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Abstract

Uncoupling protein-1 homologs are hypothesized to mediate mitochondrial proton leak. To test this hypothesis, we
determined the effects of ATP and other nucleotides on liver and skeletal muscle mitochondrial non-phosphorylating
respiration (VO;), membrane potential, FCCP-stimulated respiratory control ratios, and swelling. Neither ATP nor CTP
affected liver or muscle proton leak, but both inhibited the respiratory chain. Unexpectedly, CMP stimulated liver proton
leak (EC59p =4.41 0.5 mM). Using CMP chromatography, we identified two proteins (M;=31.2 and 32.6 kDa) from liver
mitochondria that are similar in size to members of the mitochondrial carrier protein family. We conclude (a) liver and
muscle mitochondrial proton leak is insensitive to ATP and CTP, and (b) CMP activates a leak in liver mitochondria. The
CMP-inducible leak may be mediated by a 30-32 kDa protein. Based on the high concentrations required, CMP is unlikely to
be a physiologically important leak regulator. Nonetheless, our results show that tissues other than brown fat have inducible

leaks that may be protein-mediated. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Brown adipose tissue (BAT) mitochondria exhibit
two distinct proton leaks- an inducible one mediated
by uncoupling protein-1 (UCP1) and a basal one
considered to be similar, if not identical, to that
found in many tissues including liver and muscle
[1,2]. In addition to UCPI, both uncoupling pro-
tein-2 (UCP2) and uncoupling protein-3 (UCP3)
are expressed in BAT (as well as in other tissues),
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raising the possibility that they are responsible for
the basal leak in this and other tissues. The UCPI1-
mediated leak, by definition, is that inhibited by pu-
rine nucleotide di- or tri-phosphates. Amino acids in
UCPI thought to participate in nucleotide binding
are highly conserved in UCP2 and UCP3. Two stud-
ies have reconstituted purine nucleotide-sensitive
proton and chloride transport activities from bacte-
rially expressed UCP2 and/or UCP3 [3,4]. In con-
trast, three studies reported no purine nucleotide-sen-
sitive uncoupling in isolated yeast mitochondria
expressing UCP2 or 3 [5-7]. Experimental manipula-
tion of the recombinant proteins clearly must ac-
count for these conflicting results. Thus, a different
approach (and that taken in this study) is to search
for nucleotide-sensitive leaks in mammalian mito-
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chondria where UCP2 and 3 are present in their
native state.

The basal leak of bovine serum albumin (BSA)-
treated, UCP1-deficient BAT mitochondria is insen-
sitive to 1 mM GDP and is no different from the leak
of GDP-inhibited normal BAT mitochondria despite
the fact that UCP2 mRNA is up-regulated in BAT of
UCPI1-deficient mice [8]. Additionally, isolated
muscle mitochondria from starved rats exhibit iden-
tical proton leak to fed rats despite up-regulation of
UCP2 and UCP3 mRNAs and UCP3 protein [9].
These results are inconsistent with the hypothesis
that UCP2 and UCP3 mediate the basal leak that
is common to mitochondria from many tissues. In
this study we further search for evidence of UCP2/
3 involvement in proton leak by determining the ef-
fects of a variety of nucleotides on the respiration
and membrane potential of skeletal muscle as well
as liver mitochondria not treated with BSA.

2. Materials and methods
2.1. Animals

Male homozygous lean Zucker rats were obtained
from the breeding colony at the UC Davis Animal
Models Core of the Clinical Nutrition Research Unit
supported by NIH. Rats were weaned at 4 weeks and
housed 1-3 per cage at 20-22°C (14:10-h light/dark
cycle with lights on at 06:00 h) with free access to
food (stock 5012 rodent chow, Purina) and water.
Rats were killed by decapitation at 12-17 weeks of
age. The number of rats used for each experiment is
specified in Section 3.

2.2. Reagents

Sodium salt nucleotides, oligomycin, potassium
atractylate, FCCP (carbonyl cyanide p-(trifluoro-me-
thoxy)phenylhydrazone), valinomycin, PMSF (phen-
ylmethylsulfonyl fluoride), BSA (fatty acid-free bo-
vine serum albumin), TES (N-tris[hydroxymethyl]-
methyl-2-aminoethanesulfonic acid), rotenone, and
CMP agarose were purchased from Sigma (St. Louis,
MO). The voltage-sensitive dye JC-1 (5,5,6,6'-tetra-
chloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine
iodide) was purchased from Molecular Probes (Eu-

gene, OR). Malonate and TPMP (triphenylmethyl-
phosphonium) bromide were purchased from Aldrich
(Milwaukee, WI). All other reagents were from Fish-
er (Santa Clara, CA).

