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Abstract The appearance of intracellular oxidative phosphor-
ylation at the time of acquisition of mitochondria in Eukarya was
very soon accompanied by the emergence of uncoupling protein, a
carrier specialized in free fatty acid-mediated H* recycling that
can modulate the tightness of coupling between mitochondrial
respiration and ATP synthesis, thereby maintaining a balance
between energy supply and demand in the cell and defending cells
against damaging reactive oxygen species production when
electron carriers of the respiratory chain become overreduced.
The simultaneous occurrence of redox free energy-dissipating
oxidase, which has the same final effect, could be related to
the functional interactions between both dissipative sys-
tems. © 2002 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Uncoupling proteins (UCPs) form a subfamily within the
mitochondrial anion carrier protein (MACP) family. They
catalyze a protonophoretic cycle activated by free fatty acids
(FFA) and dissipate a H* electrochemical gradient (AZH™)
built up by the mitochondrial respiratory chain thereby un-
coupling respiration from phosphorylation. Thus, a direct
consequence of their activity is a decrease in ATP synthesis
per oxygen consumed (yield of oxidative phosphorylation).
Before 1995, the uncoupling protein of mammalian brown
adipose tissue (UCP1) was believed to be a late evolutionary
acquisition required for non-shivering transient thermogenesis
and restricted to newborn, cold-acclimated and hibernating
mammals [1]. Discovery of plant uncoupling protein
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Abbreviations: AOX, alternative oxidase; EF-lo, protein synthesis
elongation factor; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone; FFA, free fatty acids; LA, linoleic acid; MACP, mito-
chondrial anion carrier protein; PUMP, plant uncoupling mitochon-
drial protein; ROS, reactive oxygen species; state 3, phosphorylating
respiration in the presence of ADP; state 4, resting respiration in the
absence of added ADP; UCP, uncoupling protein; UCP1, uncoupling
protein of brown adipose tissue; AiZH™, proton electrochemical gra-
dient

(PUMP) in potato tubers in 1995 by Vercesi et al. [2], con-
firmed by the cloning of its cDNA [3], has suggested that the
ancestral gene of UCP probably evolved prior to the diver-
gence into metazoan and plant clades. More recent the dis-
covery of several novel UCPs in various mammalian tissues
showed that UCP is more widespread in tissues of higher
animals than previously believed and that it could have var-
ious physiological roles [4-8]. PUMP is also rather ubiquitous
in plants and widespread in various plant tissues [9]. More-
over, the discovery of UCP in Acanthamoeba castellanii [10], a
non-photosynthetic soil amoeboid protozoan, in Candida pa-
rapsilosis [11], a parasitic non-fermentative yeast, and in Dic-
tyostelium discoideum (W. Jarmuszkiewicz, unpublished data),
a mycetozoan (cellular slime mold) undergoing multicellular-
ity and cell differentiation upon starvation, indicates that
UCPs, as specialized proteins for FFA-linked H' recycling,
emerged very early during phylogenesis before the major ra-
diation of phenotypic diversity in eukaryotes and could occur
in the whole eukaryotic world. Except for D. discoideum [12],
indications that UCP is present in the mentioned unicellulars
are mainly based on functional studies (see below) and cross-
reactivity of around 30 kDa mitochondrial protein with poly-
clonal antibodies developed against plant UCPs. Genes of A.
castellanii and C. parapsilosis UCPs have not yet been isolated
and sequenced.

