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Abstract

Mitochondrial proton leak is the largest single contributor to the standard metabolic rate (SMR) of a rat, accounting for
about 20% of SMR. Yet the mechanisms by which proton leak occurs are incompletely understood. The available evidence
suggests that both phospholipids and proteins in the mitochondrial inner membrane are important determinants of proton
conductance. The uncoupling protein 1 homologues (e.g. UCP2, UCP3) may play a role in mediating proton leak, but it is
unlikely they account for all of the observed proton conductance. Experimental data regarding the functions of these proteins
include important ambiguities and contradictions which must be addressed before their function can be confirmed. The
physiological role of the proton leak, and of the uncoupling protein 1 homologues, remains similarly unclear. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction
1.1. Mitochondrial proton conductance

The mitochondrial electrochemical proton gra-
dient, formed as electrons are passed down the res-
piratory chain, is the primary energy source for cel-
lular ATP synthesis. However, not all of the energy
available in the electrochemical gradient is coupled
to ATP synthesis. Some is consumed by ‘proton leak’
reactions, whereby protons pumped out of the ma-
trix are able to pass back into the mitochondria
through proton conductance pathways in the inner
membrane which circumvent the ATP synthase [1-4].
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1.2. Physiological significance of the proton leak

These non-productive proton conductance path-
ways are physiologically important. They account
for a surprisingly high proportion of cellular meta-
bolic rates, e.g. 25 and 52% of the resting respiration
rate of isolated rat hepatocytes and perfused (but not
contracting) rat hindquarter muscles, respectively
[3,5]. However, the proton leak reactions and the
ATP synthase compete for the same driving force,
and the question arises whether the contribution
that proton leak makes to metabolic rate remains
significant at higher metabolic rates, when flux
through the ATP synthase must increase. Rolfe et
al. [6] determined the proportional contribution of
the proton leak to metabolic rate as respiration
rate was increased 2-fold, by stimulating gluconeo-
genesis and ureagenesis in hepatocytes, and by induc-
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Table 1

Contribution of mitochondrial proton leak to the respiration
rate of hepatocytes isolated from endothermic and ectothermic
vertebrates and invertebrates

Organism  Respiration (%) Reference
Vertebrates
Endotherms Mouse ~19% [75]
Rat 19-26% [6,39]
Ferret ~19% [75]
Sheep ~27% [75]
Pig ~15% [75]
Horse ~16% [75]
Ectotherms Lizard up to 30% [22]
Lamprey up to 40% [76]
Frog up to 25% [77]
Invertebrate
Snail® up to 25% [77]
4Hepatopancreacytes

ing contraction in perfused rat hindquarters. They
showed that the contribution of mitochondrial pro-
ton leak does decrease as workload increases, but
only slightly. Proton leak is measured in these studies
as 22 and 34% of the energy budget of stimulated
hepatocytes and skeletal muscle, respectively. There-
fore, proton leak remains an important component
of the rat metabolic rate, even at higher metabolic
rates. The best estimates from all available data sug-
gest that proton leak accounts for about 20% of rat
SMR [6], making it the largest single contributor to
mammalian SMR.

Numerous studies have established that the signifi-
cant contribution proton leak makes to cellular met-
abolic rate is a ubiquitous phenomenon, apparently a
property of all eukaryotic cells. In addition to liver
and muscle, mitochondrial proton leak has been
demonstrated in kidney [7], thymocytes [8], and brain
[7.9]. Across a wide range of ectothermic and endo-
thermic vertebrates of different body mass, the pro-
ton leak accounts for about 20-25% of total hepato-
cyte oxygen consumption (Table 1). Thus, the
proportional contribution of proton leak to total
hepatocyte metabolic rate appears to be conserved
in all species, regardless of phylogenetic position or
body mass. An important corollary of this observa-
tion is that endothermy is apparently not achieved by
simply increasing the proportional contribution of
proton leak to SMR.

1.3. Characteristics of proton conductance

The proton permeabilities of phospholipid mem-
branes are anomalously high relative to other ions.
Proton permeability coefficients of planar lipid mem-
branes and liposomes range from 107° to 1073 c¢m
s~! [10], values which are six to eight orders of mag-
nitude larger than those for other small ions [11-14].
In liposomes made from liver mitochondrial phos-
pholipids, proton flux has been measured at 29.4
nmol H™ min~!' (mg phospholipid)~! (at pH 7.2,
37°C and an imposed membrane potential of 160
mV). This corresponds to a permeability coefficient
of 2.5x107% ¢cm s™! (calculated by assuming that 1
mg of phospholipid occupies 0.309 m? bilayer [15]),
indicating that mitochondrial phospholipid bilayers
are in the high end of this proton permeability range.
This permeability coefficient is essentially conserved
in liposomes made from liver mitochondrial inner
membrane phospholipids of a wide range of verte-
brate species [16].

While the protein-free mitochondrial phospholipid
bilayers are particularly permeable to protons, the
mitochondrial inner membrane in its native state
has an even greater proton conductance. A mito-
chondrial proton permeability coefficient can be cal-
culated from the data of Brookes et al. [17], Krish-
namoorthy and Hinkle [18] and O’Shea et al. [19]. At
the same electrical potential of 160 mV, it ranges
between 1.7x107' and 2x 1072 cm s !, with an
average value of 7.6xX 1072 cm s~ !, depending on
body mass, thyroid status and phylogenetic position
of the organism. Thus, the inner membrane in its
native state can be more than an order of magnitude
more permeable to protons than the phospholipid
bilayer.

1.4. Mechanism(s) of proton conductance

Aspects of the phospholipid fatty acid composition
of the inner membrane are strongly correlated with
the proton conductance of the membrane [17,20,21].
However, variation in the fatty acid composition of
the mitochondrial inner membrane phospholipids re-
constituted in liposomes does not appear to account
for the phylogenetic or allometric differences in pro-
ton conductance [16,17]. And indeed, the experi-
ments with liposomes made from inner membrane
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phospholipids suggest that the proton conductance
of the protein-free membrane would support only
5% (in rat [16]) to about 25% (in a lizard [15,22])
of total proton leak. It is therefore clear that other
aspects of the inner membrane play an important
role in determining bilayer proton permeability.

Three possible explanations for the much greater
proton permeability of the native inner membrane
relative to the phospholipid liposome are [15]: (1)
bilayer asymmetry or other complex phospholipid
ordering phenomena; (2) non-specific effects of an
interaction between phospholipids and proteins in
the inner membrane; or (3) the existence of specific
proteins catalysing some or most of the proton leak.

A number of experiments have examined these
mechanisms, but provide few clear insights. O’Shea
et al. [19] found that the incorporation of cyto-
chrome oxidase into liposomes had no effect on pro-
ton permeability. Mimms et al. [23] reported that
incorporation of glycophorin into liposomes had lit-
tle effect on cation permeability (however, see [24]).
P.M. Stevenson and M.D. Brand (unpublished)
found a linear correlation between cytochrome oxi-
dase content of liposomes and proton leak, but no
effect of detergent-free cytochrome P450 incorpora-
tion on leak. Oliver and Deamer [25] have found that
a-helical hydrophobic long-chain polyalanine and
polyleucine incorporated into liposomes were able
to conduct protons but not potassium ions. Short-
chain polyamino acids or long-chain polyhistidine
had little or no effect on liposomal cation permeabil-
ities. Other synthetic amphipathic helices have also
been found to produce ion-conducting defects in lip-
id bilayers (see [25]), among them the 21-residue pep-
tide: H;N-(LSLLLSL);-CONH,, which formed
highly proton-selective channels [26]. Taken together,
these studies indicate that specific protein character-
istics could in principle be involved in proton con-
ductance.

The evidence for the participation of specific pro-
teins in proton leak is equally mixed. Brown and
Brand [2] found that little or no proton leak appears
to be mediated by the proton-pumping respiratory
complexes. Similarly, the adenine nucleotide translo-
case (ANT) does not appear to catalyse a significant
basal proton leak since yeast mitochondria overex-
pressing ANT are not more uncoupled than controls
[27]. However, Skulachev (reviewed in [28]) reports

that the ANT and other members of the mitochon-
drial carrier family can catalyse a fatty acid depen-
dent proton conductance. The uncoupling protein 1
(UCP1) homologues have been proposed as candi-
dates to catalyse the mitochondrial proton Ileak.
They have high amino acid sequence identity with
UCPI, perhaps the only proven protein uncoupler
of oxidative phosphorylation.