2.3. Mitochondria isolation

Liver and hindlimb skeletal muscle (consisting of
gastrocnemius, soleus, tibialis anterior, and quadri-
ceps) were placed in cold isolation medium (contain-
ing, in mM, 250 sucrose, 50 Hepes, 10 EDTA,
1 EGTA, 0.2 PMSF, pH 7.1 at 21-23°C) and minced
with surgical scissors. Tissue pieces (10-15 g) were
homogenized using a Tekmar Tissumizer (Cincinnati,
OH) and diluted to approximately 80 ml. To remove
larger debris such as cell clumps and nuclei, homo-
genates were centrifuged at 750X g for 15 min, then
at 900X g for 20 min. The resulting supernatants
were decanted through two layers of cheesecloth
and then centrifuged at 10 500X g for 12 min. Super-
natants were aspirated and discarded, and loosely
packed material was removed from the pellets by
washing them (using gentle swirling) in 5 ml isolation
medium. The remaining pelleted material was resus-
pended in approximately 40 ml isolation medium,
and centrifuged at 10500X g for 12 min. Pellets
were rewashed with 5 ml of (in mM) 250 sucrose,
10 Hepes, 1 EGTA, 0.1 PMSF (pH 7.1 at 21-23°C)
and resuspended in the same medium. After removal
of the tissues, all isolation procedures were con-
ducted at 0-5°C.

2.4. Oxygen consumption measurements

Aliquots of mitochondria (0.050-0.200 ml; ap-
proximately 0.2-2.5 mg protein) were pipetted into
reaction buffer equilibrated to 37°C (1.84-1.69 ml) in
a Gilson Oxygraph (Middleton, WI) chamber fitted
with a Clark type electrode. Final concentration of
reaction buffer constituents were (in mM): 120 KCl,
5 NacCl, 5 K;HPO4/KH;,PO,, 2 MgCl,, 0.1 Mg ace-
tate, 50 Hepes, 5 EGTA, and 5 uM rotenone (an
inhibitor of NADH oxidation by complex I of the
respiratory chain). The final reaction buffer pH at
37°C was 6.90 or 7.65, depending on the experiment.
This standard reaction buffer was modified for cer-
tain experiments by substitution of 2 mM MgCl,
with 1 mM EDTA, or by addition of potassium
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atractylate (an inhibitor of the ATP/ADP trans-
locator; 30.3 uM final concentration). Oligomycin
(solubilized in 100% ethanol) was added to a
final concentration of 3.3 pg/ml and the stirred sus-
pension was allowed to equilibrate for 3—5 min prior
to addition of 5.1 mM succinate (final concentra-
tion).

Basal non-phosphorylating oxygen consumption
was measured for 2-5 min, and followed by serial
additions of a freshly prepared nucleotide solution.
Nucleotide additions (2-10 pl each of a 0.8 M stock)
were 1-4 min apart, depending on the initial respira-
tory rate. Changes in respiratory rates induced by
nucleotides usually occurred within 20 s of the addi-
tion. For each preparation, the order of addition of
the different nucleotides was rotated to minimize any
possible effect of time.

Recording protocols lasted up to 6 h. Storing mi-
tochondria on ice over this period of time did not
significantly affect basal rates of non-phosphorylat-
ing respiration (liver mitochondrial respiration aver-
aged 20.1£2.8 vs. 20.1£2.5 nmol Oy/(min per mg
protein), immediately after isolation vs. final mea-
surement 5-6 h later, respectively; skeletal muscle
mitochondrial respiration was 87.5+4.6 vs.
90.3+7.8 nmol O,/(min per mg protein), initial vs.
final, respectively).

Respiratory rates were calculated from the chart
recordings using an oxygen solubility coefficient of
0.02273 ml O,/ml buffer at 37°C and 1 atm pressure
[10]. The concentration of dissolved oxygen in the
reaction buffer equilibrated with room air at 37°C
was calculated to be 175.4 nmol O,/ml. Aliquots of
each mitochondrial preparation were stored at
—20°C for later determination of protein concentra-
tion using the BCA protein assay (Pierce, Rockford,
IL), with BSA as standard.