2. Phylogenetic positions of A. castellanii and D. discoideum

Molecular phylogenies are far from fully reliable in building
phylogenetic trees as different trees can be obtained according
to the used sequence comparison. Trees based on ribosomal
RNA sequence comparison [13,14] and on protein sequence
comparison (EF-1a. [15], actin [16,17], ADP-ATP carrier [18])
lead to quite confusing conclusions not only concerning D.
discoideum but also grouping of the three main clades (plants,
fungi and animals). In ribosomal RNA tree, A. castellanii
appears on a branch basal to the divergence points of plants,
animals and fungi, and D. discoideum appears much earlier in
the tree, soon after the acquisition of mitochondria in Eukar-
ya. In the actin and EF-1la trees, plants separate first from the
‘trunk’ before the ‘super-clade’ including animal clade, fungi
clade and mycetozoa group with D. discoideum and A. castel-
lanii. The ADP-ATP carrier tree provides another view of the
eukaryotic world with the plant-fungal ‘super-clade’ excluding
metazoa and D. discoideum. Thus, in protein phylogenies A.
castellanii and/or D. discoideum are placed as the immediate
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outgroup to either the animal-fungal clade (actin and EF-la
trees) or to the animal clade (ADP-ATP tree).

3. Functional properties

The action of UCP is to mediate FFA-activated, purine
nucleotide-inhibited H™ re-uptake driven by membrane poten-
tial and pH (both constituting AZH™). Stimulation of UCP by
FFA results in an increase in mitochondrial resting respiration
(state 4) and in a decrease in membrane potential. The con-
centration of linoleic acid (LA) that leads to half maximal
stimulation of UCP-sustained state 4 respiration is the same
(8-10 uM) for A. castellanii [10], C. parapsilosis [11] and
D. discoideum (W. Jarmuszkiewicz, unpublished data) and
also when compared to plants (10 uM) [19,20]. The voltage
dependence of electron flux in the mitochondria of A. castel-
lanii, C. parapsilosis and D. discoideum shows that LA-in-
duced respiration is only due to proton recycling by UCP as
it corresponds to a pure protonophoretic effect of LA not
distinguishable from the effect of a well known protonophore,
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP).
Couples of membrane potential and respiratory rate measure-
ments in the presence of benzohydroxamate (an inhibitor of
alternative oxidase), in state 4 with increasing concentrations
of FCCP, in state 4 with increasing concentrations of LA and
in phosphorylating respiration (state 3) with increasing con-
centrations of oligomycin or carboxyatractyloside (inhibitors
of ATP synthesis) constitute a single force-flow relationship
indicating that LA does not interact with the respiratory
chain.

In animal mitochondria, FFA-induced mitochondrial un-
coupling can be mediated, at least in part, by several other
members of the MACP family like the ATP/ADP antiporter,
the aspartate/glutamate antiporter, the dicarboxylate carrier,
and the phosphate carrier [21-26]. This uncoupling is exclu-
sively observed in resting respiration of oligomycin-treated
mitochondria (thus at high AZH™) and can be reversed to
some extent by millimolar purine nucleotides (in some tissues).
However, it has never been shown that this UCP-independent
FFA-induced uncoupling occurs during state 3 respiration
and is able to decrease efficiency of oxidative phosphorylation
(ADP/O). Moreover, translocated substrates or specific inhib-
itors of the implicated carriers inhibit this uncoupling. Thus, it
is unlikely that mitochondrial uncoupling mediated by these
carriers occurs during phosphorylating respiration (at lower
AfiH™), when they are mainly employed in import of ADP,
dicarboxylates or phosphate. Although like in plant mito-
chondria [20], state 3 respiration in A. castellanii [10], C. para-
psilosis [11] and D. discoideum (W. Jarmuszkiewicz, unpub-
lished data) mitochondria is never increased by FFA
addition, this does not mean that FFA cannot induce UCP
activity under phosphorylating conditions in these mitochon-
dria but that the respiratory chain is at its maximal rate (limit-
ing step of the whole process). Indeed, we have shown that
AiHT is shared between oxidative phosphorylation and UCP
in state 3 after addition of LA. The LA concentration-depen-
dent decrease in the ADP/O ratio clearly indicates a partic-
ipation of UCP in state 3 respiration leading to a strong
decrease in the efficiency of oxidative phosphorylation for a
low LA concentration [10,11,27]. Thus UCP activity can di-
vert energy from oxidative phosphorylation in state 3 respira-
tion.
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Concerning the sensitivity of UCP to purine nucleotides in
isolated respiring mitochondria, UCPs of A. castellanii [10]
and D. discoideum (W. Jarmuszkiewicz, unpublished data)
seem to be close to PUMP with no detectable effect of 1-2
mM GTP or ATP, if added before addition of bovine serum
albumin (which chelates FFA). However, in mitochondria of
C. parapsilosis, UCP reveals a significant sensitivity with an
almost full inhibition of FFA-induced state 4 respiration and
a membrane potential restoration at 2 mM GTP in the ab-
sence of albumin [11]. This means that the sensitivity of UCP
to purine nucleotides could be a progressive evolutionary ac-
quisition which appeared in fungal-type UCP and improved in
animal UCP, and that UCPs of A. castellanii, D. discoideum
and plants kept similar regulatory properties.

