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Abstract In isolated potato tuber mitochondria, palmitic acid
(PA) can induce a H+ leak inhibited by GTP in the phosphorylat-
ing (state 3) respiration but not in the resting (state 4) respiration.
The PA-induced H+ leak is constant when state 3 respiration is
decreased by an inhibition of the succinate uptake with n-butyl
malonate (nBM). We show that the efficiency of inhibition by
GTP is decreased when state 3 respiration is progressively inhib-
ited by antimycin A (AA) and is restored following subsequent
addition of nBM. We propose that in phosphorylating potato
tuber mitochondria, the redox state of ubiquinone, which can
antagonistically be varied with AA and nBM, modulates inhibi-
tion of the PA-activated UCP-sustained H+ leak by GTP.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Uncoupling proteins (UCPs) reside in the mitochondrial in-

ner membrane and catalyze a H+ conductance that dissipates

the H+ electrochemical gradient built up by the respiratory

chain. As such, UCPs share the protonmotive force with

ATP synthase (H+ partitioning) during phosphorylating (state

3) respiration and partially uncouple electron transport from

ATP synthesis [1].

Until the discovery of a plant UCP in potato tubers [2],

UCP1 present in brown adipocytes was believed to be a late

evolutionary acquisition required for adaptative thermogenesis

[3]. UCP homologues are found not only in animal and plant

kingdoms but also in fungi and primitive organisms [4]. Since

expression of UCP homologues in non-thermogenic tissues

and unicellulars (lower size limits) excludes an involvement

in thermogenesis [5,6], their physiological role and molecular
Abbreviations: AA, antimycin A; nBM, n-butyl malonate; FCCP, ca-
rbonyl cyanide p-trifluoromethoxyphenyl-hydrazone; FFA, free fatty
acids; PA, palmitic acid; PN, purine nucleotides; UCP, uncoupling
protein; StUCP, uncoupling protein of Solanum tuberosum; Q, ubi-
quinone; QR/QT, reduction level of ubiquinone (reduced Q versus total
Q); V3, respiratory rate in phosphorylating state 3; V4, respiratory rate
in resting state 4; DW, mitochondrial membrane potential; DW3, state 3
membrane potential; DW4, state 4 membrane potential
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function are still debated. A consensus role for UCP homo-

logues could be a protection against free radical production

by decreasing the reduced state of the mitochondrial respira-

tory chain as a consequence of energy-dissipation [6–8].

The catalytic activity and regulation of UCP homologues

are also poorly understood. On one side, the activation of

UCP homologues by free fatty acids (FFA), such as palmitic

acid (PA), is currently debated. A direct effect of FFA is well

documented but also it seems that superoxide anion could acti-

vate UCPs in plants [9] and animals [10] through lipid perox-

idation products, such as 4-hydroxy-2-nonenal (HNE

pathway) [11,12]. On the other side, the inhibition of H+ con-

ductance by purine nucleotides (PN) is considered as a diag-

nostic of UCP activity [13]. However, several UCP

homologues are poorly sensitive to PN in isolated mitochon-

dria [3], while they are PN-inhibited in reconstituted systems

[14]. So far, only the ‘‘superoxide-activated’’ state of UCP

homologues has been claimed to be inhibited by PN during

state 4 respiration in isolated mitochondria [8–12].

In the present study, we show that the PA-induced H+ leak

occurs in isolated potato tuber mitochondria depleted of

endogenous FFA. The H+ leak is observed during phosphory-

lating respiration with succinate as oxidizable substrate

(+ rotenone) and remains constant when the respiratory rate

is decreased by n-butyl malonate (nBM) that inhibits a succi-

nate uptake. Moreover, we show that the inhibition by GTP

can be cancelled by antimycin A (AA) and subsequently re-

stored following nBM addition. A relationship between the

efficiency of inhibition by GTP and the redox state of ubiqui-

none (Q) is proposed.
2. Material and methods

2.1. Mitochondrial isolation
Potato (Solanum tuberosum) tubers were purchased from the local

supermarket. Mitochondria were isolated from a single batch of potato
tubers as described earlier [15]. Mitochondria fully depleted of endog-
enous FFA were obtained by adding 0.5% FFA-free bovine serum
albumin in the isolation media. The depletion was systematically as-
sessed by measuring the effect of bovine serum albumin on the FFA-
induced respiration in state 4 [1]. Mitochondrial protein concentration
was determined using the biuret method.

