Biochem. J. (2005) 392, 353-362 (Printed in Great Britain) ~ doi:10.1042/BJ20050890

353

The basal proton conductance of mitochondria depends on adenine

nucleotide translocase content

Martin D. BRAND*"2, Julian L. PAKAY*, Augustine 0CLOO*, Jason KOKOSZKAT, Douglas C. WALLAGCE+®, Paul S. BROOKES}!

and Emma J. CORNWALL*?

*Medical Research Council Dunn Human Nutrition Unit, Hills Road, Cambridge CB2 2XY, U.K., tCenter for Mitochondrial Medicine, School of Public Health, Emory University, Atlanta,
GA 30322, U.S.A., and }Department of Molecular and Cellular Pathology, University of Birmingham, Birmingham, AL 35294, U.S.A.

The basal proton conductance of mitochondria causes mild un-
coupling and may be an important contributor to metabolic rate.
The molecular nature of the proton-conductance pathway is
unknown. We show that the proton conductance of muscle mito-
chondria from mice in which isoform 1 of the adenine nucleotide
translocase has been ablated is half that of wild-type controls.
Overexpression of the adenine nucleotide translocase encoded by
the stress-sensitive B gene in Drosophila mitochondria increases
proton conductance, and underexpression decreases it, even

when the carrier is fully inhibited using carboxyatractylate. We
conclude that half to two-thirds of the basal proton conductance
of mitochondria is catalysed by the adenine nucleotide carrier,
independently of its ATP/ADP exchange or fatty-acid-dependent
proton-leak functions.

Key words: adenine nucleotide translocase (ANT) knock-out
mouse, carboxyatractylate, Drosophila, proton leak.

INTRODUCTION

Oxidative phosphorylation in cells is not fully efficient. Instead,
some energy is lost as heat [1]. When substrates are oxidized by
the mitochondrial electron transport chain, protons are pumped
out across the inner membrane, generating a protonmotive force.
During oxidative phosphorylation, protons are driven back into the
matrix through the F,F -ATP synthase and the potential energy in
the protonmotive force is used to synthesize ATP. However, some
protons return to the matrix through alternative leak pathways,
causing mild uncoupling and lowering the efficiency.

Mitochondrial proton leak may be physiologically important.
It accounts for 20-30% of the oxygen consumption of iso-
lated resting hepatocytes [2] and about 50 % of the oxygen
consumption of perfused, resting skeletal muscle in rat [3]. Taking
the contributions of different tissues to whole-body resting energy
consumption into account, proton cycling may account for 20—
25 % of basal metabolic rate [3,4]. Even when hepatocytes and
perfused muscle are stimulated to turn over ATP, significant proton
leak occurs and proton cycling may still account for 15% of
metabolic rate [5]. NMR measurements suggest similar high
contributions of proton cycling in yeast grown on glucose [6],
but not in mouse muscle in vivo [7], and reaching definitive
quantitative conclusions about the contribution of mitochondrial
proton leak to metabolic rate remains technically difficult.

At least two types of mitochondrial carrier cause significant
inhibitor-sensitive inducible proton conductance when they are
activated by small molecules. The first type is the UCPs (uncoupl-
ing proteins), UCP1, UCP2 and UCP3, which cause nucleotide-
sensitive proton leak when they are activated by fatty acids or
alkenals derived from the peroxidation of membrane phospho-
lipids [8,9]. The second type is the ANT (adenine nucleotide trans-
locase), which exchanges ADP for ATP across the mitochondrial

inner membrane and may also play an important role in the
mitochondrial permeability transition pore and the mitochondrial
apoptosis pathway. The ANT causes a CAT (carboxyatractylate)-
sensitive proton leak when activated by fatty acids [10-12], AMP
[13] or alkenals [14].

In contrast, we still do not understand the mechanism of the
basal proton conductance of mitochondria (the leak pathway that
is present in all mitochondria that have been studied and may
make a major contribution to metabolic rate, but is insensitive to
known activators or inhibitors). The activity of the basal-proton-
leak pathway is different in mitochondria from different tissues
[15], from mammals [16,17] and birds [18] with different body
mass, in some ectotherms compared with endotherms [19-21],
and when thyroid hormone levels are high [22,23]. Some of the
variation can be explained by differences in mitochondrial inner-
membrane surface area, but much cannot.

In all of these systems there is a striking correlation between
mitochondrial proton conductance and the fatty acyl com-
position of inner-membrane phospholipids [17,18,20-22]. The
content of n — 3 polyunsaturates, particularly docosahexaenoate
(Cy6.n3), correlates with high proton conductance, and the
content of monounsaturates, particularly oleate (Cig,,_o), cor-
relates with low proton conductance. However, the proton con-
ductance of phospholipid vesicles prepared from mitochondrial
lipids is only 2-25 % of the conductance of the mitochondria that
they are derived from, and does not change when the composition
changes [24,25]. Therefore some factor other than membrane
surface area and phospholipid composition is an important deter-
minant of the basal proton conductance of mitochondria. Perhaps
this factor is a mitochondrial membrane protein.

If a protein is involved, then given the known inducible
proton conductances of UCPs and ANT, some member of the
mitochondrial anion transporter family is a plausible candidate.