2. The uncoupling protein and its homologues
2.1. UCPI — a protein-catalysed proton conductance

Perhaps the best-studied example of a protein-cat-
alysed proton conductance is found in mitochondria
from brown adipose tissue (BAT), the specialised
adipose tissue which occurs primarily in small mam-
mals. BAT mitochondria contain thermogenin, or
UCPI, a 32 kDa inner membrane protein that catal-
yses the net transfer of protons from the mitochon-
drial intermembrane space to the matrix (see [29] for
review). The physiological function of UCPI1, and of
BAT, is heat production (see [30] for review). Small
mammals adapt to cold by inserting more UCP1 into
their BAT mitochondria [31,32], which (under B-ad-
renergic stimulation) become more permeable to pro-
tons (see [30] for review). This results in an augmen-
tation of the futile cycling of protons in a matrix—
intermembrane space-matrix circuit that allows heat
to be produced at a greater rate, but does no more
useful work. Arteriovenous anastomoses in BAT
provide an effective means of exporting the heat
throughout the circulation, thus allowing small mam-
mals to achieve homeothermy in the face of low en-
vironmental temperature.

UCP1 has some physiologically significant, and
experimentally useful, properties: it can be ‘turned
on’ and ‘turned off’. Fatty acids are required for
maximal UCP1 activity. UCPI1 activity can also be
fully inhibited by purine nucleoside di- and tri-phos-
phates such as guanosine diphosphate (GDP) (see
[33] for review). Physiologically, these properties
may be important in allowing BAT to respond to
acute changes in the animal’s need to produce body
heat. Experimentally, they are useful in allowing the
measurement of UCP1 activity, and in allowing a
distinction to be made between the UCP1 proton
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zUCP2 p 1V GIERINEDY PP TATVKFIGAGTAACIADL[FTFPLDTAKVRLQIQGENCARIII eV (Y RGVFGT INTMVRYEGPRSLYHGLVAGLQRQMS FASVRIGLYDSVK]
hUCP2 1 HVGFR‘IDVPPTATVKFLGAGTAACIADL;TFPLDTAKVRLQIQGEEQGFHR‘ PRAQYRGVGTI[MTMVRTEGPRSLYNGLVAGLQRQMSFASVRIGLYDSVK
hUCP3 1 HVGLKPSDVPPTM‘VKFLGAGTAACHADLVTFPLDTAKVRLQIQGENQ--AV 'LVQYRGVLGTILTMVRTEGPESEYNGLVAGLQRQHSFASIRIGLYDSVK
zUCPx 1 HVGLKPSDVPPPLTVHTLSAGTAACIADLVTFPLDTAKVRLOIQGEKA-—HT EIRAYRGVFGTINTMMRTEGPRSLYNGLVAGLQRQMAFASIRIGLYDRVK
zUCP2 106 MKGSDREIABIGSRLMAGCTTGAMAVAVAQPTDVLKVRFQAQVELLGA S KRR YR TMDAYRTIAKEEGFRGLWKGTEPNITRNATVNC

hUCP2 S (LB0F Y TRKGSERIAS IGSRLLAGHTTGALAVAVAQPTDVVKVRFQAQRREGGEREE
hucpP3 TR0 TRKGADNS SETRILAGC TTGAMAVIISAQPTDVVKVRFQARTHEG
zUCPx JCEIS F v TRRGEDNEVANRT L

zUCP2 PLERDAL LKESLMTDELPCHFQSAFGAGFCTTIIASPVDVVKTRYMNSEGQY SSALNCAVIIML TKGGPIRAF EKGFMPSFLRLGSWNVVMFVTYEQLKRAMMAARQRIILRIP(S

huCP2 pLPAD AL LKEYL MTDL PCHFSAFGAGFCTTVIAS PVDVVKTRYMNS'GQYSSAEHCALTN%EGP‘AFYKGFMPSFLRLGSWNVVHFVTYEQLKRA‘LMAAREAPF
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zUCPx pL:yREAT L KGIRLLSDRILPCHF TMLTKEGPTAFYKGYVPSFLRLGSWNVVMFVSFEQLKRAMMYS RNGETE AT
Fig. 1. Alignment of a new zebrafish UCP (zUCPx) with a previously identified zebrafish UCP2 (zUCP2), and human UCP2 (hUCP2)
and UCP3 (hUCP3). The zebrafish UCPx was assembled from translated ESTs identified by tFASTA searches of the European Mo-
lecular Biology Laboratory nucleotide sequence databases. The full UCPx sequence was assembled from nine translated ESTs, with ac-
cession IDs AW305965, AW422188, AW280377, AW305876, AW419703, Al497417, A1497345, AW419878, AI497227. The zebrafish
UCPx is approximately 70% identical to hUCP2, 70% identical to hUCP3 and 69% identical to zUCP2.

SAFGAGFMTTVIASPVDVVKTRYMNS[EPGQYS

conductance pathway and other pathway(s) of mito-
chondrial inner membrane proton conductance.

When UCPI is fully inhibited by GDP, or when
UCPI expression has been knocked out, the proton
conductance of BAT mitochondria is not essentially
different from that of mitochondria from other tis-
sues [34,35]. These observations tell us that UCP1
activity accounts for only part of the total proton
conductance of BAT mitochondria. And, as UCPI
is not expressed in other tissues, it cannot account
for the proton conductance observed in all mitochon-
dria. However, UCP1 can provide, and indeed has
provided, a theoretical framework for the identifica-
tion and study of other candidate uncoupling pro-
teins.

2.2. The UCPI homologues

The UCP1 homologue labelled UCP2 by Fleury et
al. [36] is clearly a candidate uncoupling protein that
might account for the basal uncoupling of mitochon-
dria from many sources, especially since UCP2
mRNA is found widely in mammalian tissues. Other
UCP1 homologues, like UCP3 [37] and the plant
UCP [38] are more limited in their distribution. To-
gether these proteins (and perhaps some others) form
a family of proteins identifiable on the basis of be-
tween 50 and 60% amino acid sequence identity with
UCP1. Could the UCP family be responsible for the
observed basal level of uncoupling observed in all
mitochondria?

Several observations suggest that they are not. The

uncoupling proteins are either not present or present
at vanishingly low levels in normal mammalian he-
patocytes. However, hepatocyte mitochondria even
within cells show a typical uncoupling of oxidative
phosphorylation [39]. Also, in a number of eukary-
otic organisms whose full genome sequence is now
known we can search for members of the UCP fam-
ily. In Saccharomyces cerevisiae and Caenorhabditis
elegans no protein sequence with greater than about
35% identity to any of the UCPs can be identified
[40]. A similar observation can be made in the re-
cently available Drosophila melanogaster genome se-
quence. This level of amino acid sequence identity is
similar to that which is shared amongst all members
of the mitochondrial transporter family (about 25—
35%). Thus, UCP1 homologues are apparently ab-
sent in these organisms. Because UCP1 homologues
are not found in all organisms, nor in all tissues
within an organism, they cannot account for the ob-
served proton conductance of all mitochondria
(though other, more distantly related, proteins might
still fulfil this function).

These observations suggest that the UCP1 homo-
logues do not catalyse the basal proton conductance
of mitochondria. Nonetheless, they may provide an
inducible pathway through which proton conduc-
tance can be increased in some mitochondria, as
UCPI does in BAT. Indeed, the thermogenic func-
tion of UCP1 appears to have influenced many of the
hypotheses regarding the physiological roles of the
UCP homologues. Perhaps because they were ini-
tially identified in mammals, it was thought that
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UCP2 and UCP3 may be involved in mammalian
thermogenesis. The proteins have been found in all
mammals examined to date.

However, a number of observations suggest a dis-
connection between the UCP1 homologues and en-
dothermy (Table 2). UCP1 homologues are found in
ectotherms. An mRNA encoding a protein with 82%
amino acid sequence identity with the mammalian
UCP2s has been identified in carp and zebrafish
[41]. A second UCP1 homologue, with about 70%
sequence identity to mammalian UCP2 can be iden-
tified through the assembly of expressed sequence tag
(EST) sequences from zebrafish (Fig. 1). Neither ze-

Table 2

brafish nor carp are capable of even regional endo-
thermy.

The plant UCP has been suggested by some to be
involved in heat production [38]. At least six plant
species, including potato, tomato, rice, soybean, as-
pen and corn express UCP, though none of these are
known to employ endothermy as a freeze-avoidance
strategy. Similarly, the tissue expression of the plant
UCP does not fit well with the hypothesis of regional
endothermy. The UCP is expressed in virtually all
plant tissues including roots, stems, leaves and bark
(Table 2).