4. Functional interaction with alternative oxidase

Animal mitochondria have no enzyme specialized in redox
free energy dissipation compared to mitochondria of plants,
many fungi and some protists where such enzymes exist (i.e.
ubiquinol cyanide-resistant alternative oxidase, AOX, and ro-
tenone-insensitive NADH dehydrogenases) [28]. The simulta-
neous occurrence in mitochondria of A. castellanii, D. discoi-
deum, C. parapsilosis and plants of two energy-dissipating
systems, UCP which dissipates AZH' and AOX which dissi-
pates redox energy instead of building AZH™, is quite amaz-
ing, especially the fact that both lead to the same final effect
(i.e. decrease in the yield of ATP synthesis). In plant mito-
chondria, it has been shown that the AOX and UCP activa-
tions do not have an additive effect on the yield of oxidative
phosphorylation [20]. This observation has been explained by
the discovery of AOX inhibition by LA (fp5s =4 uM) [19]. On
the other hand, in A. castellanii [10] and D. discoideum (W.
Jarmuszkiewicz, unpublished data), the activities of AOX and
UCP have an additive effect on the yield of mitochondrial
oxidative phosphorylation. This results from the lack of inhi-
bition of AOX by LA in mitochondria of these organisms
allowing the two energy-dissipating systems to work together
to divert energy from oxidative phosphorylation. In C. para-
psilosis mitochondria, AOX is inhibited by FFA ({5 =33 uM,
so less efficiently than in plants) and like in plant mitochon-
dria AOX and UCP do not work together at their maximal
capacities [11]. Inhibition of AOX by high concentration of
FFA was also found in another fungus, Hansenula anomala
[29]. Thus, it seems that FFA-regulated interaction between
AOX and UCP has also evolved: strong inhibition of AOX in
the presence of activator of UCP in plants, less dramatic in
fungi and cooperation in energy dissipation between AOX
and UCP in mycetozoa and 4. castellanii. Thus, for this prop-
erty D. discoideum and A. castellanii are more distant from
plants compared to fungi.

5. Putative role

5.1. Heat production

Heat production is a side event of free energy dissipation
but it is not useless when linked to an increase in temperature
(thermogenesis), which provides better intracellular thermal
surroundings in poikilotherms. This idea is related to cold
stress responses in plants involving an increase in expression
of both proteins, AOX and UCP [3,30-32]. However, this
thermal response to environmental thermal pressure does
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Fig. 1. Roles of UCP and AOX.

not apply to unicellulars because of their size which prevents
any thermal gradient as a fast heat diffusion in surrounding
medium occurs. Moreover, the effect of AOX or UCP activa-
tion on heat production (increase) in a given constant meta-
bolic steady state in vivo implies that different oxidative path-
ways have large differences in enthalpy changes, i.e. more
exothermic for AOX- and UCP-sustained respiration com-
pared to ATP synthesis-sustained respiration. Combined cal-
orimetric and respirometric data invalidate this idea [33].
Therefore, every increase in heat production must come
from an overall increase in rate of oxidative reactions (respi-
ration) due to an increase in protein amount (translational up-
regulation) or to posttranslational activation of enzymes.
Thus, thermogenesis through UCP and AOX is subject to a
lower-size limit and depends on the net increase in overall
steady-state oxygen uptake (Fig. 1). Therefore, for instance,
the increase in activity and expression of AOX observed in
A. castellanii after cold stress [34] cannot be related to thermo-
genesis.