Abbreviations used: ANT, adenine nucleotide translocase; CAT, carboxyatractylate; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; sesB,
stress-sensitive B; TPMP, triphenylmethylphosphonium; UCP, uncoupling protein.
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Table 1 Genotypes of Drosophila strains

Name Genotype Flies used

ANT-overexpressers  ANT'%  y w; P{ANT2*, sesB+ 10.3} 102E/(ey®)  Heterozygous
female
ANT#A -y w; P{ANT2*, sesB+ 10.3}42A/(Cy0) ~ Homozygous
female
Wild-type Dahomey  Wild-type Female
Oregon R Wild-type Female
ANT-underexpressers  DC701 yevv £ 1(1)9Ed-6[DC701)/In(1)FM7 Heterozygous
female
Ras59 yevv £ df(1)ras59/In(1)FM6 Heterozygous
female

UCPs themselves do not contribute to the basal proton conduc-
tance of mitochondria [26,27]. Similarly, yeast mitochondria from
cells overexpressing ANT have unaltered resting respiration rates
[6], suggesting that the ANT does not contribute to basal pro-
ton conductance. To test whether any other mitochondrial anion
transporter might be responsible, mitochondria from Saccharo-
myces cerevisiae strains containing independent disruptions of
21 of the 35 mitochondrial carrier family genes in yeast were
examined [28]. None of the 21 carriers contributed measurably to
the basal proton conductance of yeast mitochondria.

Following an unexpected initial observation that the basal
proton conductance of muscle mitochondria from mice lacking
the ANT1 isoform was lower than that of wild-type controls,
we initiated the detailed study reported in the present paper. We
re-investigate the role of ANT in basal proton conductance using
mitochondria from transgenic mice and Drosophila melanogaster.
We conclude that the amount of ANT present in the mitochondrial
inner membrane strongly affects the basal proton conductance of
the membrane and suggest that ANT is a major catalyst of the
basal fatty-acid-independent proton leak in mitochondria.

EXPERIMENTAL
Mammals

Experiments with ANT1 knock-out mice used male Antl~/~
and sibling wild-type B6 mice (4—5 months old) [29]. Other
mouse experiments used 10—12-week-old male CD1 mice. Female
Wistar rats were 6—8 weeks old. Rabbits were female and less than
1 year old. Mice, rats and rabbits were housed under standard
laboratory conditions, fed a standard chow diet ad libitum, and
killed by stunning and cervical dislocation. Fresh tissues from
sows and bullocks (less than 2 years old) were from a local
abattoir, and fresh horse tissues were from a single 11-year-old
gelding horse.

Drosophila

Six strains of D. melanogaster were used (Table 1): two wild-
type strains (Dahomey and Oregon R), two ANT-overexpres-
sing strains (ANT!®F and ANT**) and two ANT-underexpressing
strains (DC701 and ras59). Oregon R and the ANT mutants
were from Dr M. Ashburner, University of Cambridge, U.K., and
Dahomey was from Professor L. Partridge, University College
London, U.K. As determined by sequence alignment analysis,
Drosophila has two adjacent ANT genes: sesB (stress-sensitive B)
and ANT?2. These genes are transcribed from a single promoter and
the two products are generated by differential splicing of a
dicistronic primary RNA transcript, with sesB transcripts much
more abundant than ANT?2 transcripts [30].
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Mutant fly strains with ANT ablated by deletion or point
mutation are homozygous and hemizygous lethal but can be
studied as female heterozygotes. We used two mutants: DC701,
in which Trp-112 in sesB is changed to a stop codon but ANT2 is
unchanged; and ras59, in which sesB, ANT2 and several flanking
genes on chromosome 1 are deleted [30]. The results from the
two strains were usually indistinguishable, so results were pooled
as ANT-underexpressers except where noted.

We also studied mutants in which a 10.3 kb DNA fragment,
containing both sesB and ANT2, was inserted into chromosome
2 (ANT**) or chromosome 4 (ANT'*%) [30]. The results from
these ANT-overexpressing strains were usually indistinguishable,
so results were pooled as ANT-overexpressers. Drosophila strains
were maintained as described previously [31].

Mitochondria

Mitochondria were prepared at 4 °C by differential centrifugation
using whole tissues from small animals, tissue samples from large
animals, or whole Drosophila. For skeletal-muscle mitochondria,
hind-leg skeletal muscle was finely diced in CP-1 medium
[100 mM KCl1, 50 mM Tris/HCI (pH 7.4) and 2 mM EGTA],
digested on ice for 4 min (mice) or 5 min (other species) in
CP-1 medium [to which was added 0.5% (w/v) BSA, 5mM
MgCl,, 1 mM ATP and 2.5 units/ml protease (type VIII from
Bacillus licheniformis)] and homogenized three times in a
Polytron homogenizer for 3 s (mouse, rat, rabbit) or 7 s (other
species). Mitochondria were isolated in CP-1 medium [15,32].
Heart mitochondria were isolated similarly by protease digestion
and Polytron homogenization in STE medium [250 mM sucrose,
5 mM Tris/HCI (pH 7.4) and 2 mM EGTA] [15,33]. Liver and
kidney mitochondria were isolated in STE medium using a
teflon/glass Dounce homogenizer [15], after extra homogen-
ization with a loose-fitting plunger (0.54 mm clearance) for
tissue from farm animals. Drosophila mitochondria were prepared
in STE containing 1 % (w/v) BSA [31]. The protein concentration
of mitochondrial suspensions was determined using a Bio-Rad DC
protein assay kit (Drosophila) or by the biuret method (mammals)
[34] with BSA as a standard.

