth starts immediately after subculturing and stops
when the sugar is exhausted from the medium. An increase
in respiration occurs following transfer of the cells to fresh
medium. After 1 to 2 d respiration declines and returns to
the level observed before inoculation (Fig. 2B).

During such a batch culture when in vivo UQ reduction
levels are determined, the UQ pool appears to be about
60% reduced during the entire growth cycle, despite the
large differences in respiration rate (Fig. 2B). Also, when
sugar is exhausted from the medium (d 8) and substrate
supply to the mitochondria can be expected to decrease,
60% of the UQ is still reduced. Only after a prolonged
period of starvation does the reduction level decrease to

about 25%. However, addition of inhibitors of the respira-
tory pathways (BHAM and azide) does not enhance these
values (data not shown). Probably in these cells not all of
the mitochondria are functioning (Couée et al., 1992), and
dead cells might be present in the suspension.

To relate the 60% in vivo reduction of the UQ pool in
whole cells to the energy state of the cells, a comparison
has to be made of the relationship between respiratory
rates and UQ reduction levels in isolated mitochondria
from these cells. To do this, mitochondria from P. hybrida
cells were isolated, and the relationship between UQ re-
duction and oxygen uptake rates was determined for res-
piration via the Cyt pathway (in the presence of BHAM
and ADP, state 3) and the alternative pathway (in the
presence of KCN). Respiratory rates were varied by addi-
tions of combinations of substrates.

In voltametric measurements in the absence of substrate,
the UQ pool is taken to be 0% reduced (Dry et al., 1989).
However, the UQ extraction procedure shows that, when
P. hybrida mitochondria were incubated in the absence of
any substrate, a 40% reduction of UQ was found (Fig. 3).
Such nonoxidizable pools have been observed before
in plant mitochondria (Van den Bergen et al., 1994;
Ribas-Carbo et al., 1995) as well as in animal mitochondria
(Jorgensen et al., 1985), but the function is not yet clear. Cyt
respiration increases with increasing UQ reduction levels,
but in the presence of KCN, oxygen uptake is always
accompanied by very high UQ reduction levels (Fig. 3).
Whereas in isolated mitochondria levels up to almost 100%
can be reached in the presence of KCN, in vivo reduction
levels do not exceed =80% (Table II). Incomplete inhibition
of the respiratory inhibitors in vivo may explain this dif-
ference, but also when the cells have been kept under
anaerobiosis before extraction, reduction levels do not
reach higher values. When whole-cell extractions are per-
formed in the presence of dithionite, almost 100% reduc-

Table 1. Oxygen uptake rates (umol O, h™" g~ dry weight, measured at 25°C) and UQ reduction levels
(reduced UQ [UQ,.4] as percentage of total UQ) in P. hybrida cell suspensions in the exponential growth
phase (values obtained during d 4, 5, and 6 of batch culture)

Data are mean values * sp of separate determinations. The number of determinations is shown in
parentheses. n.d., Not determined.

Addition O, Uptake Percent UQ, oy
Control 145 £ 17.0(7) 58 = 6.1 (6)
0.35 mm azide ) 137 £ 11.2(4) 73 £1.93)
0.35 mm azide + 13 mm BHAM 31 £ 9.1(6) 77 £29(4)
10 min anaerobiosis n.d. 75 £ 1.5(3)

5 min 80°C 0 2 17 (2)
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Figure 2. A, Growth (ll, expressed as dry weight) and Glc concen-
tration ((J) of P. hybrida cells during a batch cycle. B, Total respira-
tion (M, in umol oxygen h™! g~" dry weight [DW1) and reduction of
UQ (O, expressed as a percentage of UQ reduced of total UQ
present) extracted from P. hybrida cells in batch culture. Each point
is the mean value of one to three separate experiments.

tion is obtained (data not shown). There has been specula-
tion concerning the role of distinct ubiquinol pools as
antioxidants in the mitochondria (Landi et al., 1984), but
such a hypothesis does not explain the discrepancy in size
of this redox-inactive UQ pool in mitochondria and whole
cells.

Based on the mitochondrial data, one would expect that
in whole cells, in which UQ reduction levels remain ap-
proximately 60%, the alternative oxidase does not contrib-
ute significantly to oxygen uptake. Although this is the
case during the late linear and stationary growth phase,
some inhibition by added hydroxamates is generally ob-
served during the first 2 d after inoculation, a result that at
first sight is incompatible with the mitochondrial data (Van
Emmerik et al., 1992).

Even more confusing in this respect are the data pre-
sented in Table III. In P. hybrida cells, as described before in
other tissues (Lambers, 1985), a large increase in total res-
piration is observed upon addition of uncoupler to the
cells. This increase is caused by an increase in Cyt pathway
activity, but the alternative pathway also contributes to
total uncoupled oxygen uptake (Table II). At first sight,

this is easily explained. The effect of uncoupler addition in
vivo is not only the relief of adenylate control but, also
connected with that event, an acceleration of the glycolytic
rate (so-called “Pasteur effect”), resulting in vivo in an
increased substrate supply that may be high enough to
increase UQ reduction up to levels at which the alternative
pathway becomes engaged. To our surprise, however, UQ
reduction levels in the presence of uncoupler were not
different from the levels observed in the absence of uncou-
pler, despite the large engagement of the alternative path-
way (Table III).

