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ABSTRACT

The respiration of dark-grown Nicotiana glutinosa L. cells in liquid
suspension culture was found to be highly cyanide resistant and salicylhy-
droxamic acid (SHAM) sensitive, indicative of an active alternative respi-
ratory pathway. This was especially true during the lag and logarithmic
phases of the 14-day growth cycle. Mitochondria isolated from logarith-
mically growing cells exhibited active oxidation of malate, succinate, and
exogenous NADH. Oxidation of all three substrates had an optimum pH
of 6.5 and all were highly resistant to inhibition by cyanide and sensitive to
SHAM. Respiratory control was exhibited by all three substrates but only
if SHAM was present to block the alternative pathway and divert electrons
to the phosphorylating cytochrome pathway. The cyanide-resistant oxida-
tion of exogenous NADH has previously only been associated with Arum
spadix mitochondria. Coemergence during evolution of the alternative
respiratory pathway and the exogenous NADH dehydrogenase in plant
mitochondria as a possible mechanism for removal of cytoplasmic NADH
is proposed. Evidence is presented which suggests that mitochondrial
assays should be performed at pH 6.5.

Cyanide-resistant respiration has been described in a wide
assortment of plant species (10, 24). Most of the work has been
performed with mitochondria isolated from intact plant tissues
(mung bean shoots, skunk cabbage spadices, etc.). With the current
interest in plant tissue culture as an experimental tool it was
thought to be of importance to characterize the respiration of
cultured plant cells. Wilson (28-30) has examined respiration of
isolated mitochondria from cultured sycamore cells and found it
to be partially resistant to inhibition by cyanide. RC? was rather
low with a ratio of 2.0 or less. With the discovery of the hydrox-
amates, inhibitors of the alternate respiratory pathway (22), it has
been reported that they are effective in inhibiting respiration
resistant to cyanide or antimycin A in cultured cells of tobacco
(21) and soybeans (16). In the present investigation, using suspen-
sion cultured cells of Nicotiana glutinosa L. and isolated mito-
chondria from these cells, it has been established that respiration
is sensitive to the hydroxamate SHAM and the sensitivity varies
over the course of the growth cycle. The high sensitivity of
respiration to SHAM and the low RC found in mitochondria
from these cultures suggests that mitochondrial ATP production
is limited.

! Present address: Department of Agronomy, University of Illinois, 1102
S. Goodwin, Urbana, IL 61801; to whom reprint requests should be
addressed.

? Abbreviations: RC, respiratory control; SHAM, salicylhydroxamic
acid; RCR, respiratory control ratio.

MATERIALS AND METHODS

Culture of Pith Tissue. Callus cultures were established from
pith segments of greenhouse grown Nicotiana glutinosa L. plants.
The culture medium was MS medium (19) with 2.0 mg/L 2,4-D
and 0.25 mg/L kinetin. To establish a cell suspension approxi-
mately 1-g pieces of callus were transferred to flasks containing 50
ml of liquid MS medium and grown in the dark on a gyratory
shaker at 110 rpm at 20 to 22°C. The cells were subcultured every
14 days by transferring 0.5 g fresh weight of cells to 50 ml fresh
medium. All work was performed aseptically in a laminar flow
hood. For experiments involving mitochondrial isolation, 1.5 g of
cells were transferred to 150 ml medium in 500 ml flasks. After 8
d growth, three flasks yielded 100 to 150 g fresh weight of tissue.

Oxygen Monitor Apparatus and Respiratory Measurements.
For O uptake studies, a temperature-controlled (28°C) Yellow
Springs Model 52 Biological Oxygen Monitor was used. The
reaction volume was 3.0 ml. The reaction mixture for mitochon-
drial experiments consisted of 0.25 M sucrose, 0.01 M Hepes buffer,
0.005 M MgCl,-H20, 0.01 M KH2PO,, and 0.1% BSA (fraction V;
Sigma). The pH. was adjusted to 6.8 unless otherwise stated. The
inhibitors SHAM and antimycin A were dissolved in 95% ethanol.
Preliminary studies showed that a final concentration of 1.6%
alcohol caused no significant change in either the qualitative or
quantitative activity of the mitochondria within a 10-min period.

The reaction mixture for the respiratory measurements of whole
cells consisted of 0.09 M sucrose, 50 mm Mes (pH 6.5). The buffer
and pH were determined to be optimum for these cells (11).