Western blots

Samples of mitochondria were solubilized and 20 g of protein
per lane was run on SDS/PAGE (12 % gels) with 10x normal
SDS concentration in loading buffer. Proteins were blotted on
to nitrocellulose and blocked for 1 h at 37°C with Tris-buffered
saline, 0.05% (v/v) Tween 20 (TBST) with 10% (w/v) non-
fat dry milk. Primary antibody (rabbit polyclonal anti-ANT,
non-isotype specific; a gift from Professor H. Schmid, Hormel
Institute, University of Minnesota, MN, U.S.A.) was used at
1:1000 dilution in TBST+5% milk. Secondary antibody
(Pharmacia horseradish-peroxidase-linked goat anti-rabbit) was
used at 1:5000 dilution. Detection was by ECL® (Amersham Bio-
sciences) with a 1 min exposure.

Mitochondrial respiration and measurement of ANT
content by CAT titre

CAT (Calbiochem) is a tight binding, specific inhibitor of ANT, so
the minimum amount of CAT required to lower state-3 respiration
(ADP actively phosphorylated) to the state-4 rate (no ADP
phosphorylated) equals the amount of ANT present. Example
graphs are shown in Figure 4(A). Respiration was measured
in a Clark oxygen electrode (Rank Brothers, Cambridge, U.K.)
at 37°C (mammals) or 25°C (Drosophila) and calibrated with
air-saturated assay medium [120mM KCI, 5mM KH,PO,,
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3mM Hepes, ] mM EGTA, 2mM MgCl, and 0.3% (w/v)
defatted BSA, pH 7.2], assumed to contain 406 nmol of O/ml
at 37°C and 479 nmol of O/ml at 25°C [35]. Mitochondria
were resuspended to 0.2-1.0 mg of protein/ml (mammals) or
0.2 mg of protein/ml (Drosophila) in assay medium supplemented
with the complex 1 inhibitor rotenone (5 M) and the substrate
succinate (4 mM) (mammals) or a-glycerol phosphate (10 mM)
(Drosophila). Excess ADP (1 mM) was added to establish state
3, then respiration was successively inhibited by small additions
of CAT [up to 5 nmol/mg of protein (mammals) or 15 nmol/mg
of protein (Drosophila)] until state 4 was well established.
To check that mitochondria were in state 4, more ADP was
added, followed by approx. 2 uM FCCP (carbonyl cyanide p-
trifluoromethoxyphenylhydrazone) to confirm that the electron-
transport chain was still functional. Respiration rate was plotted
against CAT added and the minimum CAT titre was calculated as
the intercept between the steepest slope and the state-4 rate (plus
CAT). Results are presented as nmol of CAT/mg of protein; it is
generally thought that one CAT binds per ANT dimer [36].

Proton-leak kinetics

The kinetics of the mitochondrial proton leak were measured
by determining the dependence of the respiration rate required
to drive proton leak (in the presence of oligomycin to inhibit
ATP synthesis) on mitochondrial membrane potential, measured
using an electrode sensitive to the potential-sensitive probe, TPMP
(triphenylmethylphosphonium), in the presence of nigericin to
dissipate the pH gradient, as described previously [37,38]. Briefly,
mitochondria were resuspended at 0.5-1.0 mg of protein/ml
in assay medium containing oligomycin (1 pg/ml), nigericin
(100 ng/ml) and rotenone (5 uM; absent with glutamate/malate
as substrate). The TPMP-sensitive electrode was calibrated with
sequential additions of TPMP up to 2 uM (skeletal muscle and
heart) or 5 uM (liver and kidney), and 4 mM succinate (or 3.2 mM
glutamate plus 0.8 mM malate) was added to initiate respiration.
Membrane potential and respiration were progressively inhibited
through successive steady states with the complex II inhibitor,
malonate, up to 6 mM (or with the complex IV inhibitor, cyanide,
up to 400 «M when glutamate plus malate was substrate). Finally
FCCP (5 ©M) was added to dissipate the membrane potential and
release all the TPMP* from the mitochondria, allowing correction
for any small baseline drift. Respiration at each steady state was
plotted against the appropriate membrane potential to display the
dependence of proton-leak rate on potential. When glutamate plus
malate was used as substrate, respiration rates were multiplied by
1.66 to convert them into the equivalent respiration rates with
succinate.

The proton-leak kinetics in Drosophila mitochondria were
measured in the same way, using mitochondria at 0.2 mg of
protein/ml, TPMP at 5 uM, and «-glycerol phosphate (10 mM) as
the substrate. Respiration was inhibited by the addition of cyanide
up to 110 uM.

TPMP binding

Corrections for TPMP* binding to mitochondria were applied.
The matrix volume of Drosophila mitochondria, determined using
radiolabelled mannitol and water [37], was 0.67 £ 0.04 ul/mg
of protein (n =9). The TPMP-binding correction for Drosophila
mitochondria, measured using radiolabelled TPMP and Rb (by
method ‘A’ from [37]), was 0.24 +0.01 (n=9). For mamma-
lian mitochondria from different tissues, the TPMP-binding
corrections determined (using method ‘B’ from [37]) in rat
were taken from [15]. In liver mitochondria, the TPMP-binding
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Figure 1  ANT content of skeletal-muscle mitochondria from wild-type and
ANT1 knock-out mice

(R) Western blot of different preparations of mitochondria using polyclonal isotype-unspecific
anti-ANT antibody. WT, wild-type; KO, ANT1 knock-out. (B) CAT titre of state-3 respiration rate
to determine ANT content in mitochondria from wild-type and ANT1 knock-out mice (ANT KO).
Replicate titrations were performed on each preparation and averaged. Values are mean and
range or S.E.M. from two (control) or three (ANT KO) independent preparations. *P < 0.05
compared with wild-type.

corrections for horse and sheep do not differ from rat, whereas
the mouse value may be lower and the rabbit value may be higher
[16]. This possible species dependency was ignored, making
direct comparisons between the panels in Figure 10 less ac-
curate.