2.2. Assay procedures
Oxygen uptake was measured polarographically using a Clark-type

electrode (Hansatech) in 1.3 ml of standard incubation medium (su-
crose, 125 mM; KCl, 65 mM; MgCl2; 1 mM; KH2PO4, 2.5 mM; and
blished by Elsevier B.V. All rights reserved.
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HEPES 10 mM, pH 7.2) supplemented with 0.5 mg of mitochondrial
proteins at 25 �C. Succinate 10 mM (+ rotenone 5 lM) was used as
an oxidizable substrate. To inhibit alternative oxidase present in plant
mitochondria, benzohydroxamic acid (2.3 mM) was added. The mem-
brane potential (DW) was assayed using a tetraphenylphosphonium
(TPP+)-specific electrode according to Kamo et al. [16] as described
in [17]. The ADP/O ratio was calculated using the total amount of oxy-
gen consumed during state 3 respiration (V3) induced by a pulse of
ADP (230 nmol). Measurements of DW allowed fine control of the
duration of V3. The ADP/O ratio and V3 were used to determine
the rate of ADP phosphorylation (ADP/O · V3). The mitochondrial
content and redox state of Q (the reduced Q versus the total Q, QR/
QT in %) were determined in steady-state 3 respiration by extraction
technique followed by HPLC measurements [18]. Commercially avail-
able Q10 was used to calibrate the HPLC peaks of potato tuber mito-
chondrial Q10. All chemicals were of the highest purity grade.
3. Results

3.1. Effect of PA on respiratory rates and coupling parameters

In order to identify a UCP activity in potato tuber mito-

chondria, resting (state 4) and phosphorylating (state 3) respi-

ratory rates (V4 and V3, respectively) as well as the ADP/O

ratio were measured in the absence or presence of PA with suc-

cinate as respiratory substrate (+ rotenone). As shown in Fig. 1

and Table 1, V4 was increased by 7.5 lM PA, while V3 re-

mained unaffected. Moreover, a drop in state 4 membrane po-

tential (DW4) but not in state 3 membrane potential (DW3) was

observed following PA addition. The respiratory control and

ADP/O ratios were lowered by PA, indicating that PA induces

the H+ leak in state 3 as well as in state 4. Similar effect on

respiratory rates, DW and the ADP/O was observed in the

presence of 0.20 lM carbonyl cyanide p-trifluoromethoxyphe-

nyl-hydrazone (FCCP) (Table 1). The concentration of the

uncoupler that gives similar effect on V4 compared to
Fig. 1. The effect of PA on coupling parameters of S. tuberosum tuber mitoch
2 in the absence (solid line) or presence of 7.5 lM PA (dashed or dotted line
and DW measurements are shown. Measurements of DW allowed a fine
calculations. After the ADP pulse, respiration was uncoupled and DW wa
consumption rates in nmol O · min�1 · mg�1 prot.
7.5 lM PA was chosen from the V4-FCCP (or V4-PA) concen-

tration dependency presented in Fig. 2A. As shown in Table 1,

addition of GTP (2 mM) in the presence of PA or FCCP did

not modify the respiratory rate and DW values. However, only

in the case of the PA-induced uncoupling, the GTP addition

resulted in recovery of the ADP/O value to a control value

observed in the absence of uncouplers (Fig. 1, Table 1). These

results suggest that the PA-induced GTP-inhibited H+ leak in

state 3 could be mediated by uncoupling protein of Solanum

tuberosum (StUCP) activity that diverts energy from ATP

synthesis during phosphorylating respiration in a fatty acid-

dependent way. Similar observations were made for the

FFA-induced GTP-inhibited H+ leak in phosphorylating

protist and mammalian mitochondria [17,19].

3.2. Effect of PA on voltage dependence of electron flux in

respiratory chain of potato tuber mitochondria

State 4 respiration measurements were performed in the

presence of 10 lM atractylate in order to inhibit a non-specific

FFA-induced uncoupling through the ADP/ATP carrier. State

4 respiration was increased by increasing concentrations of

PA, reaching its maximal value at 15 lM PA (Fig. 2A). The

PA-induced respiration contributed up to 160 nmol

O · min�1 · mg prot�1 to the total V4. A half-maximal stim-

ulation was reached at 5 lM PA. For a comparison, a FCCP

concentration-dependent stimulation of V4 is also shown in

Fig. 2A.

