Journal of Bioenergetics and Biomembranes, Vol. 36, No. 2, April 2602004)

A Highly Active ATP-Insensitive KT Import Pathway
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We describe here a regulated and highly activeugptake pathway in potat@planum tuberosum
tomato (ycopersicon esculentymand maizeZea maysmitochondria. K transport was not inhib-

ited by ATP, NADH, or thiol reagents, which regulate ATP-sensitivedkiannels previously described

in plant and mammalian mitochondria. Howevet, #ptake was completely prevented by quinine, a
broad spectrum K channel inhibitor. IncreasedKuptake in plants leads to mitochondrial swelling,
respiratory stimulation, heat release, and the prevention of reactive oxygen species formation. This
newly described ATP-insensitive'import pathway is potentially involved in metabolism regulation

and prevention of oxidative stress.
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INTRODUCTION pling protein (PUMP; Vercesit al., 1995) and the alter-
native oxidase (AOX; Hug and Palmer, 1978; Rich, 1978).
The impermeability of the mitochondrial inner mem- Similarly to UCP1, PUMP stimulates proton gradient

brane to ions plays an important role in bioenergetics and dissipation by promoting H reentry into the mitochon-
is essential for adequate mitochondrial function. It en- drial matrix through a fatty acid cycle. In this cycle, PUMP
sures that redox energy released through substrate oxidacatalyzes the transport of anionic fatty acids from the ma-
tion can be maintained as a proton gradient, which fuels trix to cytosol. The return of these fatty acids in the proto-
ATP synthesis (Mitchell, 1961). Moreover, the proton gra- nated form, via a “flip-flop” mechanism (Skulachev, 1991,
dient can also be used in other processes such & Ca 1999), results in a futile H cycle, dissipating protonmo-
transport (Gunteet al, 1994) or heat production, medi- tive force (Jezelet al, 1996). PUMP-stimulated proton
ated by the mammalian brown adipose tissue uncoupling cycling is sensitive to allosteric inhibition by purine nu-
protein (UCP1; Nichollet al, 1978). cleotides such as ATP and GTP and is strongly inhibited
Surprisingly, plant mitochondria present the ability by BSA, which binds free fatty acids (Jezekal., 1996;
to dissipate or prevent the formation of the proton gradi- Sluseet al, 1998).
ent. Two energy-dissipating systems that can significantly AOX shunts electrons from the cytochrome path-
decrease the efficiency of oxidative phosphorylation have way at the level of ubiquinone, reducing oxygen to water
been described in plant mitochondria: the plant uncou- and avoiding H transport from the matrix into the in-
termembrane space. Thus, electron flux through AOX is
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inhibitors such as antimycin or cyanide, but can be inhib-
ited by benzohydroxamate or linoleic acid, an abundant
free fatty acid in plants (Slusst al,, 1998).

Although both energy dissipating systems in plant
mitochondria lead to the same effect (uncoupling of res-
piration from oxidative phosphorylation), there is a ba-
sic difference between these pathways: while PUMP de-
creases the proton gradient, AOX prevents its formation by
shunting electrons from the respiratory chain. Another dif-
ference is the opposite effect of free fatty acid regulation.
While PUMP is activated, AOX is inhibited by free fatty

acids. Thus, both systems seem not to work at their maxi-

mal activity simultaneously. Most probably, these energy-
dissipating systems work sequentially during plant devel-
opment (Almeidaet al,, 1999).

Ruy, Vercesi, Andrade, Bianconi, Chaimovich, and Kowaltowski

tochondrial suspension was determined using the Biuret
method (Gornalkt al., 1949).

Swelling measurementsicreases in matrix volume
of de-energized plant mitochondria were measured by fol-
lowing the decrease in light scattering of the mitochondrial
suspension at 520 nm, using an SLM Aminco DW 2000
or a Multispec Shimadzu 1501 spectrophotometer.

O, consumption measuremen@xygen consump-
tion was measured using a Clark-type electrode (Yellow
Springs Instruments) in atemperature-controlled chamber
(25°C).