Phospholipids

Mitochondrial lipids were extracted using chloroform or methanol
and phospholipid content was determined by phosphorus analysis
[17]. For fatty acyl group analysis, phospholipids were isolated
by silicic-acid chromatography. Fatty-acid methyl esters were
prepared, purified on a Florisil column, and separated by gas
chromatography using a flame ionization detector. Mol% of
each fatty acid (fa) was calculated using the equation below
[18,24]:

fa (mol%) = (100 x mol of fa)/(sum of mol of fa for all fa)

RESULTS

ANT content of skeletal-muscle mitochondria from ANT1
knock-out mice

Skeletal-muscle mitochondria were isolated from wild-type and
ANT1 knock-out mice and the ANT content was determined
by two different assays. Using a non-isotype-specific polyclonal
antibody to ANT, Western blots showed that ANT was present
in mitochondria from wild-type mice, but was below the limit
of detection in mitochondria from the knock-out mice (Fig-
ure 1A).

The amount of functional ANT present in mouse mitochondria
was assessed more quantitatively by titration with the specific
high-affinity inhibitor, CAT. CAT titre showed that the ANT
content of skeletal-muscle mitochondria isolated from ANT1
knock-out mice was measurable; 0.31 £+ 0.23 nmol/mg of pro-
tein compared with 1.99 4+ 0.02 nmol/mg of protein (P < 0.05)
in skeletal-muscle mitochondria from wild-type animals (Fig-
ure 1B). We calculate that ANT makes up 6 % of total mito-
chondrial protein in wild-type mouse skeletal-muscle mitochon-
dria and approx. 1 % in ANT1 knock-out mice.

© 2005 Biochemical Society
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Figure 2 Respiration rates of skeletal-muscle mitochondria from wild-type
and ANT1 knock-out (ANT KO) mice

(R) Respiratory control ratios with 4 mM succinate as substrate (state-3 rate with 700 M
ADP added/state-4 rate). (B) Respiration rates in state 3 (solid bars) and state 4 (part-shaded
bars). Replicate measurements were performed on each preparation and averaged. Values are
means + S.E.M. from three independent preparations. *P < 0.05 compared with wild-type in
the same condition.

Respiration rates of skeletal-muscle mitochondria from
ANT1 knock-out mice

Mitochondria from wild-type mice were coupled, with respiratory
control ratios (the state-3 rate with ADP present divided by the
state-4 rate after added ADP is consumed) of 4.0 with succinate as
substrate (Figure 2A). Unexpectedly, mitochondria from ANT1
knock-out mice were also able to increase their respiration rate
when ADP was added, and gave a respiratory control ratio of
1.7 (Figure 2A). This observation suggests that the small residual
ANT content in the ANT1 knock-outs provides ADP to the mito-
chondrial matrix at a rate sufficient to stimulate oxidative phos-
phorylation marginally.

As expected, when the respiration rates of mitochondria syn-
thesizing ATP at maximum rate (state 3) were measured, they were
severely compromised in the mitochondria from the knock-out
mice (Figure 2B). More surprisingly, the respiration rates when
ATP was not being synthesized and the ANT should not have
been turning over (state 4) were also significantly depressed in
the knock-outs (Figure 2B). This effect might have been caused
by a depression in the ability of the knock-out mitochondria to
oxidize substrate, or by a decrease in the proton conductance of the
inner membrane (or both), since both reactions exert significant
control over the state-4 rate [39].

Proton conductance of skeletal-muscle mitochondria
from ANT1 knock-out mice

The kinetics of the proton leak in isolated mitochondria can
be assayed by measuring the proton-leak rate (measured as the
respiration rate required to drive proton leak, in the presence of
oligomycin to prevent ATP synthesis) as a function of its driving
force, mitochondrial membrane potential (measured with an

© 2005 Biochemical Society
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Figure 3 Proton leak of skeletal-muscle mitochondria from wild-type and
ANT1 knock-out mice

(R) Dependence of proton-leak rate (measured as the respiration rate driving proton leak
in the presence of oligomycin) on membrane potential in mitochondria from wild-type (@)
and ANT1 knockout (O) mice. The broken line indicates the highest common potential
(151.4 mV). (B) Relationship between proton-leak rate at the highest common potential [mea-
sured as the respiration rate driving proton leak at 151.4 mV in (A)] and ANT content (from
Figure 1B). Replicate measurements were performed on each preparation and averaged.
Values are means + S.E.M. from three independent preparations. For the interpolated value
of respiration (in B), the error shown is the weighted mean of the respiration-rate errors of the
flanking experimental points in (A).

electrode sensitive to the potential-sensitive probe, TPMP™).
Figure 3(A) shows the normal non-linear response of proton-leak
rate to membrane potential in skeletal-muscle mitochondria from
wild-type mice. Experiments were carried out in the presence of
BSA and 2 mM Mg to minimize known fatty-acid-dependent [12]
and Mg-inhibited [38] proton-leak pathways to try to ensure that
only basal proton leak was measured.