2.5. Fluorescence measurements

Mitochondria (0.070-0.100 ml; approximately 0.2—
0.6 mg protein) were added to a cuvette containing
prewarmed reaction buffer (37°C; 1.82-1.79 ml) pre-
pared as for the oxygen consumption measurements.
Oligomycin and the voltage-sensitive dye JC-1 (solu-
bilized in dimethylsulfoxide) were added to final con-
centrations of 3.3 ug/ml and 0.47 uM, respectively.
The stirred suspension was allowed to equilibrate for

6 min in a 37°C controlled Perkin-Elmer LS-5 fluo-
rescence spectrophotometer (Foster City, CA). Exci-
tation was set at 490 nm and emissions were re-
corded at 590 nm. After recording the fluorescence
(in arbitrary fluorescence units, or FU), succinate
was added to a final concentration of 5.1 mM. Basal
non-phosphorylating fluorescence was recorded 3 min
later, at which time serial additions of a freshly
prepared nucleotide solution were initiated. Addi-
tions were made at 2-min intervals, with the fluores-
cence value recorded just prior to the next addition.
Upon addition of succinate, fluorescence typically
increased 2-3-fold for liver mitochondria and 3-4-
fold for skeletal muscle mitochondria. FCCP (a pro-
tonophore; 0.5 uM) immediately caused both liver
and skeletal muscle mitochondrial fluorescence to de-
crease close to the fluorescence recorded prior to
succinate addition. Background JC-1 fluorescence in
buffer was not affected by pH. This background fluo-
rescence was subtracted from the pre-succinate mito-
chondrial fluorescence to obtain an estimate of the
zero potential for the mitochondria. For liver, these
values averaged 14.5f1.2 FU/mg at pH 6.9, and
16.7+1.6 FU/mg at pH 7.65. For skeletal muscle,
these values averaged 29.3+2.1 FU/mg at pH 6.9,
and 45.4+2.3 FU/mg at pH 7.65. For each prepara-
tion, the zero potential estimate was subtracted from
all post-succinate values. JC-1 fluorescence correlates
linearly to inner mitochondrial membrane potentials
ranging from 20 to 200 mV [11].

2.6. TPMP measurements

TPMP-sensitive electrodes (courtesy of Martin
Brand, MRC Dunn Human Nutrition Unit, Cam-
bridge, UK) were calibrated in the standard reaction
buffer at 37°C by 4-5 additions of TPMP, resulting
in a final concentration of 0.68-1.2 uM. Following
addition of mitochondria (0.6-2.5 mg protein) and
oligomycin (3 pg/ml), the recordings were allowed
to stabilize 8-10 min, at which time succinate was
added to 5 mM. Upon recording a new steady-state
concentration of TPMP (within 2.5 min of succinate
addition), mitochondria were titrated with malonate
(final concentrations 0.26, 0.52, 1.0, 2.1, 5.1, and
11.3 mM for liver and 0.26, 0.77, 1.8, 4.9, and 11.0
mM for muscle) at 1.5-3-min intervals. Addition of
0.1 uM FCCP was performed to ensure complete
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0.011 AU

16 sec

Fig. 1. Mitochondrial swelling induced by 5 nM (A), 50 nM (B), and 500 nM (C) FCCP. Isolated skeletal muscle mitochondria (0.1
ml; approximately 0.5 mg protein) were incubated at 21-23°C in the standard swelling medium (0.9 ml). Swelling was monitored by
recording the decrease in absorbance units (AU) at 520 nm over 3 min. Spectrophotometric data were acquired every 0.3 s. Basal
swelling was recorded for 90 s following addition of valinomycin to 0.5 uM. Recordings were briefly interrupted for addition of
FCCP (indicated by the arrow). The heavy vertical lines just after the arrow are artifacts of the addition. Because the magnitude of
the swelling rate was increased by higher concentrations of FCCP, the time over which linearity was maintained decreased. Dashed
lines represent hand drawn extensions of the initial linear rates. Each tracing represents data collected from different aliquots of the

same mitochondrial preparation.

dissipation of the membrane potential so that elec-
trode drift could be assessed. Drift over the recording
period was assumed to be linear. Membrane poten-
tials were calculated using the Nernst equation,
assuming a matrix volume of 0.6 ul/mg protein and
a TPMP-binding correction factor of 0.4 [12,13].
Oxygen consumption recordings were performed in
parallel as described above, except that TPMP was
also included in the buffer.