Even in mammals, no clear connection between

The occurrence of mRNA encoding UCP1 homologues in tissues from endothermic and ectothermic organisms

Tissue Expression details Sequence identity Accession 1D
Mammals
Mouse urogenital ridge foetus 97% over 148 aa AI256818
Mouse kidney adult 90% over 146 aa AI115988
Mouse mammary gland 4 weeks old 94% over 144 aa AA929720
Mouse macrophage WEHI-3 cell line 96% over 118 aa AI097961
Mouse colon cancer cell line AI316588
Mouse thymus 4 weeks old AI019378
Pig white adipose tissue 94% over 309 aa AF036757
Human skeletal muscle 100% over 309 aa U82819
Human colon tumour AA633093
Human uterus serous papillary carcinoma 89% over 116 aa AI884479
Human fibroblast AA065221
Human endometrium adenocarcinoma 82% over 121 aa AI671640
Human B-lymphocyte AA298140
Human proliferating erythroid cells cultured mononuclear cells 100% over 59 aa A1630458
Ectothermic vertebrates
Carp peritoneal exudate cells 48 h alginate induction 100% over 310 aa AJ243486
Zebrafish regenerating fin day 0 post fin excision 94% over 310 aa AJ243250
Carp leukocyte 99% over 91 aa AU052042
Zebrafish embryos and adult livers shield stage 73% over 187 aa Al497227
Cephalochordate larval stage 2 days 67% over 165 aa 783259
Plants
Potato 100% over 295 aa Y11220
Tomato leaf 4 weeks old 91% over 117 aa Al779574
Cotton immature fibre 6 days post anthesis 72% over 143 aa Al731438
Aspen cambial region 1.5 m actively growing tree 80% over 127 aa Al162254
Corn kernel 10 days post fertilisation 82% over 115 aa Al677128
Arabidopsis pooled tissues seedlings, tissue culture roots 99% over 93 aa AAT713080
Soybean 68% over 94 aa AI899961

Data represent a sample of UCP occurrence taken from tFASTA searches of the European Molecular Biology Laboratory’s nucleotide
database. tFASTA compares an amino acid sequence with translations, in all six open reading frames, of nucleotide sequences. Mam-
malian sequences were tFASTAed with the human UCP2 sequence. Fish and cephalochordate sequences were tFASTAed with the
carp UCP2 sequence. Plant sequences were tFASTAed with the potato UCP sequence. Much of the data is taken from EST libraries,
and in these cases an incomplete sequence has been aligned with a full sequence. The length of aligned regions and their (translated)
amino acid sequence similarities are shown under ‘Sequence Identity’.
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UCP1 homologue expression and thermogenesis is
obvious (see Table 2). UCP2 protein is apparently
most highly expressed in lung, intestine and spleen
[42], none of which are thought to play an important
role in thermogenesis. In UCPI1 knockout mice, BAT
UCP2 mRNA levels rise about 14-fold. Yet these
mice are cold intolerant, indicating that these higher
levels of UCP2 have not replaced the thermogenic
capacity of UCP1 (see below). Similarly, in starved
rats held at thermoneutrality, UCP3 levels increase
[43], though this is not reflected by altered mitochon-
drial proton conductance [44] (see below).

The distribution and expression patterns of the
UCP1 homologues suggest that they do not account
for the ubiquitous basal proton conductance of mi-
tochondria. Similarly, their function is probably not
thermogenesis. They may nonetheless catalyse a pro-
ton conductance. Many researchers have attempted
to test this hypothesis by genetically manipulating
the expression of the UCP1 homologues and measur-
ing the effect on mitochondrial function.

2.3. Functional studies of the UCPI homologues and
proton conductance

2.3.1. Heterologous expression of UCPs in yeast
Direct studies of the function of the UCP1 homo-
logues have been done most often using the yeast
model. Expression of UCP2 and UCP3 in S. cerevi-
siae appears to confirm their uncoupling activities:
membrane potential is lowered and state 4 rates are
increased. Three criticisms can, however, be made of
most of these experiments: (1) in many cases an in-
hibition of fully FCCP-uncoupled rates of respiration
is apparent. There is no reason, related to a putative
uncoupling activity of a UCP, for this to occur. It
indicates a disruption of mitochondrial substrate ox-
idation; (2) the presence and function of the protein
are in some cases inferred from the appearance of an
uncoupling phenotype. This approach, especially
where UCP2 or UCP3 expression has not been quan-
tified, has the danger of being self-selecting — expres-
sion conditions may be altered until an uncoupling
phenotype is observed, thus apparently confirming
that enough of the protein has been made and it is
active; (3) absolute levels of UCPI homologues ex-
pressed in yeast have, in all studies, remained unde-
termined. Similarly, absolute levels of UCP2 and

UCP3 protein in mammalian tissues are unknown.
Each of these criticisms is addressed in detail below.

Expression of UCP2 or UCP3 in yeast typically
results in small, often non-significant, increases in
the state 4 (or state 2) respiration rates of isolated
mitochondria [45]. These state 4 rates may then be
expressed as a percent of the rates obtained with a
concentration of artificial uncoupler assumed to give
maximal respiration. However, in some experiments
[45,46] UCP expression in yeast can be seen to reduce
the fully uncoupled respiration rates. As a result, the
estimate of respiratory control (RC), made by taking
the ratio of fully uncoupled/state 4 rate, is lowered.
This has been interpreted as confirmation of uncou-
pling. However, there is no reason why uncoupling
resulting from UCP expression should affect fully
uncoupled respiration rates, and it is inappropriate
to standardise state 4 rates to fully uncoupled rates
that have been so altered. The fully uncoupled rate is
not a measure of the amount of yeast mitochondria,
but rather it is a measure of respiratory chain func-
tion. A significant difference in the value of the RC
may as readily indicate respiratory chain dysfunction
as increased leak rate.

The various analytical difficulties imposed by alter-
ations of respiratory chain activity can be circum-
vented by determination of the proton leak kinetics.
Estimates of the proton conductance of the inner
membrane (which is the basis of uncoupling) can
be made by simultaneously measuring membrane po-
tential (A¥) and respiration rate as the activity of the
respiratory chain is titrated in the presence of oligo-
mycin (which inhibits proton flux through the ATP
synthase). This exercise allows a proton leak curve to
be constructed for UCP-containing and control mi-
tochondria. The proton conductances can then be
compared at a given value of AY.

This approach was taken with the expression of
mouse brain mitochondrial carrier 1 (mBMCP1) ex-
pressed in yeast [47]. In this study, yeast spheroplast
preparations expressing BMCP1 exhibited greater
respiration at a given AW (assessed via tetraphenyl-
phosphonium ion uptake), suggesting increased pro-
ton leak relative to empty vector controls. However,
in these experiments respiration was normalised to
the fully uncoupled rates to try to compensate for
any differences in respiratory chain per spheroplast.
This normalisation involves the assumption that
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BMCP1 expression has no effect on fully uncoupled
rates. However, fully uncoupled rates are approxi-
mately 25% lower in BMCPI1 spheroplasts (see figure
6 in [47]). This may reflect inhibition of respiratory
chains rather than decreased number of chains, since
it is also observed in isolated mitochondria when
UCP1 [48] or UCP3 [46] is overexpressed. Thus,
the normalised respiration rates may overestimate
the proton cycling rate in BMCP1 spheroplasts,
and the extent of uncoupling by BMCPI.

In none of the experiments with transfected yeast
has the expression levels of the UCP1 homologues
been measured. Successful expression of the protein
has in some cases been inferred from the appearance
of the uncoupling phenotype itself. This approach
assumes that any observed uncoupling results from
protein activity, rather than from some more general
disruption of mitochondrial physiology that might
result from the expression of any exogenous protein.
Two studies have attempted to control for possible
non-specific effects of inserting a foreign protein into
the inner mitochondrial membrane by transfecting
yeast with the oxoglutarate carrier. Among the mem-
bers of the mitochondrial carrier family that have no
known uncoupling activity, the oxoglutarate carrier
is most similar in sequence to UCP2 and UCP3. This
control was used by Sanchis et al. [47] but surpris-
ingly there are no data presented on the amount of
oxoglutarate carrier expressed or the effects of this
carrier on respiration rates or proton leak kinetics.
Zhang et al. [45] reported that oxoglutarate carrier
expression in yeast did not affect growth, mitochon-
drial state 4 rates, or uncoupled rates. These obser-
vations provide a somewhat stronger argument that
the effects observed with UCP3 are not related to a
general non-specific effect of protein insertion into
mitochondrial inner membrane. Unfortunately, the
data are limited by the fact that the estimates of
amounts of UCP3 and oxoglutarate carrier expressed
were determined with influenza virus hemagglutinin
epitope-tagged constructs which were different from
the UCP expression constructs used in the functional
studies of the mitochondria.