The proton-leak kinetics were altered in mitochondria from
ANT1 knock-out mice: at any membrane potential between
75 mV and 150 mV, the proton-leak rate was about half that of
wild-type controls, showing that the proton conductance of the
inner membrane was halved in mitochondria from ANT1 knock-
out mice. There was no sign of any impairment in substrate
oxidation activity in the ANT1 knock-outs, which would have
been apparent as an inability to maintain a higher membrane po-
tential in state 4, despite the lower proton conductance. On the
contrary, measurements of mRNA levels suggest that respiratory
capacity may be up-regulated in these knock-outs [40].

The contribution of ANT to the proton conductance of mouse
skeletal-muscle mitochondria is shown more explicitly in Fig-
ure 3(B), where the proton-leak rate at the highest potential
common to both types of mitochondria in Figure 3(A) (151.4 mV)
is plotted against the ANT content determined by CAT titre in
Figure 1(B). The state-4 proton leak in wild-type mitochondria
is driven by a respiration rate of 77 nmol of O/min per mg of
protein. Figure 3(B) suggests that approx. half of this proton leak
is dependent on the presence of ANT, whereas the remaining leak,
driven by a respiration rate of about 35 nmol of O/min per mg of
protein, is caused by other unidentified proton-leak pathways.
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Figure 4 ANT content of mitochondria from Drosophila expressing different
amounts of ANT

(R) CAT titre of respiration. State-3 respiration was titrated by successive additions of CAT to
bring the mitochondria into a CAT-inhibited state 4. ANT content was measured as the CAT
titre where the steepest slope in the titration crosses the state-4 rate (broken lines). Results of
a single representative determination are shown for mitochondria from an ANT-overexpressing
strain (A), a wild-type strain (@) and an ANT-underexpressing strain (O). (B) ANT contents
measured by CAT titre. Replicate titrations were performed on each preparation and averaged.
Values are means + S.E.M. from 19 (mutants) or 21 (wild-type) independent preparations.
*P < 0.05 compared with wild-type.

These observations suggest that ANT catalyses a fatty-acid-
independent proton conductance that accounts for about half of the
basal proton conductance of mouse skeletal-muscle mitochondria.
However, the experimental errors were quite large, so this con-
clusion is only provisional. To determine whether the effect of
ANT on proton conductance is mouse-specific or more general,
we next developed a model in which ANT was over- or under-
expressed in fruit flies.

sesB encodes a functional ANT activity in Drosophila mitochondria

There are two ANT genes in Drosophila: sesB and ANT2. We first
examined whether these genes code for functional ANT. Ablation
of sesB in the DC701 mutant flies or deletion of both sesB and
ANT?2 in the ras59 mutant flies gave similar results, so the pheno-
types we report here are probably caused almost entirely by the
ANT encoded by sesB.

Figure 4(A) shows representative results of titrations of the
amount of functional ANT using CAT in Drosophila strains with
different sesB gene dosage. The titre of CAT needed to fully inhibit
state-3 respiration to the state-4 rate was greatest in ANT-over-
expressing flies, intermediate in wild-type flies and lowest in
ANT-underexpressing flies, strongly indicating that sesB codes
for the Drosophila ANT, as predicted from sequence alignments
[30].

Figure 4(B) shows the average results from many preparations
of Drosophila mitochondria. ANT content in flies was high
(presumably because many of the mitochondria are derived from
metabolically very active flight muscle); ANT made up 10 %
of total mitochondrial protein in wild-type flies, 17 % in ANT-
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Figure 5 Respiration rates of mitochondria from Drosophila expressing
different amounts of ANT

(R) Respiratory control ratios with 10 mM «-glycerol phosphate as substrate (state-3 rate
with 1 mM ADP added/state-4 rate). (B) Respiration rates in state 3 (solid bars) and state 4
(part-shaded bars). Replicate measurements were performed on each preparation and aver-
aged. Values are means + S.E.M. from 8 (ANT-overexpressers), 9 (wild-type) or 11 (ANT-
underexpressers) independent preparations. *P < 0.05 compared with wild-type in the same
condition.

overexpressers and 7% in ANT-underexpressers. The amount
of ANT was roughly proportional to gene dosage, indicating
that ANT expression relative to other mitochondrial proteins in
Drosophila is not subject to strong feedback control. These results
show that the three groups of flies have different amounts of
functional ANT (see also [14]) and that Drosophila mitochondria
provide an appropriate model in which to study the effects of ANT
content on proton conductance.

Respiration rates of Drosophila mitochondria expressing
different amounts of ANT

Mitochondria from all groups of Drosophila strains were reason-
ably well coupled, with respiratory control ratios between about
3 and 5 (Figure 5A). Unlike mitochondria from ANT1 knock-
out mice, mitochondria from ANT-underexpressing flies were not
less coupled than wild-type mitochondria, suggesting that mito-
chondria from ANT-underexpressing flies were less compromised
by the more modest relative drop in ANT content than those
from ANT1 knock-out mice.