These results can only be explained by the assumption
that upon addition of uncoupler in vivo the alternative
pathway becomes engaged at lower UQ reduction levels
than in the absence of uncoupler. In other words, the
kinetics of the alternative oxidase toward reduced UQ has
changed. Organic acids and especially pyruvate play a role
in these changes (Umbach et al., 1994), and accumulation of
pyruvate in the presence of uncoupler has been reported
(Wiskich and Dry, 1985). Therefore, we measured pyruvate
levels in these P. hybrida cells and, indeed, an increase was
found when the cells were incubated in the presence of
uncoupler: control cells (exponential growth phase) con-
tained 100 nmol of pyruvate g~ fresh weight (+9.7, n = 3),
whereas after incubation in the presence of 0.4 um S13 for
20 min, pyruvate content in these cells was increased to 166
nmol g™! fresh weight (+33.8, n = 3).

In mitochondria isolated from these cells, organic acids
stimulate only the alternative oxidase activity when NADH
is the substrate; the addition of pyruvate, which is a very
poor substrate itself, doubles NADH oxidation via the
alternative pathway (Fig. 3), but no effect on succinate
oxidation was visible (data not shown). Even in the pres-
ence of organic acids, substantial alternative pathway ac-
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Figure 3. Relationship between UQ reduction and respiratory rates
of mitochondria isolated from P. hybrida cells. Cyt respiration (in the
presence of BHAM and ADP, closed symbols) or respiration in the
presence of KCN (open symbols) was measured with the following
substrates: O, @, no substrate; A, A, succinate; [, B, NADH; =,
NADH plus pyruvate; V, ¥, NADH plus succinate plus malate. Each
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represent sD.
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Table Hl. Oxygen uptake rates (wmol O, h™" g~' dry weight, measured at 25°C) and UQ reduction levels
(reduced UQ [UQ,.4] as percent of total UQ) in P. hybrida cell suspensions in the exponential growth

phase (values obtained at d 5-7 of batch culture)

Data are given as mean values * sp of two to seven separate determinations. The number of determinations

is shown in parentheses.

Condition O, Uptake % UQreq

Control 167 = 29(7) 61 * 6 (5)
13 mm BHAM 169 = 22 (6) 58 =2 (4)
0.4 um 513 290 * 28 (7) 60 = 2 (5)
13 mm BHAM + 0.4 um S13 228 £ 21 (4) 59 =+ 1(3)

tivity in isolated mitochondria is observed only at UQ
reduction levels above 80%, and the addition of uncoupler
did not affect the relation between UQ reduction and KCN-
resistant respiratory rates (data not shown).

In vivo, however, in the presence of uncoupler, consid-
erable alternative pathway activity could be observed at
60% reduction (Table III). Inmunoblotting of the alterna-
tive oxidase from isolated P. hybrida mitochondria reveals
that a considerable amount of the enzyme is in the oxi-
dized, low-activity state (A. Wagner and M. Wagner, un-
published data). Umbach et al. (1994) reported that organic
acids acted only on the activated form of the oxidase. If one
assumes that in vivo the oxidase might be more reduced
than in isolated mitochondria, this explains the discrep-
ancy between the in vitro (mitochondria) and in vivo (cells)
kinetics. In accordance with this assumption is the obser-
vation that in these mitochondria KCN resistance is rather
low (less than 50%), whereas total cell respiration is almost
100% resistant to Cyt pathway inhibitors (Table II). All of
these observations lead to the important conclusion that
the kinetics properties of the alternative oxidase in isolated
mitochondria might not necessarily represent the situation
in vivo. It would be very interesting to determine the
activation state of the alternative oxidase directly, without
the step of isolating mitochondria, during which the in
vivo activation state might change.

Addition of pyruvate to intact suspension cells in the
exponential growth phase did not change the respiratory
rates, and no inhibition by hydroxamates was observed
(data not shown). Apart from the question of whether
pyruvate is sufficiently taken up by the cells, a lack of
inhibition does not necessarily indicate a lack of engage-
ment of the alternative pathway. Because the Cyt pathway
may not be saturated when engagement of the alternative
pathway takes place, addition of BHAM may simply divert
electrons from one pathway to the other (Umbach et al,,
1994; Van den Bergen et al, 1994). It is clear that the
classical “Bahr and Bonner” titrations, still widely used in
determining the extent of engagement of the alternative
pathway, may not give a correct indication of the engage-
ment of the alternative pathway, because they are based on
the assumption that the Cyt pathway is fully saturated
when the alternative pathway is engaged. It is essential
that new procedures be developed to estimate the contri-
bution of the alternative pathway in plant respiration,
which is necessary for calculations of energy yield. The
measurement of the differential oxygen isotope discrimi-
nation between Cyt oxidase and the alternative oxidase

(Guy et al., 1989; Robinson et al., 1992) seems to be a
promising approach.

The data presented in this paper show that in P. hybrida
cell suspensions the UQ reduction levels in vivo are main-
tained at a rather stable level and never exceed 60%. In this
respect, it is crucial to know how accurately these levels
can be determined. When duplicate extractions are per-
formed from cells in one batch culture, the variation in
reduction levels is less than 5%. There may be small dif-
ferences under various conditions, but whereas in vitro
(isolated mitochondria) engagement of the alternative
pathway always coincides with high (>80%) UQ reduction
levels, in vivo engagement can be observed at lower reduc-
tion levels (60%), which apparently is achieved by a change
in the kinetics of the alternative oxidase in which thiol
modifications and accumulating organic acids may play a
crucial role.

The physiological significance of such a regulation mech-
anism might be that the alternative pathway helps to main-
tain UQ reduction at a stable level. Purvis and Shewfelt
(1993) suggested that high UQ reduction levels would fa-
vor the production of oxygen-derived free radicals. Acti-
vation of the alternative pathway in situations of excessive
substrate supply to the mitochondria (as in the presence
of uncoupler) would help to prevent such dangerous
situations.

How organic acids act on the alternative oxidase and
especially what the in vivo relation is with the redox state
of the disulfide bonds of the alternative oxidase will be a
subject of further studies.
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