Mitochondrial Isolation. The mitochondrial isolation procedure
was similar to that described by Charbonnier and Bervillé (4). The
tissue was placed in a chilled mortar containing cold grinding
medium (1:1, w/v) and a small amount of cold, wet quartz sand.
The grinding medium was composed of 0.4 M sucrose, 0.05 M
KH:PO,, 0.005 M EDTA, and 1.0 mg/ml BSA. The pH was
adjusted to 7.2 with 1 M KOH. In some experiments, 0.005 M -
mercaptoethanol was added to the grinding medium; however,
B-mercaptoethanol had no noticeable effect. The tissue was then
homogenized for about 30 s using a chilled pestle. The homogenate
was squeezed through a layer of Miracloth into centrifuge tubes.
The homogenate was centrifuged at 10,000g for 15 s (once speed
was reached) in a Sorvall refrigerated centrifuge utilizing an SS-
34 rotor. The supernatant was then centrifuged for 2 min (once
speed was reached) at 34,000g. The pellet was suspended in 1.0 ml
of cold 0.25 M sucrose (pH 7.2). A 0.1-ml aliquot was removed for
protein determination (14) and a 0.1-ml aliquot of 1 mg/ml BSA
in 0.25 M sucrose (pH 7.2) was added back bringing the total
volume to 1.0 ml.

For comparative studies of isolation procedures, the methods of
Day and Hanson (5) and Bonner (3) were followed. For the
purification of mitochondria, the procedure of Douce et al. (6) was
used. Corn shoot mitochondria were isolated using the method of
Day and Hanson (5) and 8-d-old etiolated shoots grown in ver-
miculite at 29°C.
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Table 1. Effect of Cyanide and SHAM on Respiration during the Growth Cycle of Cultured Cells of Nicotiana
glutinosa L

The reaction mixture contained 100 to 300 mg of washed cells, 0.03 g/ml sucrose, and 50 mm Mes buffer (pH
6.5). Final volume was 3.0 ml. Values are averages of two trials.

Day Basal® Rate ImMKCN  Change 2mM SHAM Change KCNand SHAM Change
% % %
2 1.2 x10™ 1.3 x 107 +6.6 1.1x 107 -11.0 42x107¢ —96.5
4 1.3 x 107 1.4 %107 +7.6 9.8 x 107 —24.9 2.6 x 107 —98.0
6 1.0x 107 83x107° =175 39x107° —60.8 42x10°¢ —95.8
8 29x 107 2.1x107° —26.6 9.9x 107° —65.7 0 —100.0
11 27x107° 22x107° —18.6 27x107° -1.8 9.5 x 1077 —96.5
13 1.9 x 107° 1L7x107° -122 25%107° +30.8 1.5 %107 -92.3

* umol O/min-mg fresh weight.

RESULTS

Effects of Inhibitors on Whole Cell Respiration. The effects of
cyanide and SHAM on dark-grown N. glutinosa L. cells were
investigated (Table I). During the course of the 14-d growth cycle,
1 mM KCN slightly promoted O: uptake during lag phase (day
0-4); thereafter KCN became inhibitory, reaching a maximum of
27% at day 8. After the log phase of growth had ended at day 8 a
slight decline was observed in the amount of inhibition by cyanide.
A somewhat different inhibition was noted with the inhibitor
SHAM (2 mm). During the logarithmic growth phase inhibition
by SHAM increased from 25% at day 4 to a maximum of 66% at
day 8. After day 8 the inhibitory effects of SHAM decreased until
day 13 at which time SHAM promoted O; uptake. However, by
day 13 the rate of respiration was very low; therefore, a slight
increase in the rate of O; uptake translated into a large percentage.
In the presence of cyanide and SHAM, respiration during the
entire growth period was inhibited by 92% or higher, indicating
that all but a small fraction of the O, uptake was attributable to
the mitochondria.

The effects of cyanide, antimycin A, azide, and rotenone were
compared in the presence and absence of SHAM (Table II).
Antimycin A (5 g/L) and rotenone (0.1 mm) were only slightly
inhibitory to cell respiration while cyanide and azide (5 mMm)
inhibited respiration by 22 and 61%, respectively. These results
show that the respiration of cultured tobacco cells is more or less
similar to that of differentiated tissue.

Mitochondrial Isolation. Several methods of isolation were
tested in efforts to obtain a mitochondrial preparation which
would exhibit a high RCR. Of the several procedures used, none
gave an RCR greater than 2.0 and 2 mM SHAM had to be present
for any RC to be observed (Table III). Purification of mitochon-
dria on a discontinuous sucrose gradient (6) did not improve the
RC values. Respiratory control values obtained from mitochon-
dria isolated from etiolated corn shoot are shown in Table III for
comparative purposes. Using corn shoot mitochondria, succinate

Table III. RCR Values and ADP: O Ratios of Mitochondria for Various
Substrates in the Presence and Absence of SHAM

RCR was determined using 179 um ADP. All values are the range
determined from many experiments.