2.7. Swelling measurements

Mitochondria were prepared as described in the
isolation procedures, but the final pellet was resus-
pended in (mM) 250 sucrose, 1 EGTA, and 0.1
PMSF. Swelling rates were determined as previously

described [14]. Mitochondria (0.1 ml; approximately
0.4-0.7 mg protein) were suspended in 0.9 ml of
swelling buffer containing (final concentrations) 100
mM K acetate, 5 mM TES, 5 uM rotenone, and 32
uM (0.2%) fatty acid-free BSA. Swelling buffer pH
was adjusted to 6.90 or 7.65 at 21-23°C with 0.5 M
KOH prior to addition of mitochondria. The potas-
sium ionophore valinomycin (solubilized in 100%
ethanol) was added to 0.5 uM, and basal swelling
rates were recorded for 90 s. At this time 10 ul of
CMP or AMP was rapidly mixed into the cuvette
and the swelling rate was recorded for an additional
90 s. Final concentrations of nucleotides used in
these experiments were (in mM) 0.2, 2.5, 4.0, and
8.3. Control experiments were carried out for each
preparation using FCCP added to 5, 50, and 500
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nM. Linearity of induced swelling rates generally
lasted from 5-60 s, depending on the magnitude of
the initial swelling (Fig. 1). Swelling rates were mea-
sured as the decrease in absorbance units at 520 nm.
Data were collected at 21-23°C using a Gilford Sys-
tem 2600 spectrophotometer (Oberlin, OH) set to
acquire readings every 0.3 s. Results were displayed
using a Hewlett-Packard (Palo Alto, CA) 7225B
plotter.

2.8. CMP chromatography

Mitochondria were isolated from two 48-h fasted
rats as described above, except that the final pellet
was rinsed in (mM): 120 KCl, 5 NaCl, 5 KH,PO,/
K,HPO,, 2 EDTA, 1 EGTA, 0.1 Mg acetate, 50
Hepes, pH 6.90. Pellets were gently resuspended in
1.3 ml of the same buffer containing 4% Triton X-
100, and the solubilization was allowed to proceed
for 45 min on ice. Unsolubilized material was pel-
leted by centrifugation at 100 000 X g for 30 min. The
supernatant was incubated overnight with stirring at
6°C with approximately 3 pmol of CMP resin equil-
ibrated in 0.5 ml of the same buffer without Triton
X-100. The resins were washed eleven times (liver),
or ten times (skeletal muscle) with the salt content of
the washes reduced such that the final washes were
carried out in 10 mM Hepes (pH 6.9) and 1 mM
EDTA. All washes were performed at 4°C for 15
min, except the final 60-min wash. The final wash
was followed with a CMP specific elution by incubat-
ing the resin for 60 min in 10 mM Hepes (pH 6.9),
1 mM EDTA, and 50 pmol CMP. This was followed
with a 60 min non-specific elution in 0.8 M NaCl, 50
mM Hepes, pH 8.1. Samples were washed and con-
centrated using Microcon-10 microconcentrators
(Amicon, Beverly, MA). One third of the final con-
centrated sample was electrophoresed through a de-
naturing 12% polyacrylamide gel. Gels were stained
using BioRad’s Silver Stain Plus kit (Hercules, CA).

2.9. Northern blot and reverse transcriptase—
polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted in Trizol reagent (Gib-
co-BRL, Gaithersburg, MD). Twenty pg of total
RNA from each tissue was electrophoresed through
a 1% agarose gel containing 2.2 M formaldehyde and