Mitochondrial H, O, release H,O, production was
assessed at 26 by the oxidation of Amplex Red in
the presence of extramitochondrial horseradish peroxidase
bound to HO,. Amplex Red fluorescence was monitored

Recently a new dissipative mechanism was described at excitation wavelengths of 365 and 450 nm, respectively,

in plant mitochondria involving K import into the mito-
chondrial matrix and K/H™ exchange (Chiandussi al,,
2002; Pastoret al, 1999; Paucelet al, 2002; Petrussa
etal,, 2001). In this manner K, the most abundant cation

on a Hitachi F4500 fluorimeter.

Isothermal titration calorimetrylsothermal titration
calorimetry experiments were conducted in a VP-ITC mi-
crocalorimeter from Microcal Llc (Northampton, MA,

in the cytosol, regulates coupling between respiration and U.S.A.). The implementation principles of isothermal

ATP synthesis in plant mitochondria. The Kmport path-
way was studied in detail in durum wheat and pea stem

titration calorimetry were described by Wisemanal.
(1989). The experiments were started by injecting mito-

mitochondria, but also evidenced in spinach, potato, and chondria after the reaction medium reached equilibrium
barley. In these plants, the pathway appears to be inhibitedat 30°C in the 1.45-mL sample cell. Total heat (QT) re-

by ATP, suggesting the channel is similar to mammalian
ATP-sensitive K channels (mitolrp). The discovery of

a mitoKarp in plant mitochondria brought new implica-
tions to the physiology of this organelle, because the ex-
istence of a K import channel acting together with a po-
tent Kt/H* exchanger in these mitochondria (Diolez and
Moreau, 1985) would allow proton potential regulation
through a K cycle (Garlid, 1996).

We decided to study Ktransport in plant mitochon-
dria in more detail, using potat@&élanum tuberosum
tomato (ycopersicon esculentypand maize{ea mayy
plants in which the roles of PUMP and AOX have been
previously characterized. Surprisingly, we did not find an
ATP-sensitive K channel. Instead, we report the exis-
tence of a highly active ATP-insensitivetKimport path-
way in plant mitochondria.

EXPERIMENTAL PROCEDURES

Mitochondrial isolation Potato mitochondria were
isolated by differential centrifugation as described by
Beavis and Vercesi (1992). Green stage tomato mito-
chondria were isolated as described by Almeataal.
(1999) and purified on a Percoll gradient (Van den Bergen
et al, 1994). Maize mitochondria were prepared follow-
ing Martins and Vercesi (1985). Protein content in the mi-

leased in the reactions was calculated by integrating the
total area under the peak of the calorimetric thermograms
for the first 6 min after injection.

Data analysis Traces shown are representative data
of at least three similar experiments. Linear regres-
sion fits were calculated using Origirsoftware. Aver-
ages and standard errors (SEM) were determined using
SigmaStat (n > 3).

RESULTS
Potato Mitochondria Are Permeable to K lons

To assess inner-membrane permeability t0 I8
plant mitochondria, we suspended de-energized potato mi-
tochondria in hyposmotic media. Under these conditions,
mitochondria suspended in Ckalts swell if their inner
membrane is permeable to the cation, since i€ltrans-
ported into the plant mitochondrial matrix by a highly
active channel (PIMAC; Beavis and Vercesi, 1992). We
observed that the inner-membrane conductance for ions
followed the order: K > Li* > Na' (Fig. 1, see swelling
rates in the figure legend), indicating the presence of a se-
lective Kt ion transport pathway in the inner-membrane
of potato mitochondria. The addition of valinomycin, a4 K
ionophore, enhanced ion uptake (line e), suggesting that
mitochondrial swelling is limited by K transport rates
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Fig. 3. Pathways through which K can enter plant mitochondria. In
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both a K" uniporter (left) or the K/H* antiporter (right), with H

Fig. 1. Potato mitochondria swell in Kions. Isolated potato mitochon-  €ycling maintained by PUMP.

dria (PM, 0.2 mg/mL) were added to a buffer containing 10 MM HEPES,

2 uM antimycin, 1ug/mL oligomycin, and 100 mM sucrose (line a); Fo + . Lo
50 mM Nacl (line b); 50 mM LiCl (line c); or 50 mM KCI (lines d and K™ uniporter orthe K/H antiporter, very active in plants