Surprisingly, when the respiration rates of Drosophila
mitochondria in state 3 were measured, they were lower in mito-
chondria from ANT-overexpressers (not higher, as might have
been expected) (Figure 5B). This observation suggests that ANT
overexpression leads to a compensatory down-regulation of the
capacity for substrate oxidation (possibly because of competition
for import machinery or space in the mitochondrial inner
membrane). Further evidence for down-regulation of substrate
oxidation appears below. The respiration rates in state 4 were
not different (Figure 5B). Since both proton conductance and

© 2005 Biochemical Society
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Figure 6 Proton leak of mitochondria from Drosophila expressing different
amounts of ANT

(A) Dependence of proton-leak rate (measured as the respiration rate driving proton leak in the
presence of oligomycin) on membrane potential in mitochondria from ANT-overexpressers (A ),
wild-type (@) and ANT-underexpressers (O). The broken line indicates the highest common
potential (145.7 mV). (B) Relationship between proton-leak rate at the highest common potential
[measured as the respiration rate driving proton leak at 145.7 mV in (A)] and ANT content (from
Figure 4B). Replicate measurements were performed on each preparation and averaged. Values
are means + S.E.M. from 26 (ANT-overexpressers and wild-type) or 23 (ANT-underexpressers)
independent preparations. For the interpolated values of respiration (in B), the error shown is
the weighted mean of the respiration-rate errors of the flanking experimental points in (A).

substrate oxidation exert significant control over the state-4 rate
[39], the lack of effect of ANT-expression level on state-4 res-
piration rate may mean that neither proton conductance nor
substrate oxidation capacity changed as ANT content varied,
or that changes in proton conductance were masked by com-
pensatory changes in substrate oxidation capacity. The experi-
ments below support the second alternative.

Proton conductance of Drosophila mitochondria expressing
different amounts of ANT

The dependence of proton-leak rate on membrane potential was
measured in mitochondria isolated from each group of flies. As
before, oligomycin, BSA and 2 mM Mg were present to minimize
proton conductance by other known pathways. Figure 6(A) shows
that the proton-leak kinetics were different in the three types of
mitochondria: at any membrane potential between 120 mV and
160 mV, the proton-leak rate was about 30 % higher in the ANT-
overexpressers than in the wild-type controls, and 30 % lower in
the ANT-underexpressers than in the wild-type.

The effects of ANT-expression level on substrate oxidation
capacity are also clear in Figure 6(A). These secondary changes
in substrate oxidation capacity masked the effect of the changed
ANT content on respiratory control ratios in Figure 5(A) and on
state-3 rates in Figure 5(B), and masked the effects of the proton-
conductance change on state-4 rates in Figure 5(B). Figure 6(A)
shows that despite having an increased proton conductance and
lower membrane potential, mitochondria from ANT-overexpres-
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sers were unable to increase their state-4 respiration rate com-
pared with controls as would have been expected if their substrate
oxidation capacity was not diminished by ANT overexpression.
Conversely, despite having a lower proton conductance and
a higher membrane potential, mitochondria from ANT-under-
expressers did not decrease their state-4 respiration rate as would
have been expected if their substrate oxidation capacity had not
been up-regulated by ANT underexpression. These consider-
ations highlight the importance of measuring proton conductance,
rather than relying on inferences from state-4 rates as is often the
case.

The contribution of ANT to the proton conductance of
Drosophila mitochondria is shown explicitly in Figure 6(B),
where respiration rates driving proton leak at the highest potential
common to all three types of mitochondria in Figure 6(A)
(145.7mV) are plotted against ANT content determined by
CAT titre in Figure 4(B). As with mouse-muscle mitochondria
(Figure 3B), proton conductance varies as ANT changes, but the
dependence in flies (Figure 6B) has less associated experimental
error and is much clearer. The state-4 proton leak in wild-type
mitochondria is driven by a respiration rate of 152 nmol of O/min
per mg of protein. Extrapolation to zero ANT suggests that
53 nmol of O/min per mg of protein is independent of the presence
of ANT (Figure 6B), so approximately two-thirds of the proton
conductance of wild-type Drosophila mitochondria is dependent
on the presence of ANT, while the remaining third is caused
by other unidentified proton-leak pathways. The ANT-dependent
proton conductance in Drosophila mitochondria was higher than
that in mouse skeletal-muscle mitochondria, perhaps reflecting
the higher ANT content in fly (10 % of total protein) compared
with mouse-muscle (6 %) mitochondria.

These observations using Drosophila mitochondria strongly
support the conclusion from the mouse ANT1 knock-outs that
ANT catalyses a fatty-acid-independent proton conductance
that accounts for a large proportion of the proton conductance of
mitochondria.

Effect of inhibition of ANT function on the proton conductance of
Drosophila mitochondria expressing different amounts of ANT

The experiments described above were carried out in the presence
of 0.3% (w/v) defatted BSA, to bind endogenous fatty acids
and minimize their activation of the known fatty-acid-dependent
proton leak catalysed by ANT [10,11]. To check that the effect
of ANT on proton conductance was not related to ANT activity,
either through the normal ADP/ATP exchange or by residual con-
taminating fatty acids even in the presence of albumin, we studied
the effect of inhibition of the ANT using CAT. Surprisingly,
CAT lowered the proton conductance of Drosophila mitochondria
(Figure 7).

To investigate whether the effect of ANT content on basal
proton conductance was dependent on the activity of ANT, the
experiment in Figure 6 was repeated in the presence of saturating
CAT. Figures 8(A) and 8(B) show a subset of four of the 23-26
experiments in Figures 6(A) and 6(B). The results in the subset
have greater error bars than the full set, but show the same effects.
Figure 8(C) shows the proton-leak kinetics of the same subset,
but measured in the presence of saturating CAT to prevent fatty-
acid- or turnover-dependent proton leak through ANT. The results
were the same as in the absence of CAT: mitochondria from ANT-
overexpressers had higher proton conductance and mitochondria
from ANT-underexpressers had lower proton conductance than
wild-type controls (Figure 8C). The basal proton conductance
was still a linear function of ANT content, with ANT-dependent
proton leak accounting for 60—80 % of the total conductance
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Figure 7 Effect of CAT on the proton leak of mitochondria from wild-type
Drosophila

Dependence of proton-leak rate (measured as the respiration rate driving proton leak in the
presence of oligomycin) on membrane potential in the absence (@) or presence (@) of
50 nmol of CAT/mg of mitochondrial protein. Replicate measurements were performed on each
preparation and averaged. Values are means + S.E.M. from four independent preparations.