If PA-induced respiration is only due to a proton recycling

by StUCP, it must correspond to a pure protonophoretic effect

(i.e., effect related only to a H+ conductance through the inner

mitochondrial membrane) of PA not distinguishable from the

effect of other well known protonophores, like FCCP. In order

to demonstrate the protonophoretic action of PA, V4 and DW4
ondria. Mitochondria (mito) were incubated as described under Section
s, plus or minus 2 mM GTP, respectively). Examples of oxygen uptake
control of the duration of V3 (vertical lines) and the ADP/O ratio
s collapsed by 1 lM FCCP. Numbers on the traces refer to oxygen



Table 1
Influence of various incubation conditions on respiratory rates and DW during resting and phosphorylating respirations and on the ADP/O ratio

Conditions V3 DW3 V4 DW4 ADP/O

Control 360 ± 10 171 ± 2 115 ± 9 191 ± 3 1.423 ± 0.019
+2 mM GTP 365 ± 10 169 ± 3 116 ± 11 191 ± 4 1.419 ± 0.022
+7.5 lM PA 356 ± 13 170 ± 4 200 ± 10 179 ± 4 1.138 ± 0.026
+7.5 lM PA + 2 mM GTP 362 ± 11 168 ± 3 203 ± 8 180 ± 3 1.420 ± 0.021
+0.20 lM FCCP 366 ± 14 172 ± 4 195 ± 9 182 ± 5 1.132 ± 0.028
+0.20 lM FCCP + 2 mM GTP 360 ± 12 172 ± 4 192 ± 10 183 ± 2 1.130 ± 0.026

Assay conditions were as described in Section 2. Values of V4 after the ADP pulse are shown. Mean values ± S.D. are given for three determinations
within one representative mitochondrial preparation. Respiratory rates are in nmol O · min�1 · mg�1 prot, DW values are in mV.

Fig. 2. The effect of PA on state 4 respiratory rates (V4) and membrane potential (DW). Mitochondria were incubated in the presence of 10 lM
atractylate. In A, V4 is plotted versus PA concentration. Mean values ± S.D. are given for three different mitochondrial preparations (n = 3). In B,
relationship between DW and V4: (h), state 4 in the presence of increasing concentration of PA (0–15 lM); (j) state 4 in the presence of increasing
concentrations of FCCP (0–0.35 lM). The data are the means ± S.D. of four independent experiments within two mitochondrial preparations
(n = 4).
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were determined with increasing concentration of either PA or

FCCP. As shown in Fig. 2B, both conditions led to a single

force-flux relationship indicating that PA exerts the same effect

on the rate of oxygen consumption as the protonophore

FCCP. This indicates a pure protonophoretic effect of PA that

does not directly interact with the respiratory chain (no slip).

The obtained results are similar to those found in protist mito-

chondria with linoleic acid [4].

3.3. Inhibition of the PA-induced H+ leak by GTP in state 3

respiration

Amplitude of the FFA-induced H+ leak can be determined in

state 3 by the decrease of ADP/O ratio (thereby phosphoryla-

tion rate) when V3 is titrated with various inhibitors [17,19].
In order to describe how the PA-induced mitochondrial uncou-

pling (that can be attributed to StUCP activity) changes with

V3 variations, the rate of Q-reducing (respiratory substrate oxi-

dation) and QH2-oxidizing (cytochrome pathway activity)

pathways was gradually decreased by nBM (an inhibitor of suc-

cinate uptake) or antimycin A (AA) (an inhibitor of complex

III), respectively. Furthermore, in order to study the sensitivity

of the PA-induced H+ leak to GTP, pair measurements of

ADP/O ratios and V3 in the presence or absence of 7.5 lM
PA, plus or minus 2 mM GTP, were performed for decreasing

state 3 respiration (Fig. 3). The titration range of V3 by nBM

(0–30 mM) or AA (0–8.5 nM) was such that DW3 was constant

(170 ± 2 mV, S.D., n = 32) in the absence or presence of PA

(plus or minus GTP) (Fig. 3A, all conditions).