A better control for the effects of protein expres-
sion on mitochondrial inner membrane integrity is
UCP1. UCPI1 has the advantages of being readily
quantifiable (by Western blot) and having an activity
that can be ‘turned on’ or ‘turned off” with palmitate

or GDP, respectively. This allows a distinction to be
made between proton conductance due to UCP1 ac-
tivity and that which occurs even when the protein is
rendered inactive. Recently, experiments on UCPI1
expression in yeast suggest that the expression of
UCPI in mitochondria can affect mitochondrial
properties in ways not related to its native activity
[48]. From these experiments, it is clear that at mod-
erate levels of UCPI1 expression, UCP1 activity is
completely GDP inhibitable, but as UCP1 expression
levels are increased, a GDP-insensitive proton con-
ductance is apparent. This suggests that an uncou-
pling of yeast mitochondria can occur as an artifact
of the expression of members of the UCP family.

The third important criticism of studies where
UCPs have been expressed in yeast concerns the
amounts of protein expressed and how this relates
to the amount of protein that may be present in,
for example, mammalian mitochondria. Any conclu-
sion that UCP2- or UCP3-mediated uncoupling in
yeast is proof of the physiological uncoupling roles
of these proteins would disregard the possibility that
orders of magnitude more protein may have been
expressed in yeast than are present in mammalian
mitochondria. For any given activity, this could
have the effect of rendering the uncoupling observed
in yeast physiologically irrelevant. For example, if a
UCP is expressed at 1 pg/mg mitochondrial protein
in transfected yeast, but present at only 10 ng/mg in
mammalian tissue, the total amount of proton con-
ductance catalysed in mammalian mitochondria
would be 100-fold less than that observed in yeast.
This could readily account for the discrepancies ob-
served between yeast mitochondria and mitochondria
from genetically unaltered mammalian tissues.

2.3.2. Studies of UCPs reconstituted in liposomes
An alternative approach taken to study function
and regulation of UCP2 and UCP3 has been to re-
constitute these proteins in liposomes after expres-
sion in Escherichia coli [49,50]. Mitochondrial carrier
proteins expressed in E. coli accumulate in large
quantities in inclusion bodies. Following isolation
and solubilisation of inclusion body proteins, the
goal is to correctly renature the protein in the pres-
ence of phospholipids to recover native function.
Confirmation of native function in such a system is
inherently nebulous when native function is un-
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known, as with UCP2 and UCP3. However, a rea-
sonable way of approaching this problem is to recon-
stitute UCP1 under identical conditions. If the con-
ditions permit recovery of function for UCPI, then
any activity recovered with UCP2 or UCP3 could be
argued as reflecting in vivo activity.

Echtay et al. [49] reconstituted a purine nucleotide-
sensitive chloride transport from bacterially ex-
pressed UCP1. Anion transport by UCPI1 is a well-
known biochemical phenomenon with no obvious
physiological significance. Reported K; values were
0.4-1.5 uM, similar to values reported for inhibition
of BAT mitochondrial proton and anion conduc-
tance, where UCP1 is present in its native form. Pro-
ton transport activity was not recovered with bacte-
rially reconstituted UCP1, but was demonstrated for
UCPI reconstituted from hamster BAT mitochon-
dria. Under the same conditions, bacterially ex-
pressed UCP3 exhibited a chloride transport that
was more sensitive to inhibition by purine nucleo-
tides (K; from 0.08 to 0.34 uM) than for bacterially
expressed UCP1. No proton transport activity was
demonstrated with UCP3, although it was implied
that this protein functions as an uncoupler.

Jaburek et al. [50] reconstituted a fatty acid-depen-
dent proton transport activity from bacterially ex-
pressed UCP2 and UCP3. The specific activities re-
ported are very similar to those reported in earlier
studies on UCP1 reconstitution from BAT [51-53]
but only 8-25% of values from more recent experi-
ments [49]. These activities were inhibited by purine
nucleotides; reported K; values were about 3000
times greater than those determined by Echtay et
al. [49] for inhibition of UCP3 chloride transport.
Unfortunately, Jaburek et al. [50] did not use bacte-
rially expressed UCPI as a control to demonstrate
firstly that its known uncoupling activity could be
reconstituted under conditions identical to those
used for UCP2 and UCP3, and secondly that its in-
hibition by nucleotides is similar to that which occurs
in BAT mitochondria. This critical point introduces
reasonable doubt about the methods employed to
reconstitute UCP2 and UCP3.

Echtay et al. [49] imply that UCP3 functions as an
uncoupler, while Jaburek et al. [50] state that their
results directly demonstrate that UCP2 and UCP3
are in vivo uncouplers. Both studies are limited
by the fact that (a) inclusion body preparations are

invariably contaminated with bacterial proteins that
could potentially introduce artifactual activities into
the final liposomal preparations; and (b) the artificial
lipids used to reconstitute the proteins are not repre-
sentative of the lipid composition of the mitochon-
drial inner membrane, thus potentially influencing
these proteins in unknown ways [54]. Additionally,
the former study is clearly limited by the fact that
reconstituted UCP3 did not exhibit proton transport,
while the vastly lower nucleotide affinities reported
for UCP2 and UCP3 in the latter study may indicate
that these proteins are incorrectly refolded. Such a
suggestion stems from the argument that reconstitu-
tion of a high affinity binding event must reflect a
more accurate protein refolding than reconstitution
of a very low affinity binding event for the same
nucleotides. Thus, if UCP2 and UCP3 are not cor-
rectly folded, then there must be some doubt regard-
ing the reliability of the reconstitution procedures.

The argument that UCP2 and UCP3 are incor-
rectly folded in the study by Jaburek et al. [50] be-
cause of the low nucleotide affinities could be refuted
on the grounds that (a) there is no a priori reason to
believe that UCP2 and UCP3 should exhibit high
affinity nucleotide binding as observed by Echtay et
al. [49]; and (b) the high affinity nucleotide effects on
UCP3 reported by Echtay et al. [49] do not reflect
true function because UCP3 did not exhibit proton
transport and therefore must not be in a correctly
folded form. The latter argument can be dismissed
on the grounds that reconstitution of a proton trans-
port activity does not indicate that the protein is
folded in a form that reflects its in vivo function.
The former argument is one that cannot be dis-
missed, but the fact that Echtay et al. [49] success-
fully reconstituted nucleotide binding to bacterially
expressed UCP1 in a manner consistent with its in
vivo affinity suggests that, in vivo, UCP3 may also
bind nucleotides with similar affinity. Taken togeth-
er, these reconstitution experiments do not conclu-
sively demonstrate that UCP2 and UCP3 function
as uncouplers in vivo.

2.3.3. Transgenic overexpression and gene knockout
studies
Transgenic mice overexpressing uncoupling pro-
teins and knockout models have been produced as
a direct approach to investigate the physiological
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function of UCP1 and UCP1 homologues. Matthias
et al. [35] and Monemdjou et al. [34] studied the
bioenergetics of BAT mitochondria from UCP1-ab-
lated mice originally developed by Kozak and co-
workers [55] Interestingly, they found that UCP2
mRNA levels are increased up to 14-fold in the
BAT of these mice (though it is not known whether
UCP2 protein levels were also increased), but that
this was not associated with increased mitochondrial
proton conductance. Mitochondria from UCP-1
knockout mice are innately in an energised state as
evidenced by a high membrane potential and a low
respiration rate. The UCP1-ablated mice are highly
cold intolerant, and this suggests that the heat pro-
duction lost by UCPIl-ablation is not compensated
for by other processes. Importantly, neither UCP2
nor UCP3 have replaced the proton conductance or
thermogenic capacity lost by UCPI-ablation in these
mice.

Transgenic mice that overexpress human UCP3 in
skeletal muscle (UCP3tg mice) have been created re-
cently by Clapham and coworkers [56]. Total UCP3
expression (MRNA) was increased 66-fold in skeletal
muscle with little or no expression in other tissues
(other than BAT). Despite an increase in food in-
take, UCP3tg mice weighed less than controls.
More importantly, proton conductance was in-
creased 2-3-fold in mitochondria from UCP3tg
mice [57]. These results are all consistent with a
role of UCP3 in energy expenditure.