(Figure 8D). Thus there is a component of the proton conductance
in Drosophila mitochondria that requires ANT to be uninhibited
(Figure 7), but when the ANT is fully inhibited by CAT, the
remaining basal proton conductance is predominantly caused by
the presence of inactive ANT in the membrane.

Effect of ANT content on membrane surface area of
Drosophila mitochondria

We normally calculate the proton conductance of the inner mem-
brane per mg of total mitochondrial protein, so that if alterations in
the amount of ANT, a major membrane protein, caused alterations
in inner-membrane bilayer surface area per mg of protein, the

Respiration rate
(nmol of O/min per mg of protein)

100 110 120 130 140 150 160 170
Membrane potential (mV)

proton conductance per mg of protein might change even if
the proton conductance per unit surface area was unaltered. To
test this possibility, the total lipid phosphorus content of the
mitochondria was measured as an index of bilayer surface area.
There was no effect of overexpression or underexpression of ANT
on the amount of lipid phosphorus (7 pg/mg of protein) extracted
from the mitochondria.

Effect of ANT content on membrane phospholipid fatty acyl
composition of Drosophila mitochondria

Natural differences in basal proton conductance of mitochondria
correlate with differences in the fatty acyl composition of mem-
brane phospholipids [20]. Figure 9 shows that fatty acyl com-
position was not altered in ANT-overexpressers or in DC701
ANT-underexpressers compared with wild-type controls. How-
ever, there were some significant changes in ras59 ANT-under-
expressers. Since DC701 has a premature stop codon specifically
in sesB and shows no fatty acyl changes, whereas ras59 has a
large deletion of sesB and several adjacent genes, the alterations
in fatty acyl composition in ras59 are probably unrelated to
ANT underexpression. Thus fatty acid compositional changes
are not responsible for the effects of ANT content on basal proton
conductance.

Correlation between ANT content and proton conductance in
mammalian mitochondria

If ANT content is an important determinant of basal proton con-
ductance in all mitochondria, then mitochondria with naturally
high ANT content should also have high proton conductance. This
prediction was tested by measuring proton conductance and ANT
content in mitochondria isolated from four different tissues from
six different mammalian species. Figure 10 shows that in each
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Figure 8 Proton leak of mitochondria from Drosophila expressing different amounts of ANT, in the absence and presence of excess CAT

Experiments were carried out on a small subset of the preparations used in Figure 6, using mitochondria from ANT-overexpressers (A, control; B, plus CAT), wild-type (@, control; €, plus CAT)
and ANT-underexpressers (O, control; <, plus CAT). (A) Dependence of proton-leak rate on membrane potential in the absence of CAT. The broken line indicates the highest common potential
(146.2 mV). (B) Relationship between proton-leak rate at the highest common potential in (A) and ANT content (from Figure 4B). (C) Dependence of proton-leak rate on membrane potential in the
presence of 50 nmol of CAT/mg of protein. The broken ling indicates the highest common potential (151.0 mV). (D) Relationship between proton-leak rate at the highest common potential in (C)
and ANT content (from Figure 4B). Replicate measurements were performed on each preparation and averaged. Values are means + S.E.M. from four independent preparations. For the interpolated
values of respiration in (B) and (D), the error shown is the weighted mean of the respiration-rate errors of the flanking experimental points in (A) and (C) respectively.
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Figure 9 Effect of ANT content on the membrane phospholipid fatty acyl
composition of Drosophila mitochondria

For details, see the Experimental section. Fatty acids are described as the ‘number of C
atoms:number of double bonds (position of first double bond from the methyl end)’, thus
Cig2(n—6) is linoleic acid. Values are means + S.E.M. from 11 (ANT-overexpressers, black bars;
wild-type, dark grey bars) or six independent preparations (DC701 ANT-underexpressers, white
bars; ras59 ANT-underexpressers, light-grey bars). *P < 0.05 compared with wild type.
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Figure 10 Correlation between proton conductance and ANT content in
mammalian mitochondria

Mitochondria were isolated from liver (@), skeletal muscle (M), heart (@) and kidney (A) of
the species indicated. The dependence of proton-leak rate (measured as the respiration rate
driving proton leak in the presence of oligomycin) on membrane potential was determined as in
Figure 3(A) and the interpolated rates at the highest common potential (120 mV) were calculated
using mean data. Error bars represent the weighted mean of the respiration rate S.E.M. (or
range when n = 2) values of the flanking experimental points. ANT content was determined by
CAT titre as in Figure 1(B); values are means + S.E.M. (or range when n = 2). The numbers of
independent preparations were one (mouse and horse tissues, and rat heart), two (pig tissues,
rat liver and ox heart), three (ox liver, kidney and skeletal muscle) or four (rabbit tissues and rat
skeletal muscle).

species, mitochondria with high ANT content had high proton
conductance, as predicted. Skeletal muscle and heart, tissues with
high oxidative capacity, yielded mitochondria with high ANT
contents and high proton conductance, whereas liver and kidney,
tissues with lower oxidative capacity, yielded mitochondria with
lower ANT content and lower proton conductance. Some of the
differences between tissues may relate to differences in membrane
surface area, but lipid phosphorus per mg of protein is only about
2.5-fold higher in muscle than in liver or kidney mitochondria
from rat, and accounts for only part of the difference in proton
conductance between tissues [15]; therefore, the remaining dif-
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ferences in proton conductance per unit surface area may be
caused largely by differences in ANT content.