Fig. 3. Inhibitory effect of GTP on the respiration sustained by the PA-induced H+ leak (StUCP activity). The relationships between DW (A), ADP/O
ratio (B), rate of ADP phosphorylation (C) as well as Q reduction level (D) and the rate of oxygen consumption in state 3 respiration (V3) are
presented for nine conditions of V3 titration reported in insets of the part C. V3 is gradually decreased by increasing concentrations of inhibitors,
nBM (0–30 mM) or AA (0–8.5 nM). Data deal with nine mitochondrial preparations from a single batch of potato tubers. Straight lines are least
square regression lines.
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As shown in Fig. 3B, a constant ADP/O ratio was observed

in all control conditions, i.e., when the Q-reducing pathway

was titrated with nBM either in the absence of PA (minus or

plus GTP, n, r), or in the absence of PA (minus GTP, plus
7.5 nM AA, +), or in the presence of both PA and GTP (h)

as well as when the QH2-oxidizing pathway was titrated with

AA ($) in the absence of PA and GTP. The mean ADP/O va-

lue was 1.43 ± 0.03 (S.D., n = 44). In the presence of PA alone,
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the measured ADP/O ratio was lowered to 1.2 and then de-

clined with decreasing V3 (nBM titration, s). Thus, lowering

the electron flux amplified the PA-induced decrease in the

ADP/O ratio.

Titration of V3 led to a linear relationship between the rate

of ADP phosphorylation (V3 · ADP/O) and corresponding V3

(Fig. 3C) in all control conditions (see above) where the ADP/

O constancy was found (Fig. 3B). In these conditions, the

straight line intersected the abscissa axis close to the origin

(the value of intercept was 4.05 ± 3.54, S.D., n = 44) as a con-

sequence of the constancy of the ADP/O ratio. This indicates

that no basal H+ leak occurs during state 3 respiration in po-

tato tuber mitochondria. However, addition of PA during

nBM titration (no GTP, no AA, s) provoked a shift of the lin-

ear relationship between ADP phosphorylation rate and V3 to

the right, while the slope of this linear relationship was main-

tained when compared to control conditions (1.44 ± 0.06,

S.D., n = 10 and 1.43 ± 0.02, S.D., n = 44, respectively). This

observation strongly indicates that the intrinsic ADP/O ratio

is not affected by stoichiometric modification of both respira-

tory complexes and ATP synthase in studied mitochondria.

In the presence of PA (no GTP, no AA, s), the respiration

sustained by the PA-induced H+ leak (that is value of shifted

to the right intercept with abscissa axis) was 68.3 ± 4.4 (S.D.)

nmol O · min�1 · mg�1 prot., n = 10.

As shown in Fig. 3D, the Q redox state followed a linear

relationship with decreasing V3 titrated with nBM (no AA)

in the absence or presence of PA (minus or plus GTP)

(Fig. 3D, n, }, s, h). This clearly demonstrates that the

cytochrome pathway activity is not affected by PA and

GTP since nBM acts upstream of the cytochrome pathway.

The Q reduction level ranged between 32% and 13% in these

titrations.

When the Q-reducing pathway activity was decreased (with

nBM), the ADP/O ratios (Fig. 3B) and the relationship be-

tween the ADP phosphorylation rate versus V3 (Fig. 3C) ob-

tained in the presence of PA and GTP (h), when compared

to plus PA no GTP conditions (s), reveal the inhibitory effect

of GTP on the PA-induced H+ leak, which thereby can be

attributed to the StUCP activity. In order to study if the sen-

sitivity of StUCP activity to GTP depends on the Q redox

state, the PA-induced H+ leak (in the presence of GTP) was

followed with the decreasing QH2-oxidizing pathway activity

(i.e., with the increasing Q reduction level). Namely, titration

of state 3 respiration was performed with AA in the presence

of 7.5 lM PA and 2 mM GTP (Fig. 3, m). The progressive de-

crease of V3 by AA (up to 8.5 nM) led to: (i) a non-linear rela-

tionship between the rate of ADP phosphorylation

(V3 · ADP/O) and V3 (Fig. 3C, m) that moved from the con-

trol relationship (the straight line coming from the origin) to

the PA-induced linear relationship (Fig. 3C, s); (ii) a decrease

in the ADP/O ratio (Fig. 3B, m) that at 7.5 nM AA dropped to

the ADP/O value obtained in the presence of PA (no GTP)

(Fig. 3B, s), and (iii) no change in DW3 (Fig. 3A, m). How-

ever, The Q reduction level increased from 30% to 50% when

V3 was titrated from 360 to 230 nmol O · min�1 · mg�1prot.