The simplest interpretation of these data would
be that UCP3 uncouples in vivo and therefore in
mice overexpressing the protein more energy is dis-
sipated as heat than in control mice. This would ex-
plain why UCP3tg mice remain lean in spite of an
observed hyperphagia. However, it is important to
consider that a 66-fold increase in UCP3 mRNA
levels, and the corresponding unknown increase in
protein, could lead to alterations in the mitochon-
drial membrane integrity which might account for
the observed increase in proton leak. Whether all
the extra protein synthesised is integrated into the
mitochondrial membrane and, if this is the case,
whether it is correctly folded is a question that re-
mains to be answered. In light of a recent report of
artifactual uncoupling coincident with high levels of
UCPI1 expression in yeast mitochondria [48], data
from models in which overexpression is achieved by

genetic manipulation should be interpreted with cau-
tion.

Perhaps more compelling are two recent studies of
UCP3 knockout mice [58,59]. Gong et al. [58] re-
ported UCP3 (—/—) mice that are not obese and
have a phenotype similar to control mice. Therefore,
the lack of UCP3 is not associated with obesity. In
these mice UCP2 is not up-regulated in muscle to
compensate for the lack of UCP3. The proton leak
is reduced in isolated mitochondria from skeletal
muscle of these mice suggesting that UCP3 accounts
for some of the proton leak in skeletal muscle [58].
Similar results were found by Vidal-Puig et al. [59] in
UCP3 knockout mice. They are neither obese nor
cold sensitive and there is no up-regulation of other
UCP mRNAs which could explain the absence of a
particular phenotype. Muscle mitochondria from
UCP3 knockouts are more coupled, as measured
by an increase in RC ratio (state 3/state 4 rates)
(but see above for criticism of this assay). Mitochon-
dria lacking UCP3 show an increased production of
reactive oxygen species (ROS) as determined by mea-
surement of superoxide production and aconitase ac-
tivity [59]. It has previously been shown that mito-
chondrial membrane potential regulates the
generation of ROS [60,61]. Thus, a partial uncou-
pling, and its associated decrease in membrane po-
tential, could lead to a decreased superoxide produc-
tion. These results support a role for UCP3 in
preventing excessive oxidative damage in skeletal
muscle.

It is surprising that UCP3 knockout mice appear
to have the same SMR as controls [58,59]. However,
given estimates of a 15% contribution of muscle mi-
tochondrial proton leak to whole animal SMR [4-6],
SMR should decrease by 15% or less, which may be
undetectable. If SMR really is unchanged, two ex-
planations are possible. Either the estimates of the
contribution of proton leak to SMR are too great, or
the contribution of UCP3 to muscle mitochondrial
proton conductance in vivo is less than that sug-
gested by experiments on UCP3 knockout mitochon-
dria in vitro.

2.3.4. Evidence from physiologically perturbed natural
models

While data from genetically manipulated systems

support an uncoupling function for the UCP1 homo-
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logues, experiments on animal models that have been
physiologically perturbed do not. In starved rats,
levels of UCP2 and UCP3 mRNA in muscle tissue
increase [43], despite the fact that thermogenesis is
known to be depressed in this state [62]. Also, despite
increases in UCP2 and UCP3 mRNA levels of more
than 5-fold and 4-fold, respectively [43], and of
UCP3 protein levels by 2-fold, mitochondrial proton
conductance remains unchanged [44]. In mice, a star-
vation-induced 3.5-fold increase in soleus muscle
UCP3 mRNA expression [63], did not increase soleus
muscle heat production in vitro. The fact that
changes in environmental temperature do not affect
UCP3 mRNA expression in skeletal muscle but star-
vation does, supports the hypothesis that this in-
crease in UCP3 gene expression could be mediated
by free fatty acids, whose circulating levels increase
during fasting [43,64].

Lanni et al. [65] examined muscle UCP3 mRNA
levels and proton leak in hypo- and hyperthyroid rats,
and found a correlation between UCP3 mRNA and
proton leak. However, this disappeared when bovine
serum albumin (BSA) was included in the incubation
medium. The simplest interpretation of this result is
that the differences in proton conductance between
hypo- and hyperthyroid rats are related to differences
in contaminating free fatty acids, which are known
mitochondrial uncouplers. BSA chelates the free
fatty acids and therefore abolishes the effect. A sim-
ilar differential fatty acid uncoupling has been ob-
served in liver mitochondria from obese rats. These
mitochondria exhibited greater proton conductance
than controls in the absence of BSA, but no differ-
ence in the presence of BSA, due to the uncoupling
of obese rat mitochondria by contaminating fatty
acids [17]. It might be argued that the differences in
proton conductance are observed only in the pres-
ence of fatty acids because they are required cofac-
tors for UCP3 activity. However, Cadenas et al. [44]
found that fatty acids were equally effective at in-
creasing proton conductance in mitochondria from
starved and control rats, despite elevated UCP3 (pro-
tein) levels in the former instance. Thus, the study of
Lanni et al. [65] provides another example (in the
presence of BSA) of an increase in UCP3 mRNA
but no change in proton conductance of isolated mi-
tochondria.

The study of Jekabsons et al. [66], in which, de-
spite altered UCP2 and UCP3 mRNA expression,
non-phosphorylating respiration of skeletal muscle
mitochondria is unaffected also casts doubt on
UCP2 and UCP3 involvement in a physiological un-
coupling. It should be noted, however, that in Lanni
et al. [65] and Jekabsons et al. [66], expression levels
of UCP2 and/or UCP3 are inferred from mRNA
levels, which may not reflect protein levels.

Experiments with lipopolysaccharide (LPS)-in-
jected mice are also inconsistent with an uncoupling
role for the UCPI homologues [67]. Mouse core
body temperature changes in response to LPS injec-
tion, but skeletal muscle UCP3 mRNA levels corre-
late poorly with these changes. Core temperature in-
creases are paralleled by decreases in muscle UCP3
mRNA. Also, no differences in muscle mitochondrial
proton leak are found, despite altered UCP2 and
UCP3 mRNA levels. These data support the disso-
ciation of UCP3 expression and thermogenesis. They
also suggest that UCP3 expression does not affect
mitochondrial proton conductance (though, again,
mRNA and protein levels may be dissociated).

In summary, the physiological manipulations of
UCPI1 homologue expression are not associated with
the predicted uncoupling phenotypes. However, there
is only one instance where actual protein levels have
been measured. Future studies must tie observations
of function to protein, and not mRNA, expression.
This will necessitate the production of reliable anti-
bodies, capable of detecting what are likely to be
very low levels of the proteins.

2.4. The regulation of proton conductance mediated
by the UCPI homologues

Purine nucleoside di- and tri-phosphates recouple
isolated BAT mitochondria. This was the fundamen-
tal discovery that facilitated identification of UCP1
as the component responsible for the high mitochon-
drial proton conductance in this tissue. Extensive nu-
cleotide binding studies using a variety of approaches
has led to the conclusion and general acceptance that
the proton conductance that is inhibited by purine
nucleotides in UCPI1-containing mitochondria (or
liposomes) defines the uncoupling activity mediated
by UCPI.
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2.4.1. Nucleotide effects on mitochondria and
liposomes containing UCP2 and UCP3

As discussed above (Section 2.3.1), addition of pu-
rine nucleotides to UCPI1-expressing yeast mitochon-
dria or UCP1-containing liposomes is the only reli-
able way to quantify the amount of uncoupling that
is specific to the activity of this protein. The same
criterion is necessary for artificial systems containing
UCP2 or UCP3. That is, the view that UCP2 and
UCP3 have a (physiologically) relevant uncoupling
activity would be strong if the effects of expressing/
inserting these proteins in artificial systems were re-
versed by an inhibitor that also was effective at in-
hibiting a proton leak in mitochondria where the
proteins are naturally present. Purine nucleotides
are candidate inhibitors given that the extensive nu-
cleotide binding domain of UCP1 is 75-80% con-
served in UCP2 and UCP3.

The marginally higher state 4 rates of yeast mito-
chondria expressing UCP2 or UCP3 are unaffected
by 1 mM purine nucleoside di- and tri-phosphates
[45,46,68,69]. In contrast, and as discussed above
(Section 2.3.3), purine nucleotides inhibit these pro-
teins reconstituted into artificial liposomes -either
with high [49] or very low [50] affinity. Despite
high expression of UCP3 in skeletal muscle, proton
leak of the isolated mitochondria is not inhibited by
1 mM purine or pyrimidine nucleoside di- or tri-
phosphates [70,71]. BAT from UCP1 knockout
mice exhibits 5-14-fold higher UCP2 mRNA [35,
55]. Yet BAT mitochondria isolated from UCP1-de-
ficient mice display similar (10 uM) GDP binding
and inner membrane energisation as liver mitochon-
dria, where UCP2 mRNA is only weakly expressed.
Furthermore, the proton leak kinetics of these mito-
chondria are insensitive to 1 mM GDP [34]. Thus,
purine nucleotides neither reverse the effects of
UCPI1 homologue expression in yeast mitochondria
nor inhibit the basal proton conductance of skeletal
muscle or UCP1 knockout BAT mitochondria de-
spite the finding that the activities associated with
the reconstituted proteins are nucleotide sensitive.