5.2. Protection against oxygen free radicals

Aerobic cell energy is generated mostly by the mitochon-
drial respiratory chain where a four-electron reduction of oxy-
gen occurs. However, reactive oxygen species (ROS) arise
from the partial reduction of molecular oxygen at the level
of respiratory complexes utilizing or producing ubiquinol
[35,36]. ROS can damage, as first targets, mitochondrial
proteins, DNA and functions [37,38]. Conditions that increase
or decrease the reduction level of mitochondrial electron car-
riers lead to an increase or decrease in damaging ROS pro-
duction, respectively [39]. Energy-dissipating systems like
AOX, which oxidizes ubiquinol in a way insensitive to the
phosphate potential back pressure, and like UCP, which dis-
sipates AZH™' allowing an increase in electron flux at the
expense of ubiquinol, have been shown to decrease ROS pro-
duction in vitro [40,41] and in vivo [42]. Therefore, UCP and
AOX can be considered additional endogenous antioxidant
systems preventing damage of the cell at the level of energy

production but at the expense of oxidative phosphorylation
yield (Fig. 1).

5.3. Metabolic and energy balance

Energy-dissipating systems could have a subtle role in en-
ergy metabolism working as safety valves when overloads oc-
cur in reducing power or in phosphate potential (Fig. 1) [43].
These overloads are consequences of imbalance between re-
ducing substrate supply and energy plus carbon demand for
biosynthesis, both being coupled by the respiratory chain ac-
tivity. UCPs consume H™ gradient when activated by FFA
and consequently decrease phosphate potential as well as re-
ducing power by diverting energy from oxidative phosphory-
lation and by increasing the electron flux in the respiratory
chain freed from AZH™ control, respectively. Activation of
AOX, which is not controlled by energy status of the cell,
directly decreases the reducing power.

6. Are these UCPs ‘true UCPs’?

The question is not trivial and it surpasses, in our opinion,
a simple semantic problem. As properly pointed out by Bouil-
laund et al. [44], it is an over-simplification to consider the
uncoupling of mitochondria solely in terms of heat production
as the widespread occurrence of UCPs questions the role of
such proteins in thermogenesis. As mentioned above, first,
uncoupling is not synonymous to heat production which in
turn is not synonymous to thermogenesis, and second, partial
uncoupling may have several roles in the cell, like protection
against ROS production and maintaining metabolic balance.
Thus, ‘to be or not to be true UCP’ is not linked to the ability
to lead to thermogenesis but depends on precise molecular
and functional properties.

MACPs, to which UCPs belong as a subfamily, are homol-
ogous proteins with a threefold sequence repeat of about 100
residues forming six transmembrane o-helices and with a
MACP signature sequence [45]. Sequence analysis of the
UCP subfamily revealed their common specific sequence mo-
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tifs, called UCP signatures, which do not exist in the other
MACPs [46]. The presence of these signatures allowed an
attempt at UCP phylogenesis description including UCP of
D. discoideum [12].

Thus, in our opinion, a safe functional definition of ‘true
UCPs’ would be the following: UCPs are able, in the presence
of low FFA concentrations, to divert energy from ATP syn-
thesis in state 3 respiration, with a decrease in ADP/O ratio,
without necessarily an increase in respiration and decrease in
membrane potential. In state 4 respiration, in the presence of
carboxyatractyloside, high phosphate and dicarboxylate con-
centrations (to avoid participation of the ADP-ATP, phos-
phate and dicarboxylate carriers in uncoupling) and in the
presence of a low FFA concentration, UCPs are able to stim-
ulate reversibly oxygen uptake and to decrease membrane
potential. Therefore, accordingly UCPs of A. castellanii,
D. discoideum and C. parapsilosis are true UCPs. Of course,
molecular mechanism and three-dimensional structure are
needed for a better understanding of structure—function rela-
tionships in the UCP subfamily.