€), in which the buffer pH was adjusted to 7.2 using NaOH (lines a and (Diolez and Moreau, 1985; Fig. 3). In the latter uptake

b), LIOH (line c), or KOH (lines d and e). Valinomycin (vall M) was mechanism, H cycling is maintained by PUMP (Vercesi
added where indicated by the arrow (line e). Absorbance changes/min et al,, 1995). To avoid K transport through the second
during the first 2 min were B x 1074 (line a), 47 x 1073 (line b), mechanism, we added BSA to the reaction medium, re-

—2 1 2 (i
12107 (line c), and 21 x 107 (fine d). moving fatty acids essential for'Htransport by PUMP.

) As seen in Fig. 2(B), swelling occurs in the presence of
and not by Ct transport through PIMAC (Beavis and  Bsa (line c) and is not prevented by ATP (line b) or AFP
Vercesi, 1992). _ N Mg?* (line a). Therefore, potato mitochondria are perme-

To investigate if mitochondrial K permeability was  gpje to K+ ions, but this permeability is not inhibited by
due to an ATP-sensitive Kchannel (mitoke), wetested — ATP, In the absence of BSA, the inhibitory effect of ATP

if K*-induced swelling was inhibited by ATP or ATP s hrobably due to the prevention of PUMP-mediated H
plus Mg2. Under conditions similar to those used by transport.

Pastoreet al. (1999), we observed an inhibitory effect To confirm that the partial inhibitory effect of ATP
of ATP (Fig. 2(A), line &) or a partial inhibitory effect  on mitochondrial swelling is related to PUMP-mediated
of ATP + Mg=* (line b) on control K" uptake (line ¢).  H+ transport across the inner membrane, we also studied

However, in plant mitochondria incubated under these de- yitochondria in which F transport was maximized by
energized conditions, Kuptake may occur throughbotha  the protonophore FCCP, eliminating any possible PUMP
effect. As observed in Fig. 4, swelling in KCl media under
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Fig. 2. ATP-insensitive K transport in potato mitochondria. PM
(0.2 mg/mL) were added to a buffer containing 10 mM-KEPES Fig. 4. ATP insensitive K transport in uncoupled potato mitochondria.
(pH 7.2), 50 mM KCI, 2uM antimycin, and 1ug/mL oligomycin, in PM (0.2 mg/mL) were added to a buffer containing 10 mM-KEPES

the absence (Panel A) or presence (Panel B) of 1% BSA. Swelling is (pH 7.2), 50 mM KCI, 2uM antimycin, 1 xg/mL oligomycin, and
shown under control conditions (lines c) and in the presence of 1 mM 0.5 uM FCCP in the presence of 1 mM ATP plus 2 mM Fig(line
ATP (lines a) or 1 mM ATP plus 2 mM M (lines b). a), no further additions (line b), or 1 mM ATP (line c).
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Fig. 5. K* transport in tomato and maize mito
(TM or MM, 0.2 mg/mL) were added to a buffer
KCI, 2 uM antimycin, and Jug/mL oligomycinin !
C and D) of 1% BSA, as indicated. ATP (1 mM)

chondria. Isolated tomato or maize mitochondria
containing 10 mM4IEPES (pH 7.2), 50 mM

he absence (Panels A and B) or presence (Panels
was presentin lines a.

these conditions (line b) is also not affected by the presence(plus rotenone) promotes an increase ip €@nsump-

of ATP (line c) or ATP+ Mg?* (line a).
We reproduced the potato mitochondrial swelling ex-

tion due to K cycling (K™ entry mediated by the ATP-
insensitive K pathway and exchange for*Hby the

periments shown in Fig. 2, using tomato and maize (Fig.5) K*/H* antiporter). Respiratory increases were not ob-
and found that tomato and maize mitochondria also swell served after the addition of equal amounts of NaCl, in-

in KCI (lines b), in a manner uninhibited by ATP (lines
a, Panels C and D) unless BSA was absent from the in
cubation medium (lines a, Panels A and B). Thus, ATP-
insensitive K uptake seems to be present in a variety of
plant mitochondria.