by AA (Fig. 3D, m). Afterwards, another titration at a fixed

(7.5 nm) AA concentration with increasing concentration of

nBM (up to 30 mM) was also made in the presence of

7.5 lM PA and 2 mM GTP (Fig. 3, d). When state 3 respira-

tion, first inhibited by 7.5 nM AA (till around 280 nmol O ·
min�1 mg�1 prot), was further progressively decreased by
nBM, reverse changes (when d titration is compared to m

titration, Fig. 3) were observed for the ADP/O, ADP/O · V3

and QR/QT versus V3 relationships. This set of observations

suggest that in phosphorylating potato tuber mitochondria,

PA induces a StUCP-mediated H+ leak and inhibition of this

leak by GTP is controlled by the Q redox state.
4. Discussion

In the present study, we demonstrate that in potato tuber

mitochondria, PA induces a H+ leak under phosphorylating

conditions and decreases the yield of oxidative phosphoryla-

tion through a pure protonophoretic process. Moreover, the

contribution of PA in the state 3 respiration was constant

and independent of the Q redox state as revealed by the

nBM titration of V3 in the absence or presence of PA

(Fig. 3, n, s).

Inhibition of the PA-induced H+ leak by GTP occurs in state

3 and indicates a contribution of StUCP in the phenomenon,

excluding non-specific FFA-induced uncoupling through other

mitochondrial carriers [20–23]. Moreover, inhibition by GTP

can be progressively cancelled by increasing concentration of

AA and further restored by subsequent titration with increas-

ing concentration of nBM. Regulation of GTP inhibition of

StUCP activity by Q redox state is strongly supported by the

reverse effects of inhibitors that modify QR/QT. Indeed, AA

inhibits the Q-oxidizing pathway (complex III), while nBM

inhibits the Q-reducing pathway (succinate uptake). It must

be pointed out that in phosphorylating potato tuber mitochon-

dria, inhibition of the PA-induced H+ leak by GTP is revealed

only below 40% of QR/QT and a transition of GTP inhibitory

efficiency (Fig. 3B and C) occurs in a narrow range of the Q

redox state (32–39%) that is reversible with AA (from 32%

to 39%) and with nBM (from 39% to 32%) (Fig. 3D). This

observation could explain an inefficiency of GTP to inhibit

the PA-induced H+ leak in state 4 due to a very high reduced

state of Q (around 70%). Such conclusion has been also sug-

gested for rat muscle [17] and Acanthamoeba castellanii [19]

mitochondria, where decreasing of the Q redox state during

phosphorylating respiration allows the progressive inhibition

of the FFA-induced H+ leak by GTP, while for non-inhibited

state 3, insensitivity to GTP is observed. It is noteworthy that

in these mitochondria, the Q redox state reaches around 70%

in non-inhibited state 3 respiration that is as high as QR/QT

measured in potato tuber mitochondria in state 4. This could

explain the inhibitory inefficiency of GTP on the FFA-induced

H+ leak in mammalian and protist mitochondria respiring in

non-inhibited state 3, in contrast with the immediate GTP ef-

fect that occurs in potato tuber mitochondria. Moreover, the

sensitivity of the FFA-induced H+ leak to GTP modulated

by the Q redox state occurs at QR/QT below 64% in muscle

mitochondria, 55% in protist mitochondria and 39% in potato

tuber mitochondria at V3 of 130, 220 and 260 nmol O ·
min�1 · mg�1 prot, respectively. This likely illustrates differ-

ences in a membrane Q content and/or respiratory chain elec-

tron flux capacity related to the phylogenetic origin of

mitochondria. Anyway, the existence of Q redox state-depen-

dent sensitivity of the FFA-induced H+ leak to PN in phos-

phorylating mitochondria of protists, plants and mammals

suggests that this regulatory mechanism could take place in

the whole eukaryotic world.
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The molecular mechanism underlying the regulation by Q

redox state has still to be elucidated. It may be hypothesized

that reduced Q could decrease the affinity of UCP binding site

for PN. Nevertheless, this new regulatory parameter enlightens

on the most probable physiological role of UCP homologues,

namely the control of energy metabolism balance of the cell.

The UCP-sustained H+ leak can only be inhibited when Q

reduction level is low, corresponding to a low availability in

oxidizable substrates and a high ATP demand, in order to pre-

serve ATP synthesis efficiency. Contrarily, the high reduced

state of Q occurring at high substrate supply or low ATP de-

mand disables for PN inhibition, leading to activation of

UCP that consequently decreases the production of harmful

oxygen free radicals.
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