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1. Iniroduction

Carboxin (5 6-dihydro-21nethyl-1,4-oxathin-3-
carboxanilide), a systemic fungicide, has been shown
to he a patent inhibitor of succinate metabaolism in
fungi (e.g., Ustilago maydis and Rhizoctonia solani
[1,21). It is also a powerful inhibitor of beef heart
succinate dehydrogenase {SDH), apparently intez-
fering with the function of an iron—sulphur group in
the enzyme [3].

Studies with whole yeast cells suggest [4] that
carboxin is an inhibitor of the alternate (cyanide-
insensitive) oxidase of yeast and, by implication, of
higher plant mitochondria. These avthors claimed that
an iron—sulphur component of the SDH complex is
the alternate oxidase. More recent studies with plant
mitochondria have suggested that SDH is not per se
the alternate oxidase, and have implicated a role for
uhiquinane, either as the branch point of the alternate
path [5] or as the oxidase [6].

This communication reports an investigation of
the effects of carboxins on higher plant mitochondria
(both CN-resistant and CN-sensitive) and compares
these effects with those on rat liver mitochondria.
The resulis indicate that carboxins are inhibitors of
both the alternate path and SDH. The plant enzyme
has a much lower affinity for the inhibitors than does
its mamumalian counterpart.

Abbreviztions: Casboxin, 5.6-dihydro-2-methyl-1 A-oxathin-
3-carboxanilide; PMS, phenazine methosuiphate; SHAM,

salicyll.ydi xxamic acid; SDA, succinate dehydrogenase; TPP,
thiamine pyrophosphate ‘

Elsevier{North-Holland Biowiedical Press

2. Materials and metheds

Untreated potato tubers {Solenum fuberosum
var. Russet Burbank) were generously provided by
Professor H. Timm, University of California, Davis.
Sweet potatoes ({porioeaz batatas) were purchased
from local markets. ,

Mitochondria were isolated from while potato
tubers and sweet potato roots as described [7] . Rat
liver mitochondria were prepared as in {8] and sub-
mitochondrial pasticles asin [6].

Oxygen consumption was measured on the oxygen
electrode as described [7] with 3.3 ml reaction
medium and 0.2 ml mitochondria (approx. 2 mg
protein). For plant mitochondra a reaction medium
of 0.4 M mannitol, 10 mM TES buffer (pH 7.2), 5
mM KH; PG, and 1 mM MgCi; was used. The reaction
medium for rat liver mitochondria consisted of 0.1 M
K1, 325 M sucrose, 15 mM KH,PGO,4, 1 mM EDTA
and 10 mM MgCl;. When present, the concentrations
of ADPand ATP were 1 mM and 0.2 mM, respectively.
Other experimental conditions are described in the
figure and table legends.

Carboxin was a gift from Uniroyal Research

Laboratory {Guelph, Ontario). 3'-Phenoxycarboxin
was a gift from Dr 'G. A. White, Agriculture Canada,

(London, Ontaric). Other chemicals were from Sigma
Chemical Co. (St Louis, MO}.

3. Resuifts
3.1. Inkibirion of succinate oxidation
Figure: 1 shows that carboxins are potent and

selective inhibitors of succinate cxidation by rat liver
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Fig.1. Effect of carboxins on rat liver mitochondria. Cxygen
uptiake was measured as described in section 2. The reaction
raixture containcd 10 mM succinate or 10 mM malate + 10
raM glutamate. 1 mM ADP and 0.2 mM ATP in 3.3 ml
standard reaction medivin. {o-—o) Carboxin; (e—e)

3 Phenoxy-carboxin.

miwechondria. 3 -Phenoxy-carboxin is more effective
than carboxin with succinate as substrate (K values
0.7 uM and 5 uM, respectively). Neither inhibitor has
much effect on malate oxidation in the presence of
glutamate. These effects are similar to those observed
with beef heart submitochondrial particles {3] and
with Micrococeus denitrificans [9] .

Similar trends were observed with cyanide-sensitive
white potato mitochondria (fig.2), except that neither

compound was as effective against succinate oxida-
tion as in rat liver. The Kj apparent for phenoxy-

carboxin is 80 uM while K appareat for carboxin is
240 uM. Other plant mitochondria oxidizing succinate
show roughly the same sensitivity to carboxin
{10,711} . Disruption and fractionation of potato mito-
chondria does little to increase their sensitivity to
carbo 0 (table 1:succinate oxidase activity of sub-
mitochondrial pariicles is inhibited 68% by 500 uM
carboxin), showing that inaccessibility to SDH is not
responsible for the low inhibitions. Succinate oxida-
tion may be linked to oxygen consumption through
1he dye PMS, thus by-passing the electron fransport
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Fig 2. Effect of carboxins on white potato mitochondria.
Experimental conditions are described in fig.1. (c—0)
Carboxin; (¢ —e) Phenoxy-carboxin.