Respiratory Control Ratio

Basal Rate SHAM SHAM ADP:O
absent present
nmol Oy/min-
mg protein
N. glutinosa mi-
tochondria
Malate 76-85 1.0 1.25-1.68 24
Succinate 60-70 1.0 1.20-1.35 1.7
NADH 90-100 1.0 1.10-1.35 1.8
Zea mays shoot
mitochondria
Succinate 48-50 24-26 24-26 1.3

oxidation exhibited good RCR in the absence of SHAM. Thus, it
seems that the apparent low RCR of mitochondria from suspen-
sion cultures was not due to the method of isolation used but was
an actual measure of RC potential in vivo as also found by Wilson
(29).

pH Studies. Malate, succinate, and NADH were readily oxi-
dized by mitochondria from 8-d-old N. glutinosa cells. Experi-
ments were performed to determine the optimum pH for the
oxidation of each substrate in the presence and absence of 1 mm
cyanide and 2 mM SHAM. Hepes buffer (10 mm) was used
throughout the pH range tested (4.5-7.5) even though the buffer-
ing effectiveness of Hepes has a lower limit of pH 6.5 (9). The pH
of the reaction mixture was checked after each experiment and
found to be within + 0.1 pH units from the initial pH.

Malate. The oxidation of 10 mM malate (Fig. 1) gave a linear

Table II. Effect of Cyanide, Antimycin A, Azide, and Rotenone on Respiration of 8-Day-0ld Cells of Nicotiana
glutinosa L

The reaction mixture was identical to Table I with 100 mg of washed 8-d-old cells. Antimycin A and rotenone
were added in 0.05 ml of 95% ethanol. Values shown are averages of two trials.

Inhibitor Basal Rate® + Inhibitor Inhibition + 2 mm SHAM Inhibition
% %
KCN, | mm 1.16 x 107 8.99 x 107° 225 1.94 x 107° 83.3
Antimycin A, 5 ug/ml 344 X 107° 3.34 x 107° 29 0 100.0
Azide, 5 mm 6.83 X 107° 2.65 % 10™° 61.2 5.70 x 107 91.7
Rotenone, 0.1 mm 5.17 x 107 495 x 107° 43 201 x 107 61.2
SHAM, 2 mm 3.79 x 107 1.30 x 10~° 65.7°

® pmol Oz/min.mg fresh weight.
® This represents the sole effect of SHAM.
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Fic. 1. Effect of pH on substrate oxidation by tobacco mitochondria
in the presence of 1 mM cyanide, 2 mM SHAM, and cyanide + SHAM.
The rates are state 2 (no ADP present).

1441

rate of O, uptake until anaerobiosis was reached. Since no metab-
olite such as pyruvate was needed to relieve inhibition by the
malate oxidation product oxaloacetate, it is assumed that there
exists an endogenous mechanism for removal of oxaloacetate
(unpublished data). The optimum pH for the oxidation of malate
was 6.5 (27). Inhibition by cyanide was around 30% through the
entire pH range. Inhibition by SHAM in general, was near 50% in
the middle of the pH range and then dropped to 15% at pH 7.0.
Inhibition in the presence of cyanide and SHAM was 90% or
higher from pH 5.0 to 6.5 but somewhat less (71%) at 7.0.

Succinate. The oxidation of 10 mM succinate was negligible at
pH 4.5 and 5.0 but increased rapidly thereafter until the optimal
pH of 6.5 was reached (Fig. 1). Inhibition by cyanide ranged from
30 to 40% from pH 6.0 to 7.5 while the inhibition by SHAM
increased from 7% at pH 6.0 to 26% at pH 6.5 before decreasing
to 19% at 7.0 to 7.5. Inhibition in the presence of cyanide and
SHAM was around 80% except at pH 6.0 and 6.5 where it
increased to 92 and 90%, respectively.

NADH. The rates of oxidation of NADH were the highest for
any substrate tested (Fig. 1). The optimum pH for oxidation was
6.5 at which point cyanide inhibition was only 11%. With higher
pH, the cyanide inhibition increased to 40 to 45%. Inhibition by
SHAM was quite variable with a slight promotion of O, uptake at
pH¢4.5 and 5.0. With higher pH SHAM inhibition ranged from
33 to 50%. The inhibition in the presence of cyanide and SHAM
increased from pH 5.5 to reach a maximum of 82% at pH 7.0.

The Effect of Azide, Antimycin A, and Cyanide on Malate
Oxidation. Antimycin A and azide were compared with cyanide
for their effectiveness in inhibiting electron transport through the
Cyt chain (Fig. 2). Azide and cyanide inhibited malate oxidation
41 and 35%, respectively, whereas antimycin A caused a 23%
inhibition. In the presence of SHAM, cyanide and antimycin A
respiration was inhibited by 94 and 92%, respectively, while azide
produced only a 78% inhibition. In contrast with the cell respira-
tory studies, azide did not inhibit Cyt oxidase or the Cyt chain to
the extent of antimycin A or cyanide. Again, these data show that
mitochondria from cultured tobacco cells are basically similar in
many respects to those from differentiated tissue.