1 X MOPS buffer. Ethidium bromide was included in
each sample so that RNA integrity and equal loading
could be verified. RNA was transferred and then
cross-linked to Duralon-UV nylon membranes (Stra-
tagene, La Jolla, CA). Rat UCP2 and UCP3 cDNA
inserts, kind gifts from J. Granneman, Wayne State
University, were excised from plasmids by FEcoRI
digestion and gel-purified using the Qiaquick gel ex-
traction kit (Qiagen, Santa Clarita, CA). Purified
cDNA was random-primed with alpha [*>P]dCTP
(Rediprime kit, Amersham, Buckinghamshire, UK).
Blots were prehybridized for 30 min in Express Hyb
solution (Clonetech, Palo Alto, CA) at 68°C, and
hybridized for 60 min at 68°C with *2P-labeled
cDNA probe (2% 10° cpm/ml). Blots were washed
twice in 2XSSC, 0.05% SDS at room temperature,
and twice in 0.1 X SSC, 0.01% sodium dodecyl sul-
fate (SDS) at 60-65°C. Blots were exposed to X-ray
film with intensifying screens for up to 2 days at
—80°C.

For RT-PCR analysis, 20 pug of total RNA was
treated with DNasel according to the manufacturer’s
instructions (Gibco-BRL). One pg of DNasel-
treated RNA was reverse transcribed using oligo
dT primers (Superscript Preamplification System,
Gibco-BRL). Rat UCP2-specific primers were de-
signed from the GenBank cDNA sequence (accession
no. AB010743; forward primer: 5'-GCAGCTTT-
GAAGAACGAG-3'; reverse primer: 5'-ATGGT-
CAGGGCACAGTG-3"; 953 bp product). Amplifi-
cation of the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase was performed on the
same samples as control for the efficiency of the re-
verse transcription step (GenBank accession no.
X02231; forward primer: 5'-TCCACCACCCTGTT-
GCTGTAG-3'; reverse primer: 5'-GACCACAGT-
CCATGCCATCACT-3"; 453 bp product). Absence
of contaminating genomic DNA in the reactions was
verified by running parallel PCR reactions in which
reverse transcriptase was omitted from the initial
step.

2.10. Statistics

Statistical analyses are as described in the figure
legends and text, with the significance level set at
P =0.05. Statistics were computed by analysis of var-
iance (ANOVA) using Super ANOVA (Abacus Con-
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cepts, Berkeley, CA) and Statview (Abacus Concepts,
Berkeley, CA) software for the Macintosh.

3. Results

3.1. Effects of nucleotide titrations on respiration and
JC-1 fluorescence

Nucleotide-induced changes in non-phosphorylat-
ing respiration can be the result of changes in proton
leak or respiratory chain activity. The two mecha-
nisms may be distinguished from each other by de-
termining the effects of nucleotides on the inner mi-
tochondrial membrane potential (A%¥), which can be
measured with the voltage-sensitive dye JC-1. If a
nucleotide inhibits proton leak without directly af-
fecting the respiratory chain, then AY increases
and, as a result, respiratory chain activity decreases

>
Fig. 2. Effects of adenine (A) and cytidine (B) nucleotides on
isolated liver mitochondrial non-phosphorylating respiration
(VO,) and JC-1 fluorescence (FI) at pH 6.90. Isolated liver mi-
tochondria were incubated at 37°C in a standard reaction buffer
(see Section 2) containing 3.3 pg/ml oligomycin. For fluores-
cence measurements, 0.47 uM JC-1 was included. Respiration
measurements were made in a Gilson Oxygraph chamber using
a Clark type electrode. Fluorescence measurements were made
in a cuvette using a Perkin—Elmer LS-5 fluorescence spectro-
photometer (excitation 490 nm; emission 590 nm). Buffer pH at
37°C was determined for each experiment and did not vary
from 6.90 by more than 0.03 pH units. Dose responses were
performed by serial additions (2, 4, 6, 8, 10, 10, and 10 pl) of a
freshly prepared stock nucleotide solution (approx. 0.8 M).
Data are expressed as a percentage of basal respiration and
fluorescence. Prior to nucleotide addition, basal respiration for
ATP, AMP, CTP, and CMP curves was 17.6+ 1.5, 17.9%1.6,
19.6£2.7, and 15.7+1.9 nmol O,/(min per mg), respectively.
Basal fluorescence readings for ATP, AMP, CTP, and CMP
curves were 34.0+4.8, 31.3+x34, 32.7x5.5, and 31.2%3.1
FU/mg, respectively. Respiration data are mean*S.E.M. of
eight rats, except for CMP and AMP dose responses, where
n==6. Fluorescence data are mean*S.E.M. of six rats (CMP),
five rats (AMP), or three rats (ATP, CTP). Points without error
bars indicate S.E.M. was smaller than the symbol. Two-way
ANOVA (concentration and preparation) on the untransformed
data was used to determine significant concentration effects.
Dunnet’s post hoc test was used to determine which means
were significantly different from basal values. For a given nucle-
otide, asterisks denote concentrations at which both VO, and
fluorescence are significantly different from basal.