2.4.2. Fatty acid effects on mitochondria and

liposomes containing UCP2 and UCP3
When reconstituted from BAT or yeast mitochon-
dria, UCP1 requires exogenous fatty acids for its
activity [52]. Whether fatty acids are necessary for

UCPI1 activity in isolated mitochondria (BAT or
yeast) is an unresolved issue (e.g. [35,72,73)).
Although UCPI1 can be activated by fatty acids of
different chain lengths, peak activation occurs with
laurate (C;;) and myristate (Cy4), while the more
commonly used palmitate (C¢) is less effective [74].

Using bacterially expressed and reconstituted
UCP2 and UCP3, fatty acids either have no effect
on stimulating proton transport activity [49] or, as
with UCP1 reconstituted from BAT or yeast, are
required in order to observe this activity [50]. In
the latter study, different fatty acid preferences are
noted between UCP2 and UCP3. In contrast, respi-
ration of yeast cells or mitochondria expressing
UCP2 or UCP3 is not stimulated by concentrations
of 2-bromopalmitate or palmitate that stimulate
UCP1 expressing yeast [46,69]. All-trans-retinoic
acid stimulates respiration of yeast mitochondria ex-
pressing UCP1 and UCP2 but not UCP3 [46].
Although fatty acids stimulate uncoupling in mam-
malian mitochondria where UCP2 and UCP3 are
naturally expressed, they are equally effective at un-
coupling mitochondria where UCP2 and UCP3 ex-
pression is very low or absent (e.g., liver, UCP1
knockout BAT mitochondria). To emphasise this
point, oleate is equally effective in uncoupling skel-
etal muscle mitochondria isolated from fed and
starved rats, despite upregulation of UCP2 and
UCP3 mRNA and UCP3 protein [44]. Other mito-
chondrial carriers with physiological functions unre-
lated to uncoupling (e.g., ANT) may mediate the
observed fatty acid effects [28]. Thus, there are no
data to indicate that the uncoupling effects of fatty
acids or trans-retinoic acid in artificial UCP expres-
sion systems is related to the uncoupling effect of
fatty acids in mitochondria where UCP2 and UCP3
are naturally expressed.

3. General conclusions

The mechanisms by which mitochondrial proton
leak occurs in animal mitochondria remain incom-
pletely understood. Despite a significant accumula-
tion of data from various model systems, the phys-
iological and biochemical functions of the UCPI1
homologues are insufficiently proven. No physiolog-
ical change in UCP2 or UCP3 levels in an animal
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model has led to changes in proton conductance.
This has been attributed to a lack of effector mole-
cules in the case of isolated mammalian mitochon-
dria. However, clearly this should apply also to mi-
tochondria isolated from yeast and from transgenic
mouse strains, where uncoupling phenotypes are
readily observed. Similarly, molecules (e.g. laurate,
palmitate, retinoic acid, nucleotides) which apparent-
ly stimulate or inhibit activity in some experimental
models often fail to stimulate the activity in another
system. The existence of artifactual uncoupling under
some conditions of UCP expression, and the inhibi-
tion of substrate oxidation that can accompany it,
both suggest that genetic manipulation of protein
expression can affect the mitochondrion in secondary
ways that manifest as the very phenotypes hypothe-
sised for the UCP1 homologues.

UCP2 and UCP3 knockout studies provide the
best evidence available that these proteins may be
involved in proton leak. However, they are also im-
portant in confirming that neither UCP2 nor UCP3
is responsible for all of the proton conductance ob-
served in mammalian mitochondria. And as other
mechanisms must therefore also be involved in the
proton leak, it is necessary to consider whether re-
moval of any individual protein from the inner mem-
brane is able to affect remaining proteins or struc-
tures in ways that manifest as altered proton
conductance.

Perhaps the most significant omission in the data
regarding the UCP1 homologues is the expression
levels of the proteins themselves in natural systems.
It is possible that in transgenic and heterologous ex-
pression systems, the UCP1 homologues are being
expressed at levels that are orders of magnitude
greater than those which occur in mitochondria nat-
urally. Indeed, the anecdotal evidence seems to sug-
gest that these levels in mammals may be extremely
low. It remains essential therefore to establish a con-
nection between the amount and observed ‘activity’
of these proteins.

References

[1] M.D. Brand, The proton leak across the mitochondrial inner
membrane, Biochim. Biophys. Acta 1018 (1990) 128-133.
[2] G.C. Brown, M.D. Brand, On the nature of the mitochon-

drial proton leak, Biochim. Biophys. Acta 1059 (1991) 55—
62.

[3] M.D. Brand, L.F. Chien, E.K. Ainscow, D.F.S. Rolfe, R.K.
Porter, The causes and functions of mitochondrial proton
leak, Biochim. Biophys. Acta 1187 (1994) 132-139.

[4] M.D. Brand, K.M. Brindle, J.A. Buckingham, J.A. Harper,
D.F.S. Rolfe, J.A. Stuart, The significance and mechanism
of mitochondrial proton conductance, Int. J. Obes. Relat.
Metab. Disord. 23 (Suppl 6) (1999) S4-S11.

[5] D.F.S. Rolfe, M.D. Brand, Contribution of mitochon-
drial proton leak to skeletal muscle respiration and to stan-
dard metabolic rate, Am. J. Physiol. 271 (1996) C1380-
C1389.

[6] D.F.S. Rolfe, J.M.B. Newman, J.A. Buckingham, M.G.
Clark, M.D. Brand, Contribution of mitochondrial proton
leak to respiration rate in working skeletal muscle and liver
and to SMR, Am. J. Physiol. 276 (1999) C692-C699.

[7] D.F.S. Rolfe, A.J. Hulbert, M.D. Brand, Characteristics of
mitochondrial proton leak and control of oxidative phos-
phorylation in the major oxygen-consuming tissues of the
rat, Biochim. Biophys. Acta 1188 (1994) 405-416.

[8] S. Krauss, F. Buttgereit, M.D. Brand, Effects of the mitogen
concanavalin A on pathways of thymocyte energy metabo-
lism, Biochim. Biophys. Acta 1412 (1999) 129-138.

[9] R.K. Porter, O.J. Joyce, M.K. Farmer, R. Heneghan, K.F.
Tipton, J.F. Andrews, S.M. McBennett, M.D. Lund, C.H.
Jensen, H.P. Melia, Indirect measurement of mitochondrial
proton leak and its application, Int. J. Obes. Relat. Metab.
Disord. 23 (Suppl. 6) (1999) S12-S18.

[10] D.W. Deamer, Proton permeation of lipid bilayers, J. Bio-
energ. Biomembr. 19 (1987) 457-479.

[11] K. Elamrani, A. Blume, Effect of the lipid phase transition
on the kinetics of H*/OH™ diffusion across phosphatidic
acid bilayers, Biochim. Biophys. Acta 727 (1983) 22-30.

[12] B. Fuks, F. Homble, Permeability and electrical properties
of planar lipid membranes from thylakoid lipids, Biophys. J.
66 (1994) 1404-1414.

[13] H. Hauser, D. Oldani, M.C. Phillips, Mechanism of ion
escape from phosphatidylcholine and phosphatidylserine sin-
gle bilayer vesicles, Biochemistry 12 (1973) 4507-4517.

[14] S. Paula, A.G. Volkov, A.N. Van Hoek, T.H. Haines, D.W.
Deamer, Permeation of protons, potassium ions, and small
polar molecules through phospholipid bilayers as a function
of membrane thickness, Biophys. J. 70 (1996) 339-348.

[15] P.S. Brookes, A.J. Hulbert, M.D. Brand, The proton perme-
ability of liposomes made from mitochondrial inner mem-
brane phospholipids: no effect of fatty acid composition,
Biochim. Biophys. Acta 1330 (1997) 157-164.

[16] P.S. Brookes, D.F.S. Rolfe, M.D. Brand, The proton per-
meability of liposomes made from mitochondrial inner mem-
brane phospholipids: comparison with isolated mitochon-
dria, J. Membr. Biol. 155 (1997) 167-174.

[17] P.S. Brookes, J.A. Buckingham, A.M. Tenreiro, A.J. Hul-
bert, M.D. Brand, The proton permeability of the inner
membrane of liver mitochondria from ectothermic and en-
dothermic vertebrates and from obese rats: correlations with



156 J.A. Stuart et al. | Biochimica et Biophysica Acta 1504 (2001) 144-158

standard metabolic rate and phospholipid fatty acid compo-
sition, Comp. Biochem. Physiol. B 119 (1998) 325-334.