DISCUSSION

We have shown that the respiration of N. glutinosa suspension
cultured cells was highly cyanide-resistant during the lag and
logarithmic phases of growth. In addition, SHAM was a signifi-
cantly more effective respiratory inhibitor than cyanide during the
same growth phases. We conclude therefore that respiration was
mediated mainly via the alternative respiratory pathway. It has
been suggested that lipoxygenase is responsible for much of the
cyanide-resistant O uptake in some systems (7, 8, 20) but inas-
much as this enzyme is mainly associated with lipid degradation
it is hard to conceive of lipoxygenase playing a significant role
during exponential growth (26).

Our data supports the overflow hypothesis (13) in which it is
postulated that the alternative pathway is active during periods
where there is an abundance of carbohydrate relative to the
demand. In our system, the growth medium initially contained 3%
sucrose and then declined during the two week growth cycle.

Mitochondria isolated from cells in the logarithmic growth
phase exhibited malate oxidation that was also highly cyanide-
resistant and SHAM-sensitive, and the inhibitory characteristics
were quite similar to whole cell respiratory inhibition only if the
mitochondrial assay was performed near pH 6.5 (compare Table
I with Fig. 1A). Moreover, all three mitochondrial substrates had
optimum oxidation rates at pH 605 (Fig. 1; also Ref. 16). Because
most mitochondrial respiratory assays are performed at alkaline
pH (7.2-7.5) this may be a significant problem.

The chemiosmotic hypothesis (17) states that mitochondria have
active proton pumps which pump protons in an outward manner
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during coupled electron transport. In both animal (2) and plant
mitochondria (18) this proton pumping results in a ApH of con-
siderable magnitude (ApH = 1.62, (18)). Assuming a cytoplasmic
pH of 7.0-7.2 (23), it is quite possible that a part of this ApH is
manifested as a localized pH drop in the immediate environment
of the mitochondria, perhaps as low as pH 6.5. We suggest that
pH 6.5 is a more reasonable reaction mixture pH.

The mitochondria from cells in the logarithmic phase of growth
were loosely coupled to oxidative phosphorylation as indicated by
the low RCR values. Significant RC was measured when SHAM
was present, however. This suggests that part of the reason for the
low RCR was the high engagement of the nonphosphorylating
alternative respiratory pathway. Presumably, the blocking of this
pathway by SHAM increased the proportion of electrons flowing
through the phosphorylating Cyt pathway and resulted in mea-
surable RC.

Exogenous NADH was readily oxidized by the mitochondria in
this study with O uptake rates higher than those recorded with
malate and succinate as substrates. With few exceptions, most
plant mitochondria can readily oxidize exogenous NADH. Only
in special cases, however, is this oxidation highly cyanide-resistant
(e.g. Arum spadix mitochondria) (12) as it was shown to be in the
present study. In this respect, our data differed greatly from that
of Wilson (29) in which mitochondria isolated from Acer pseudo-
platanus suspension cultures were inhibited 90% by cyanide. Our
data fit better, however, with the accepted general scheme of the
plant mitochondrial electron transport chain in which electrons
from exogenous NADH are passed to ubiquinone and from there
to either the Cyt or the alternative respiratory pathway (1, 12, 25).

The ability of mitochondria in some situations (e.g. Arum
spadix, cultured cells) to pass electrons from exogenous NADH to
the alternative oxidase raises some interesting possibilities. Both
the alternative respiratory pathway and the exogenous NADH
dehydrogenase are found only in plant mitochondria. It is con-
ceivable therefore that both enzymes evolved together for the
purpose of removing excess reducing equivalents from the cyto-
plasm without the concomitant production of ATP. This may be
the case during those periods of rapid growth, e.g. logarithmic
phase, when intermediates of the TCA cycle are being removed
for amino acid biosynthesis and must be replenished by a rapid
carbon flux through glycolysis, thereby producing cytoplasmic
NADH. Thus, the supply of carbon skeletons may be the limiting

factor in rapid growth and are therefore increased at the expense
of ATP synthesis (13). The data presented here support this
hypothesis inasmuch as the period of high cyanide-resistant res-
piration is the period of maximum synthetic activity. Electron flux
from cytoplasmic NADH to the alternative oxidase should not
result in ATP production since the alternative pathway is generally
thought to be nonphosphorylating. It should be mentioned how-
ever, that a recent report provided good evidence of a phospho-
rylation site on the alternative respiratory pathway (31).
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