DISCUSSION

Our results show that genetic manipulation of the amount of
ANT in mitochondria from mouse skeletal muscle or whole
Drosophila causes substantial changes in the proton conductance
of the mitochondria. The changes do not require turnover of the
carrier, as they are still present when CAT, a potent inhibitor
of ANT, is added. They are therefore distinct from the CAT-
sensitive inducible proton conductance that is catalysed by ANT
in the presence of fatty acids [10-12], AMP [13] or alkenals
[14]. The changes in basal proton conductance are not caused
by changes in mitochondrial inner-membrane bilayer surface
area, or by changes in fatty-acyl-chain composition of membrane
phospholipids, since these factors are unchanged when ANT
content is altered in flies.

A previous study measured the effects of doubling the content
of yeast ANT in yeast mitochondria by genetic manipulation, and
found no obvious change in ANT-inhibited state-4 respiration
rate [6]. The conclusion that an unchanged state-4 rate means an
unchanged basal proton conductance is commonly drawn, but is
not always correct. In Drosophila mitochondria, state-4 rates are
unaffected by ANT-expression level (Figure 5B), but proton
conductance is clearly altered (Figures 6 and 8). Secondary
changes in substrate oxidation capacity masked the effects of
the proton-conductance change in Figure 5(B), and the same may
have been true in the experiments using yeast mitochondria [6].
Consistent with this interpretation, we have found that expression
of yeast ANT1 to twice the normal level in S. cerevisiae caused
an increase in the basal proton conductance of isolated yeast
mitochondria [41]. In the same way, expression of a hybrid ANT
(consisting of the N-terminus of yeast ANT2 with the remainder
of the protein derived from bovine ANT2) in ANTI~/~ ANT27/~
yeast [42] led to less functional ANT than in wild-type yeast, and a
lower mitochondrial proton conductance [41]. These results show
that ANT concentration affects mitochondrial proton conduct-
ance in yeast as it does in higher organisms, contrary to the con-
clusion in [6].

Other mitochondrial anion carriers might also contribute to the
basal proton leak of mitochondria, but their concentrations are low
and therefore their contributions would be small. Figure 10 con-
firms previous studies showing that ANT contributes 1-10 % of
total mitochondrial protein, depending on the tissue and species.
The amount of phosphate carrier may also be significant [43],
but most other carriers contribute much less: only 0.3% of
total mitochondrial protein is contributed by the pyruvate carrier
[44,45], 0.03 % by UCP2 [46] and 0.01 % by UCP3 [47]. The
exception is UCP1, which comprises 1-5% of mitochondrial
protein in brown adipose tissue of mice kept below their
thermoneutral temperature of 28°C (see [48]). However, the
proton conductance of brown-adipose-tissue mitochondria from
UCP1 knock-out mice is not different from that of mitochondria
from wild-type mice (kept at 23°C) in the presence of GDP to
inhibit UCP1 function [49]. This suggests that the presence of
GDP-inhibited UCP1 does not make a measurable contribution to
basal proton conductance, despite its abundance in the membrane,
so the effect of ANT on basal proton conductance may be a specific
one.

Since the pathway of proton conductance is not dependent on
the function or turnover of ANT, it may occur at the protein—phos-
pholipid interface. If so, a partial explanation of the observation
that the fatty acyl composition of membrane phospholipids correl-
ates with proton conductance [17,18,20-22] might be that the fatty
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acyl chains alter the properties of the proton-conductance pathway
at the ANT—phospholipid interface. Alternatively (or addition-
ally), the correlation may be indirect: mitochondria with high
metabolic requirements may have more polyunsaturated mem-
branes to allow greater diffusion and catalytic activity of
membrane proteins [50], and more ANT to service the ATP
demand (with a corresponding increase in basal proton conduct-
ance catalysed by ANT), independent of any causal relationship
between fatty acyl composition and proton conductance. Simi-
larly, the high proton conductance of mitochondria from more
active tissues in rat [15] and other species (Figure 10), and from
the same tissue in smaller, more metabolically active mammals
and birds [16—18], may be a side effect of the greater ANT content
needed to service the higher ATP demand. The same argument
may explain the high basal proton conductance of mitochondria
from mammals compared with those from lizards [19-21], and
from rats with high thyroid hormone levels [22,23], where ANT
expression is high [51].

Thus changes in phospholipid fatty acyl composition and proton
conductance per unit of mitochondrial protein may be secondary
results of the changes in the surface area of the inner membrane
and in the activity and concentration of ANT that are needed in
mitochondria with a higher capacity for ATP production. Much of
the increased proton conductance of such mitochondria would be
caused by changes in ANT content. This hypothesis would explain
the observed differences in mitochondrial proton conductance
under many different conditions. The basal-proton-conduct-
ance pathway of the ANT might be an unavoidable consequence of
the structure and abundance of this carrier protein. Alternatively, it
might be an evolved function that ensures that mitochondria with
high ANT content and a high capacity for oxidative phospho-
rylation also have a higher degree of mild uncoupling by the proton
leak. The higher leak would protect the mitochondria against the
enhanced risk of radical production and oxidative damage that is
associated with a greater capacity for oxidative phosphorylation

[52].
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