Next, we measured mitochondrial oxygen consump-
tion in the presence of BSA and under conditions that
allow the buildup of a membrane potential, further pre-
venting the uptake of K ions by the K'/H™ antiporter.
Figure 6(A) shows that uptake of externally added K

dicating that they are not due to osmotic changes in the

- media (not shown). The increase in respiratory rates pro-

moted by K- salts exhibits a hyperbolic dependence with
ion concentration, as expected for channel-mediatéd K
transport (Fig. 6(B)), withKy», =279+ 1.6 mM and
maximal respiratory stimulation of 78+ 1.3 nmoles
O, -min~t.mg- proteirr? (n = 5). This is a significant
increment in respiratory rates, capable of diminishing ox-
idative phosphorylation and reflecting"Kransport rates
much higher than those found for mammalian mitgsé

by the mitochondrial suspension respiring on succinate (Bajgaret al,, 2001; Kowaltowsket al., 2001).
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Fig. 6. K* transport increases potato mitochondrial respiration. PM (1 mg/mL) respiration was
measured in a buffer containing 250 mM sucrose, 10 MM IMEPES, 1% BSA, 2 mM N&-

succinate, Jug/mL oligomycin, and 2.M roteno
was added where indicated. In Panel B, change

ne (pH 7.2). In Panel A, KCI (60 mM, line b)
s in respiratory rates are plotted agdiadtigd

to the reaction media, using experimental conditions identical to Panel A.

Regulation of K* Uptake

The K* effect on respiratory rates was not altered by
the addition of 1 mM ATP (Fig. 7, line b) or ATR Mg+

PM
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Fig. 7. Regulation of K" -stimulated respiration. PM (1 mg/mL) res-
piration was measured under the conditions described in Fig. 6, in the
presence of 15@M quinine (line a), 1 mM ATP (line b), or no further
additions (line c). KCI (30 mM) was added where indicated by the arrow.

(not shown), confirming that the 'Kchannel in potato
mitochondria is not a mitojgp. A variety of compounds
that regulate other Kchannels were then tested to further
characterize this transport. We observed that the potato
channel is not regulated by NADH, 5-hydroxydecanoate,
or glybenclamide (not shown), but is sensitive to quinine,
a broad-spectrum Kchannel inhibitor (Fig. 7, line a), in
a dose-dependent mann&r(, = 2544+ 10uM, n = 3).
Unfortunately, quinine doses above 100 decrease
maximal respiratory rates (not shown). To exclude the
possibility that quinine acts inhibiting respiration and not
K* transport, we tested the compound using nonrespir-
ing mitochondrial swelling experiments, and found that
quinine inhibits K" transport in the absence of respiration
(Fig. 8(A)). Since under these conditions the inhibitory ef-
fect of quinine could be due to PIMAC inhibition (Beavis
and Vercesi, 1992), we also monitored mitochondrial
swelling in KSCN buffer, in which swelling depends only
on K" uptake. Indeed, under these conditions, experiments
in which K* transport was maximized by nigericin and
FCCP indicated that the mitochondrial inner membrane
is freely permeable to SCNeven in the presence of qui-
nine (not shown). In the absence of nigericin and FCCP
(Fig. 7(B)), the inhibitory effect of quinine on mitochon-
drial swelling in KSCN confirms that the drug directly
prevents K uptake, strongly suggesting this uptake is
mediated by a quinine-sensitive channel.
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Fig. 8. K*-induced swelling is inhibited by quinine. PM (0.2 mg/mL) were added to a buffer con-
taining 10 mM KF-HEPES (pH 7.2), 50 mM KCI (Panel A) or 50 mM KSCN (Panel B)uR1
antimycin, and Iug/mL oligomycin. K uptake was measured by following light scattering in the
absence (lines b) or presence (lines a) of 1 mM quinine.