[18] G. Krishnamoorthy, P.C. Hinkle, Non-ohmic proton con-
ductance of mitochondria and liposomes, Biochemistry 23
(1984) 1640-1645.

[19] P.S. O’Shea, J.B. Chappell, The relationship between the
rate of respiration and the protonmotive force. The role of
proton conductivity, Biochem. J. 219 (1984) 401-404.

[20] R.K. Porter, A.J. Hulbert, M.D. Brand, Allometry of mito-
chondrial proton leak: influence of membrane surface area
and fatty acid composition, Am. J. Physiol. 271 (1996)
R1550-R1560.

[21] E.M. Fontaine, M. Moussa, A. Devin, J. Garcia, J. Ghisolfi,
M. Rigoulet, X.M. Leverve, Effect of polyunsaturated fatty
acids deficiency on oxidative phosphorylation in rat liver
mitochondria, Biochim. Biophys. Acta 1276 (1996) 181-187.

[22] M.D. Brand, P. Couture, P.L. Else, K.W. Withers, A.J.
Hulbert, Evolution of energy metabolism. Proton permeabil-
ity of the inner membrane of liver mitochondria is greater in
a mammal than in a reptile, Biochem. J. 275 (1991) 81-86.

[23] L.T. Mimms, G. Zampighi, Y. Nozaki, C. Tanford, J.A.
Reynolds, Phospholipid vesicle formation and transmem-
brane protein incorporation using octyl glucoside, Biochem-
istry 20 (1981) 833-840.

[24] A.Y. Romans, T.M. Allen, W. Meckes, R. Chiovetti Jr., L.
Sheng, H. Kercret, J.P. Segrest, Incorporation of the trans-
membrane hydrophobic domain of glycophorin into small
unilamellar phospholipid vesicles. Ion flux studies, Biochim.
Biophys. Acta. 642 (1981) 135-148.

[25] A.E. Oliver, D.W. Deamer, a-Helical hydrophobic polypep-
tides form proton-selective channels in lipid bilayers, Bio-
phys. J. 66 (1994) 1364-1379.

[26] J.D. Lear, Z.R. Wasserman, W.F. DeGrado, Synthetic am-
phiphilic peptide models for protein ion channels (published
erratum appeared in Science 245 (1989) 1437), Science 240
(1988) 1177-1181.

[27] J.G. Sheldon, S.P. Williams, A.M. Fulton, K.M. Brindle, 3'P
NMR magnetization transfer study of the control of ATP
turnover in Saccharomyces cerevisiae, Proc. Natl. Acad. Sci.
USA 93 (1996) 6399-6404.

[28] V.P. Skulachev, Uncoupling: new approaches to an old
problem of bioenergetics, Biochim. Biophys. Acta 1363
(1998) 100-124.

[29] M. Klingenberg, Mechanism and evolution of the uncou-
pling protein of brown adipose tissue, Trends Biochem.
Sci. 15 (1990) 108-112.

[30] B. Cannon, A. Matthias, V. Golozoubova, K.B.E. Ohlson,
U. Andersson, A. Jacobsson, J. Nedergaard, Unifying and
distinguishing features of brown and white adipose tissues:
UCP1 versus other UCPs, in: G. Ailhaud, B. Guy-Grands
(Eds.), Progress in Obesity Research, John Libbey and Com-
pany, 1999, pp. 13-26.

[31] P. Trayhurn, M. Ashwell, G. Jennings, D. Richard, D.M.
Stirling, Effect of warm or cold exposure on GDP binding
and uncoupling protein in rat brown fat, Am. J. Physiol. 252
(1987) E237-E243.

[32] A. Geloen, P. Trayhurn, Regulation of the level of uncou-
pling protein in brown adipose tissue by insulin requires the
mediation of the sympathetic nervous system, FEBS Lett.
267 (1990) 265-267.

[33] D.G. Nicholls, Brown adipose tissue mitochondria, Biochim.
Biophys. Acta 549 (1979) 1-29.

[34] S. Monemdjou, L.P. Kozak, M.E. Harper, Mitochondrial
proton leak in brown adipose tissue mitochondria of
UCPI1-deficient mice is GDP insensitive, Am. J. Physiol.
276 (1999) E1073-E1082.

[35] A. Matthias, A. Jacobsson, B. Cannon, J. Nedergaard, The
bioenergetics of brown fat mitochondria from UCP1-ablated
mice. UCPI is not involved in fatty acid-induced de-energ-
ization (‘uncoupling’), J. Biol. Chem. 274 (1999) 28150-
28160.

[36] C. Fleury, M. Neverova, S. Collins, S. Raimbault, O. Cham-
pigny, C. Levi-Meyrueis, F. Bouillaud, M.F. Seldin, R.S.
Surwit, D. Ricquier, C.H. Warden, Uncoupling protein-2:
a novel gene linked to obesity and hyperinsulinemia, Nature
Genet. 15 (1997) 269-272.

[37] O. Boss, S. Samec, A. Paoloni-Giacobino, C. Rossier, A.
Dulloo, J. Seydoux, P. Muzzin, J.P. Giacobino, Uncoupling
protein-3: a new member of the mitochondrial carrier family
with tissue-specific expression, FEBS Lett. 408 (1997) 39-42.

[38] M. Laloi, M. Klein, J.W. Riesmeier, B. Muller-Rober, C.
Fleury, F. Bouillaud, D. Ricquier, A plant cold-induced un-
coupling protein, Nature 389 (1997) 135-136.

[39] C.D. Nobes, G.C. Brown, P.N. Olive, M.D. Brand, Non-
Ohmic proton conductance of the mitochondrial inner mem-
brane in hepatocytes, J. Biol. Chem. 265 (1990) 12903-
12909.

[40] J.A. Stuart, K.M. Brindle, J.A. Harper, M.D. Brand, Mito-
chondrial proton leak and the uncoupling proteins, J. Bio-
energ. Biomembr. 31 (1999) 517-525.

[41] J.A. Stuart, J.A. Harper, K.M. Brindle, M.D. Brand, Un-
coupling protein 2 from carp and zebrafish, ectothermic ver-
tebrates, Biochim. Biophys. Acta 1413 (1999) 50-54.

[42] D. Ricquier, The UCP family: where are we?, Int. J. Obes.
24 (Suppl. 1) (2000) S10.

[43] S. Samec, J. Seydoux, A.G. Dulloo, Role of UCP homo-
logues in skeletal muscles and brown adipose tissue: media-
tors of thermogenesis or regulators of lipids as fuel sub-
strate?, FASEB J. 12 (1998) 715-724.

[44] S. Cadenas, J.A. Buckingham, S. Samec, J. Seydoux, N. Din,
A.G. Dulloo, M.D. Brand, UCP2 and UCP3 rise in starved
rat skeletal muscle but mitochondrial proton conductance is
unchanged, FEBS Lett. 462 (1999) 257-260.

[45] C.Y. Zhang, T. Hagen, V.K. Mootha, L.J. Slieker, B.B.
Lowell, Assessment of uncoupling activity of uncoupling
protein 3 using a yeast heterologous expression system,
FEBS Lett. 449 (1999) 129-134.

[46] E. Rial, M. Gonzalez-Barroso, C. Fleury, S. Iturrizaga, D.
Sanchis, J. Jimenez-Jimenez, D. Ricquier, M. Goubern, F.
Bouillaud, Retinoids activate proton transport by the uncou-
pling proteins UCP1 and UCP2, EMBO J. 18 (1999) 5827—
5833.



[47]

(48]

[49]

[50]

(51]

(52]

(53]

[54]

[55]

[56]

[57]

(58]

J.A. Stuart et al. | Biochimica et Biophysica Acta 1504 (2001) 144-158

D. Sanchis, C. Fleury, N. Chomiki, M. Goubern, Q. Huang,
M. Neverova, F. Gregoire, J. Easlick, S. Raimbault, C. Levi-
Meyrueis, B. Miroux, S. Collins, M. Seldin, D. Richard, C.
Warden, F. Bouillaud, D. Ricquier, BMCPI1, a novel mito-
chondrial carrier with high expression in the central nervous
system of humans and rodents, and respiration uncoupling
activity in recombinant yeast, J. Biol. Chem. 273 (1998)
34611-34615.

J.A. Stuart, J.A. Harper, K.M. Brindle, M.D. Brand, An
uncoupling artifact can accompany uncoupling protein-1 ex-
pression in yeast mitochondria, Int. J. Obes. 24 (Suppl. 1)
(2000) S187.