Acknowledgements.: Our research is supported by the Belgian Nation-
al Funds for Scientific Research (FRFC 2.4517.00), by the Polish
Committee of Scientific Research (KBN 6 P04A 005 18) and the
Polish-Belgian Joint Research Program.

References

[1] Klingenberg, M. (1990) Trends Biochem. Sci. 15, 108-112.

[2] Vercesi, A.E., Martins, L.S., Silva, M.A.P., Leite, HM.F., Cuc-
covia, .M. and Chaimovich, H. (1995) Nature 375, 24.

[3] Laloi, M., Klein, M., Riesmeier, J.W., Muller-Rober, B., Fleury,
C., Bouillaud, F. and Ricquier, D. (1997) Nature 389, 135-136.

[4] Fleury, C., Neverova, M., Collins, S., Raimbault, S., Champigny,
0., Levi-Meyrueis, C., Boillaud, F., Seldin, M.F., Surwit, R.S.,
Ricquier, D. and Warden, C.H. (1997) Nature Genet. 15, 269—
272.

[5] Boss, O., Samec, S., Paoloni-Giacobino, A., Rossier, C., Dulloo,
A., Seydoux, J., Muzzin, P. and Giacobino, J.-P. (1997) FEBS
Lett. 408, 39-42.

[6] Vidal-Puig, A., Solanes, G., Grujic, D., Flier, J.S. and Lowell,
B.B. (1997) Biochem. Biophys. Res. Commun. 235, 79-82.

[7] Sanchis, D., Fleury, C., Chomiki, N., Goubern, M., Huang,
Q.L., Neverova, M., Gregoire, F., Easlick, J., Raimbault, S.,
Levi-Meyrueis, C., Miroux, C., Collins, S., Seldin, M., Richard,
D., Warden, C., Bouillaud, F. and Ricquier, D. (1998) J. Biol.
Chem. 273, 34611-34615.

[8] Mao, W.G., Yu, X.X., Zhong, A., Li, W.L., Brush, J., Sherwood,
S.W., Adams, S.H. and Pan, G. (1999) FEBS Lett. 443, 326-330.

[9] Jezek, P., Zackova, M., Kosarova, J., Rodrigues, V.M.C. and
Vicente, J.A.F. (2000) J. Bioenerg. Biomembr. 32, 549-561.

[10] Jarmuszkiewicz, W., Sluse-Goffart, C.M., Hryniewiecka, L. and
Sluse, F.E. (1999) J. Biol. Chem. 274, 23198-23202.

[11] Jarmuszkiewicz, W., Milani, G., Fortes, F., Schreiber, A.Z.,
Sluse, F.E. and Vercesi, A.E. (2000) FEBS Lett. 467, 145-149.

[12] Hanak, P. and Jezek, P. (2001) FEBS Lett. 495, 137-141.

[13] Wainright, P.O., Burger, G. and Lang, B.F. (1993) Science 260,
340-342.

F.E. Sluse, W. Jarmuszkiewiczl FEBS Letters 510 (2002) 117-120

[14] Gray, M.W., Burger, G. and Lang, B.F. (1999) Science 283,
1476-1481.

[15] Baldauf, S.L. and Doolittle, W.F. (1997) Proc. Natl. Acad. Sci.
USA 94, 12007-12012.

[16] Baldauf, S.L. and Palmer, J.D. (1993) Proc. Natl. Acad. Sci.
USA 90, 11558-11562.

[17] Drouin, G., de Sa, M.M. and Zuker, M. (1995) J. Mol. Evol. 41,
841-849.

[18] Loytynoja, A. and Milinkovitch, C. (2001) Proc. Natl. Acad. Sci.
USA 98, 10202-10207.

[19] Sluse, F.E., Almeida, A.M., Jarmuszkiewicz, W. and Vercesi,
A.E. (1998) FEBS Lett. 433, 237-240.

[20] Jarmuszkiewicz, W., Almeida, A.M., Sluse-Goffart, C.M., Sluse,
F.E. and Vercesi, A.E. (1998) J. Biol. Chem. 273, 34882-34886.