K* Transport Increases Heat and Decreases
Reactive Oxygen Release

Since plant mitochondrial K transport significantly

DISCUSSION

We describe here a highly active"Kimport path-
way in plant mitochondria which promotes mitochon-

increased respiration in the absence of oxidative phospho-drial swelling, increases respiratory rates, stimulates heat
rylation, we hypothesized that it acts as a proton potential release, and decreases mitochondrial reactive oxygen
dissipative pathway in conjunction with the"kH* ex- species generation. Allthese characteristics are typical of a
changer. To confirm this hypothesis experimentally, we pathway that dissipates the mitochondrial proton potential

measured heat release promoted by tkansport under
conditions in which other plant mitochondrial dissipative
pathways (PUMP and AOX) were inhibited through the
use of BSA and benzohydroxamate (Schonbaairal,,

and decreases the efficiency of oxidative phosphorylation.
K* uniporters in the inner mitochondrial mem-

brane have been previously described in mammalian tis-

sue and are strongly inhibited by NKg-ATP (Bajgar

1971). Figure 9(A) shows typical traces of heat release et al, 2001; Garlid, 1996; Kowaltowskét al, 2001).

from potato mitochondria measured using isothermal titra-
tion calorimetry. In the absence offtotal heat exchange
after 6 min was-7.8 mcal (line a). Adding K to the reac-
tion media promoted a marked stimulation of mitochon-
drial heat release (line b, QF —9.5 mcal), suggesting
that Kt transport in potato mitochondria promotes futile
H™* cycling and generates heat.

In addition to regulating metabolism and generating
heat, H cycling has the beneficial effect of preventing
mitochondrial reactive oxygen formation due to increased
respiratory rates (Korshunoet al, 1997; Kowaltowski
et al, 1998). Indeed, we found that potato mitochondria
incubated in K salts generated significantly less®
(Fig. 9(B), line b) when compared to mitochondria incu-
bated in the absence of'K(line a). Thus, the prevention
of mitochondrial oxidative stress may be an additional
function of plant mitochondrial K import pathways.

A striking characteristic of these mammalian channels
is their low conductivity—although they increase inner-

membrane permeability to the transport rate of the ion

is so low that the overall effect on the membrane potential
is often undetectable (Bajgat al., 2001; Kowaltowski

et al, 2001) and changes in the efficiency of oxidative

phosphorylation are minimal.

In contrast to K transport characteristics in mam-
malian mitochondria, Pastoetal.(1999) and Chiandussi
etal.(2002) found that K was imported at high rates into
plant mitochondria, uncoupling respiration from oxidative
phosphorylation. These authors also reported that ATP in-
hibited the import pathway, in the absence of¥igHow-
ever, we found here that the inhibition reported by these
authors is only observed in the absence of the fatty acid
quencher BSA (Figs. 2 and 4, see scheme in Fig. 3). This
suggested two possibilities: (i) plant mitgl depends
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Fig. 9. Heat and reactive oxygen release effects tftkansport. PM (0.2 mg/mL) were added where
indicated to a buffer containing 10 mM NaHEPES (pH 7.2), 250 mM sucrose, 2 mM Nauccinate,

2 uM rotenone, and 1% BSA, in the presence (lines b) or absence (lines a) of 20 mM KCI. In Panel A,

2 mM benzohydroxamate was present in both traces, and heat changes were monitored as described in
Experimental Procedures. In Panel B, ;381 Amplex Red and 1 U/mL horseradish peroxidase were
present to monitor b, release.