chain. PMS —mediated succinate oxidation by beef
heart mitochondria is less sensitive to carboxin than

is succinate oxidase, and it has been suggested that
this is due to PMS accepting electrons from two
separaie sites on the SDH complex, one prior to the
carboxin-sansitive site [12] . The same scems to be
true of the plant system, since PMS-mediated succinate
oxidation is inhibited only 20% (iable 1). It thus
seems that carboxin binds to potato SDH at the same
site as on the mammalian enzyme. However, the affin-

Table L

Effect of carbouxin on succinate oxidation by potato
submitochondrial particles

Carboxin Succinate oxidase Succinate—
(7154 {(nmol O, /min} PMS oxidase
Q 104 158
256G 41 135
500 34 122

Oxyveen consumption was measured as described in section 2
with 9.2 mM ATP in the reacticn medium. Succinate, 10 mM,
PMS, 0.1 m¥M and 0.5 mg protein were usedfassay. When
succinate —PMS activity was mcasuzed, 2 g antimyocinn A
was aiso present to inhibit the cvtochrome path
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ity of the piant system for the inhibitor is an order of
magnitude lower.

32 Inhibition of elternate oxidase

The respiraiion of isolated sweet potato mito-
chondria, with succinate and with NAD-linked sub-
strates, is partially resistani to cyanide [13] . Although
the degize of resistance varies with the season and the
length of root storage, typicaliy 40—70% of the state
3 rate of O, consumption is insensitive o KCN. For
example, in the experiments shown in fig.3, the state
3 rate of succinate oxidation was 155 nnol O, min ™
mg protein ™" while the rate in the presence of 0.5
mM KCN was 97 nmol O, min . When malate (plus
pyruvate) was the substrate, the rates in the absence
and presence of KCN were 97 and 67 nmol O, min~

mg protein ", respectively.

Substituted hydroxamic acids are selective inhibi-
tors of cyanideresistant respiration [15]. In the
present study, oxygen uptake in the presence of
salicyl-hydroxamic acid (SHAM) was considered to be
mediated by the cytochrome path, whereas that in
the presence of KCN was presumed to be due to
alternate path activity (cyanide and SHAM together

inhibit oxygen consumption completely). Figure 3
shows the effect of 3" phenoxy-carboxin on bhoth

pathways. Carboxin has similar effects, although con-
siderably higher concentrations were required to elicit
the inhibitions shown {data not presented). Phenoxy-
carboxin inhibits succinate oxidation in the presence
of KCN and SHAM, respectively, although its effect is
somewhat greater in the presence of KCN. Presumably
inhibition in the presence of SHAM represents the
efiect on SDH alone. Malaie oxidation (with pyruvate
present) is only slightly inhibited by phenoxy carboxin

in the presence of SHAM. That is, phenoxy-carboxin
does not inhibit malate oxidation via the cytochrame

path, as shown also with rat liver and white potato
mitachondriz {fig.1 ,2). On the other hand, malaie

(+ pyruvate) oxidation via the alternate oxidase is

inhibited approx. 50% by carboxins (fig.3).

1

4. Discussion

Carboxin is proposed as a seleciive inhibitor of the
cyanide resistani path [16]. We favor the suggesiion [4]
fon evidence which is difficult to evaluate from their
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Fig. 3. Effzct of phenoxy-carboxin on sweet-potato mito-
chondria. Experimental conditions are as described in fig. 1
except that 56 pM T'PF and 10 mM pyruvate were included
in the rcaciion medium when malate (1 mM) was substrzte.

experimentis on intact yeast cells) that carboxin
mhibiis both SDH and the alternate path. Part of the
SBIi complex is supgested as the alternate oxidase
[4], thereby accounting for carboxin’s effect on both
activities. This idea is most unlikely in view of the
results presented here, which show ihat cyanide-
resistant malate oxidation is sensitive to phenoxy-
carboxin {fig.3). Furwmermore, mungbean mitochon-
drial particles which have been stripped of SGH retain
their resistance to cyanide with other substrates |6},
showing that SDH is not the alternate oxidase.

Since carboxins inhibit succinate oxidation by
cyanide-sensitive white potato mitochondria (fig.2),
while SHAM does not (data not shown) and since
carboxins inhibit NAD-linked substrate oxidation in
the presence of KCN in sweat potato mitochondria
{fig.3), it is probable that there are “wo distinci sites
of action for carboxins in cyanide-resistant plant
mitochondria. .

The greater inhibition of succinatc c<ication by
carboxin in the presence of KCN -- compared with its
effect in the presence of SHAM — could mean that
the alterrate path is more sensiiive to carboxin than
is SDH. However, the effect of carboxin on malate
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(+KCN) suggests otherwise . Hence the greater affect
on succinate +KCN points t¢ two inhibitory sites
seriatim. This also accounts for the lower £ apparent
for phenoxy-carboxin with succinate +ECN (23 pM)
as compared both with succinate + SHAM, and
malate + KCN (85 uM). _

The fower affinity of plant SDH for carbozxin,
compared with that from animals and fungi, implies
either that the two enzymes are structurally different
or that their envirenment in the inner membrane is
different. EPR studies [6,17] also suggest differences
between animais and plantsin the SDH region of their
respiratory chains.
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