[21] Skulachev, V.P. (1998) Biochim. Biophys. Acta 1363, 100-124.

[22] Andreyev, A.Y., Bondareva, T.O., Dedukhova, V.I., Mokhova,
E.N., Skulachev, V.P., Tsofina, L.M., Volkov, N.L. and Vygodi-
na, T.V. (1989) Eur. J. Biochem. 182, 585-592.

[23] Samartsev, V.N., Mokhova, E.N. and Skulachev, V.P. (1997)
FEBS Lett. 412, 179-182.

[24] Wieckowski, M. and Wojtczak, L. (1997) Biochem. Biophys. Res.
Commun. 232, 414-417.

[25] Zackova, M., Krdamer, R. and Jezek, P. (2000) Int. J. Biochem.
Cell Biol. 32, 499-508.

[26] Samertsev, V.N., Simonyan, R.A., Markova, O.V., Mokhova,
E.N. and Skulachev, V.P. (2000) Biochim. Biophys. Acta 1459,
179-190.

[27] Jarmuszkiewicz, W., Almeida, A.M., Vercesi, A.E., Sluse, F.E.
and Sluse-Goffart, C.M. (2000) J. Biol. Chem. 275, 13315-13320.

[28] Sluse, F.E. and Jarmuszkiewicz, W. (1998) Braz. J. Med. Biol.
Res. 31, 733-747.

[29] Minagawa, N., Sakajo, S. and Yoshimoto, A. (1992) Biosci. Bio-
technol. Biochem. 56, 1342-1343.

[30] Elthon, T.E., Stewart, C.E., McCoy, C.A. and Bonner Jr., W.D.
(1986) Plant Physiol. 80, 378-383.

[31] Duque, P. and Arrabaca, J.D. (1999) Physiol. Plant. 107, 24-31.

[32] Nantes, I.L., Fagian, M.M., Catisti, R., Arruda, P., Maia, 1.G.
and Vercesi, A.E. (1999) FEBS Lett. 457, 103-106.

[33] Breidenbach, R.W., Saxton, M..J., Hansen, L.D. and Criddle,
R.S. (1997) Plant Physiol. 114, 1137-1140.

[34] Jarmuszkiewicz, W., Fraczyk, O. and Hryniewiecka, L. (2001)
Acta Biochim. Pol. 48, 729-737.

[35] Boveris, A., Cadenas, E. and Stoppani, A.O. (1976) Biochem. J.
156, 435-444.

[36] Turrens, J.F., Alexandre, A. and Lehninger, A.L. (1985) Arch.
Biochem. Biophys. 237, 408-414.

[37] Davies, K.J. (1987) J. Biol. Chem. 262, 9895-9901.

[38] Du, G., Mouithys-Mickalad, A. and Sluse, F.E. (1998) Free Rad-
ical Biol. Med. 25, 1066-1074.

[39] Skulachev, V.P. (1996) Q. Rev. Biophys. 29, 169-202.

[40] Popov, V.N., Simonian, R.A., Skulachev, V.P. and Starkov, A.A.
(1997) FEBS Lett. 415, 87-90.

[41] Kowaltowski, A.J., Costa, A.D.T. and Vercesi, A.E. (1998)
FEBS Lett. 425, 213-216.

[42] Maxwell, D.P., Wang, Y. and Mclntosh, L. (1999) Proc. Natl.
Acad. Sci. USA 96, 8271-8276.

[43] Sluse, F.E. and Jarmuszkiewicz, W. (2000) Braz. J. Med. Biol.
Res. 33, 259-268.

[44] Bouillaud, F., Couplan, E., Pecquereur, C. and Ricquier, D.
(2001) Biochim. Biophys. Acta 1504, 107-119.

[45] El Moualij, B., Duyckaerts, C., Lamotte-Brasseur, J. and Sluse,
F.E. (1997) Yeast 13, 573-581.

[46] Jezek, P. and Urbankova, E. (2000) IUBMB Life 49, 63-70.