K.S. Echtay, Q. Liu, T. Caskey, E. Winkler, K. Frischmuth,
M. Bienengraber, M. Klingenberg, Regulation of UCP3 by
nucleotides is different from regulation of UCP1, FEBS Lett.
450 (1999) 8-12.

M. Jaburek, M. Varecha, R.E. Gimeno, M. Dembski, P.
Jezek, M. Zhang, P. Burn, L.A. Tartaglia, K.D. Garlid,
Transport function and regulation of mitochondrial uncou-
pling proteins 2 and 3, J. Biol. Chem. 274 (1999) 26003—
26007.

E. Winkler, M. Klingenberg, An improved procedure for
reconstitution of the uncoupling protein and in-depth anal-
ysis of H"/OH™ transport (published erratum appeared in
Eur. J. Biochem. 209 (1992) 1063), Eur. J. Biochem. 207
(1992) 135-145.

E. Winkler, M. Klingenberg, Effect of fatty acids on H"
transport activity of the reconstituted uncoupling protein,
J. Biol. Chem. 269 (1994) 2508-2515.

D.L. Murdza-Inglis, M. Modriansky, H.V. Patel, G. Wolde-
giorgis, K.B. Freeman, K.D. Garlid, A single mutation in
uncoupling protein of rat brown adipose tissue mitochondria
abolishes GDP sensitivity of H* transport, J. Biol. Chem.
269 (1994) 7435-7438.

F. Palmieri, C. Indiveri, F. Bisaccia, R. Kramer, Functional
properties of purified and reconstituted mitochondrial me-
tabolite carriers, J. Bioenerg. Biomembr. 25 (1993) 525-
535.

S. Enerback, A. Jacobsson, E.M. Simpson, C. Guerra, H.
Yamashita, M.E. Harper, L.P. Kozak, Mice lacking mito-
chondrial uncoupling protein are cold-sensitive but not
obese, Nature 387 (1997) 90-94.

J.C. Clapham, J.R. Arch, H. Chapman, A. Haynes, C. Lis-
ter, G.B. Moore, V. Piercy, S.A. Carter, 1. Lehner, S.A.
Smith, L.J. Beeley, R.J. Godden, N. Herrity, M. Skehel,
K.K. Changani, P.D. Hockings, D.G. Reid, S.M. Squires,
J. Hatcher, B. Trail, J. Latcham, S. Rastan, A.J. Harper, S.
Cadenas, J.A. Buckingham, M.D. Brand, A. Abuin, Mice
overexpressing human uncoupling protein-3 in skeletal
muscle are hyperphagic and lean, Nature 406 (2000) 415-
418.

S. Cadenas, J.A. Buckingham, J.C. Clapham, M.D. Brand,
Human uncoupling protein-3 overexpression increases mito-
chondrial proton leak, Int. J. Obes. 24 (Suppl. 1) (2000)
S187.

D.W. Gong, S. Monemdjou, O. Gavrilova, L.R. Leon, B.

(591

(60]

[61]

[62]

(63]

(64]

[65]

[66]

[67]

(68]

[69]

[70]

(71]

157

Marcus-Samuels, C.J. Chou, C. Everett, L.P. Kozak, C. Li,
C. Deng, M.E. Harper, M.L. Reitman, Lack of obesity and
normal response to fasting and thyroid hormone in mice
lacking uncoupling protein-3, J. Biol. Chem. 275 (2000)
16251-16257.

A.J. Vidal-Puig, D. Grujic, C.Y. Zhang, T. Hagen, O. Boss,
Y. Ido, A. Szczepanik, J. Wade, V. Mootha, R. Cortright,
D.M. Muoio, B.B. Lowell, Energy metabolism in uncoupling
protein 3 gene knockout mice, J. Biol. Chem. 275 (2000)
16258-16266.

S. Papa, V.P. Skulachev, Reactive oxygen species, mitochon-
dria, apoptosis and aging, Mol. Cell. Biochem. 174 (1997)
305-319.

M.E. Bodrova, V.I. Dedukhova, E.N. Mokova, V.P. Skula-
chev, Membrane potential generation coupled to oxidation
of external NADH in liver mitochondria, FEBS Lett. 435
(1998) 269-274.

S.W. Ma, D.O. Foster, Starvation-induced changes in meta-
bolic rate, blood flow, and regional energy expenditure in
rats, Can. J. Physiol. Pharmacol. 64 (1986) 1252-1258.

O. Boss, S. Samec, F. Kuhne, P. Bijlenga, F. Assimacopou-
los-Jeannet, J. Seydoux, J.P. Giacobino, P. Muzzin, Uncou-
pling protein-3 expression in rodent skeletal muscle is modu-
lated by food intake but not by changes in environmental
temperature, J. Biol. Chem. 273 (1998) 5-8.

O. Boss, E. Bobbioni-Harsch, F. Assimacopoulos-Jeannet,
P. Muzzin, R. Munger, J.P. Giacobino, A. Golay, Uncou-
pling protein-3 expression in skeletal muscle and free fatty
acids in obesity, Lancet 351 (1998) 1933.

A. Lanni, L. Beneduce, A. Lombardi, M. Moreno, O. Boss,
P. Muzzin, J.P. Giacobino, F. Goglia, Expression of uncou-
pling protein-3 and mitochondrial activity in the transition
from hypothyroid to hyperthyroid state in rat skeletal
muscle, FEBS Lett. 444 (1999) 250-254.

M.B. Jekabsons, F.M. Gregoire, N.A. Schonfeld-Warden,
C.H. Warden, B.A. Horwitz, T(3) stimulates resting metab-
olism and UCP-2 and UCP-3 mRNA but not nonphosphor-
ylating mitochondrial respiration in mice, Am. J. Physiol.
277 (1999) E380-E389.

X.X. Yu, J.L. Barger, B.B. Boyer, M.D. Brand, G. Pan, S.H.
Adams, Impact of endotoxin on UCP homolog mRNA
abundance, thermoregulation, and mitochondrial proton
leak kinetics, Am. J. Physiol. Endocrinol. Metab. 279
(2000) E433-E44o6.

T. Hagen, C.Y. Zhang, L.J. Slieker, W.K. Chung, R.L. Lei-
bel, B.B. Lowell, Assessment of uncoupling activity of the
human uncoupling protein 3 short form and three mutants
of the uncoupling protein gene using a yeast heterologous
expression system, FEBS Lett. 454 (1999) 201-206.

T. Hagen, C.Y. Zhang, C.R. Vianna, B.B. Lowell, Uncou-
pling proteins 1 and 3 are regulated differently, Biochemistry
39 (2000) 5845-5851.

S. Cadenas, M.D. Brand, Effects of magnesium and nucleo-
tides on the proton conductance of rat skeletal-muscle mito-
chondria, Biochem. J. 348 (2000) 209-213.

M.B. Jekabsons, B.A. Horwitz, Nucleotide effects on liver



158

[72]

(73]

[74]

J.A. Stuart et al. | Biochimica et Biophysica Acta 1504 (2001) 144-158

and muscle mitochondrial nonphosphorylating respiration
and membrane potential, Biochim. Biophys. Acta, in press.
K.D. Garlid, M. Jaburek, P. Jezek, The mechanism of pro-
ton transport mediated by mitochondrial uncoupling pro-
teins, FEBS Lett. 438 (1998) 10-14.

M.M. Gonzalez-Barroso, C. Fleury, F. Bouillaud, D.G.
Nicholls, E. Rial, The uncoupling protein UCP1 does not
increase the proton conductance of the inner mitochondrial
membrane by functioning as a fatty acid anion transporter,
J. Biol. Chem. 273 (1998) 15528-15532.

M. Klingenberg, S.G. Huang, Structure and function of the
uncoupling protein from brown adipose tissue, Biochim.
Biophys. Acta 1415 (1999) 271-296.

[75]

[76]

(771

R.K. Porter, M.D. Brand, Causes of differences in respira-
tion rate of hepatocytes from mammals of different body
mass, Am. J. Physiol. 269 (1995) R1213-R1224.

M.V. Savina, N.L. Gamper, Respiration and adenine nu-
cleotides of Baltic lamprey (Lampreta fluviatilis 1.) hepato-
cytes during spawning migration, Comp. Biochem. Physiol.
B 120 (1998) 375-383.

M.D. Brand, T. Bishop, R.G. Boutilier, J. St-Pierre, Mito-
chondrial proton conductance, standard metabolic rate, and
metabolic depression, in: G. Heldmaier, M. Klingenspor
(Eds.), Life in the Cold, Springer, Berlin, 2000, pp. 413-
430.