on fatty acids or (ii) ATP does not inhibit plant'ktrans- 2001; Kowaltowskiet al,, 2001), indicating that exten-
port and the ATP effect observed previously is attributable sive quantities of K can be imported into the plant mi-
to PUMP. The first possibility was excluded by the find- tochondrial matrix through this putative channel. This
ing that mitochondria incubated in the presence of BSA could promote mitochondrial swelling and even rupture
increase in volume (Fig. 2) and present larger oxygen up- if plant mitochondria did not present a highly efficient
take rates (Fig. 5) when treated with" KATP and other K*/H* exchanger (Diolez and Moreau, 1985), which re-
known mitoKarp inhibitors did not prevent these respi- moves matrix K in a manner stimulated by mitochondrial
ratory changes (Fig. 6), further supporting the notion that swelling. In fact, maximal respiratory rates are maintained
plant mitochondria present a highly active ATP-insensitive for long periods after the addition ofKto potato mito-
K* import pathway. However, although our data show chondria (Fig. 6(A)), suggesting no organelle rupture and
that high K" transport rates in plant mitochondria occur cytochrome c loss occurs. As a result, the most evident ef-
through an ATP-insensitive pathway, they do not exclude fect of this K* transport in vivo is probably a decrease in
the concomitant existence of mitafes in these mito- mitochondrial coupling, dissipating energy and avoiding
chondria (Paucekt al, 2002), as long as these channels ATP synthesis. Supporting this idea?l Kransport in these
present limited K transport rates, as observed in mam- mitochondria increases heat release (Fig. 9).
malian tissue (Bajgaet al, 2001; Kowaltowskiet al,, The presence of a channel with a primarily dissi-
2001). pative function in the mitochondrial inner membrane is
The ATP-insensitive K import pathway described  surprising, since two distinct dissipative pathways have
here exhibits saturation kinetics (Fig. 6), and can be in- previously been described in plant mitochondria: AOX
hibited by quinine (Figs. 7 and 8), supporting the idea that and PUMP (Hug and Palmer, 1978; Jezgkal, 1996;
this transport is not a consequence of the inner-membraneRich, 1978). It is thus interesting to investigate when each
K* “leak,” but a K" channel. TheK:, of this putative of these pathways acts. Since the activation of plant K
channel ¢30 mM) and the fact that it is not inhibited by  transport generates heat, we tested the effect of cold expo-
physiological quantities of ATP suggests it can be fully sure on this transport. We found that refrigerating potatoes
active within intact cells, where K concentrations are  for 2-3 days prior to mitochondrial isolation did not in-
approximately 140 mM (Hanson, 1985). crease K transport and change the affinity for the ion or
K™ transport promoted by the plant pathway is quite regulatory characteristics (not shown). Thus, heat gener-
large compared to mammalian mitgic (Bajgaret al, ation may not be the primary role of plant-Kransport.
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Similarly to both PUMP and AOX (Kowaltowski  Brandalise, M., Maia, I. G., BoregkJ., Vercesi, A. E., and Arruda, P.

et al, 1998; Popoet al, 1997), Kt transport decreased (2003a) Plant Sci.165 329-335. .
. . . . . Brandalise, M., Maia, I. G., Borecky, J., Vercesi, A. E., and Arruda, P.
mitochondrial reactive oxygen release (Fig. 9). This may (2003b).J. Bioenerg. Biomemb5, 203-209.

be an important function for dissipative pathways, which Chiandussi, E., Petrussa, E., Macri, F., and Vianello, A. (2QDBjioen-

prevent reactive oxygen release by decreasing the accu-_ ©/9- Bomembi34,177-184.
. o . Diolez, P., and Moreau, F. (1988iochim. Biophys. Acts806, 56—63.
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chain, where they can generate superoxide radicals, andGeraldes-Laakso, S., and Arraiaa,J. D. (1997).Plant. Physiol.

by decreasing the local oxygen tensions (Korshuetai, Gorn?l(l)cxegsg’a?g;ﬁ?(g..] and David, M. M. (1949). Biol. Chem
1997). Supporting this hypothesis, PUMP knockout plants 177,751, B A S '

were found to be more susceptible to oxidative stress. Gunter, T. E., Gunter, K. K., Sheu, S. S., and Gavin, C. E. (1984).

Furthermore, exogenous additions of oxidants promote Hangésgyséozi%%g)céti;gﬁigdiaof Plant Physiology: Higher Plant
increased PUMP expression (Brandamal" 2003a'b)' Celi Respiratior{Dulce, R., and Ray, D. A., eds.), Springer, Berlin,

Finally, an interesting hypothesis for the existence of pp. 248-280.

many dissipative pathways in plant mitochondria is that Hud, S., and Palmer, J. M. (197&EBS Lett. 95, 217-220.
. Jezek, P, Costa, A. D. T., and Vercesi, A. E. (1996iol. Chem.271,
these pathways are necessary for plant metabolic regula- ™ 35743 35748,

tion (Sluse and Jarmuszkiewicz, 2002). Mitochondria con- Korshunov, S. S., Skulachev, V. P., and Starkov, A. A. (199EBS Lett.

tribute to anabolic function when photosynthetic activity 416 15-18. .
is high thesizi t f | | Kowaltowski, A. J., Costa, A. D. T., and Vercesi, A. E. (1998BEBS
is high, synthesizing most precursors for macromolecules ™ o 425 213216,

in the tricarboxylic acid cycle. Therefore, the tricarboxylic  Kowaltowski, A. J., Seetharaman, S., Paucek, P., and Garlid, K. D.

acid cycle mustfunction independently of the bioenergetic  (2001).Am. J. Physiol. Heart Circ. Physiol80, H649-H657.

. . . L Martins, I. S., and Vercesi, A. E. (1988Biochem. Biophys. Res. Com-
status and ATP levels. In plant mitochondria, dissipative mun. 129, 943-948. (198% ik

pathways ensure the oxidation of excess reducing equiv- Mitchell, P. (1961) Nature 191, 144-147.

alents even When ATP Ievels are hlgh' a"OWIng the trl_ NlChO”S, D. G, Bernson, V. S, and Heaton, G. M. (lQB}perlentla
carboxylic acid cycle to function. In this sense, further Suppl. 32 89-93.
Yy Yy : ’ Pastore, D., Stoppelli, M. C., Di Fonzo, N., and Passarella, S. (1999).

studies determining endogenous Kansport regulation Biol. Chem. 274, 26683-26690.
and its interaction with other dissipative pathways should Paucek, P., Dolgacova, L., and Garlid, K. D. (20@phys. J.82, 528.

. (Abstract)
help establish the exact role of each pathway. Petrussa, E., Casolo, V., Braidot, E., Chiandussi, E., Macri, F., and

Vianello, A. (2001).J. Bioenerg. Biomemb&3, 107-117.
Popov, V. N., Simonian, R. A., Skulachev, V. P., and Starkov, A. A.
ACKNOWLEDGMENTS (1997).FEBS Lett. 415 87-90.
Rich, P. R. (1978)FEBS Lett. 96, 252—-256.

; ; ; Schonbaum, G. R., Bonner, W. D., Jr., Storey, B. T., and Bahr, J. T.
The authors thank Elisangela J. Silva, Edilene (1971).Plant Physiol47, 124-128.

Siqueira, and Edson A. Gomes for technical support. This skulachev, V. P. (1991FEBS Lett. 294, 158-162.
study was supported by FAPESP, CNPq, and PRP-USP. Skulachev, V. P. (1999). Anion carriers in fatty acid-mediated physio-
logical uncouplingJ. Bioenerg. Biomembi31, 431-445.
Sluse, F. E., Almeida, A. M., Jarmuszkiewicz, W., and Vercesi, A. E.
REFERENCES (1998).FEBS Lett.433 237-240.
Sluse, F. E., and Jarmuszkiewicz, W. (2008BS Lett.510, 117-120.
Van den Bergen, C. M. V., Wagner, A. M., Krab, K., and Moore, A. L.

Almeida, A. M., Jarmuszkiewicz, W., Khomsi, H., Arruda, P., Vercesi, (1994).Eur. J. Biochem.226, 1071-1078.

A. E., and Sluse, F. (1999%lant. Physiol119 1323-1330. Vercesi, A. E., Martins, I. S., Silva, M. A. P, Leite, H. M. F., Cuccovia,
Bajgar, R., Seetharaman, S., Kowaltowski, A. J., Garlid, K. D., and I. M., and Chaimovich, H. (1995Nature 357, 24.

Paucek, P. (2001). Biol. Chem276, 33369-33374. Wiseman, T., Willinston, S., Brandts, J. F., and Lin, L. N. (1989)al.

Beavis, A. D., and Vercesi, A. E. (1992).Biol. Chem 267, 3079-3087. Biochem.179 131-137.