as proton pumping by the chain becomes less ener-
getically favorable [15]. Conversely, if a nucleotide
activates proton leak without directly affecting the
respiratory chain, then AY¥ falls and respiratory chain
activity increases. If a nucleotide affects the respira-
tory chain without directly affecting proton leak,
then changes in AY¥ follow changes in respiration.
Using JC-1 as an indicator of membrane potential,
an increase in AW results in increased fluorescence
while a decrease in AY results in decreased fluores-
cence.

Liver mitochondrial respiration and JC-1 fluores-
cence were significantly inhibited by ATP and CTP
at pH 6.9 (Fig. 2). These effects were reduced at pH
7.65 (Table 1). ADP and AMP had progressively less
effect on liver mitochondria (Table 1 and Fig. 2).
GTP and GDP had no significant effect on liver mi-
tochondrial respiration (Table 1). The inhibitory ef-
fect of ATP persisted when 30 uM atractyloside was
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Table 1

Effects of pH and magnesium ions on nucleotide regulation of liver mitochondrial non-phosphorylating respiration
Addition pH 6.9+Mg pH 6.9—Mg pH 7.65+Mg pH 7.65—Mg
None 173213 16.7+1.1 222+1.6 41.1£3.2
ATP 9.8+2.5% 0.1%£0.12 16.7£1.5* 144+1.8*
ADP 15528 n.d. 17.2+2.3 n.d.
AMP 16.5+3.0 n.d. 22.5+2.7 n.d.

CTP 13.3+24 n.d. 18.6+1.6 n.d.

CMP 25.8+2.2% n.d. 274+222 n.d.

GTP 18.7+£29 n.d. n.d. n.d.

GDP 17.4+3.2 n.d. n.d. n.d.
Atractyloside 129+1.2 n.d. n.d. n.d.
ATP+atractyloside 29+1.32 n.d. n.d. n.d.
ADP+atractyloside 8.7£1.0% n.d. n.d. n.d.

Data are mean* S.E.M. of 5-8 preparations. Mitochondria were incubated at 37°C in reaction buffer equilibrated to pH 6.9 or 7.65
containing either 2 mM MgCl, (+Mg) or | mM EDTA (—Mg). Atractyloside was added to 30 uM. Respiration (in nmol O,/(min per
mg protein)) was measured as described in Section 2. Nucleotide additions were as described in Fig. 2, but only 12-mM concentra-
tions are shown. Data within a column were analyzed by one-way ANOVA using Fisher’s LSD post hoc test, or t-test. n.d., not de-
termined.

#Values within a column which are significantly different from respiration with no addition. At pH 6.9, the ATP ICs, was significantly
lower without versus with Mg (2.3£0.5 vs. 11.0£ 1.4 mM; t-test).

included in the reaction buffer (Table 1). In contrast,
CMP significantly increased respiration (peak in-
crease of 11.0 nmol O,/(min per mg protein), or
75% at 17.1 mM CMP) while JC-1 fluorescence
was reduced significantly (3.5 FU/mg, or 11% at
peak respiratory response; Fig. 2). The CMP concen-
tration that yielded half-maximal respiratory stimu-

lation was determined to be 4.4 = 0.5 mM. This effect
was attenuated at pH 7.65 (Table 1).

Similar trends were seen with skeletal muscle mi-
tochondria - ATP and CTP had the greatest inhib-
itory effects on respiration and fluorescence while
ADP and AMP had progressively smaller effects (Ta-
ble 2 and Fig. 3). The inhibitory effects of ATP and

Table 2

Effects of pH and magnesium ions on nucleotide regulation of muscle mitochondrial non-phosphorylating respiration
Addition pH 6.9+Mg pH 6.9—Mg pH 7.65+Mg pH 7.65—Mg
None 93.6+3.6 108.5+4.1 81.3+2.8 102.3+6.4
ATP 454+9.32 18.8+5.92 102.8£2.4% 85.0%£5.2
ADP 63.5+6.8* n.d. 102.6 £2.0? n.d.

AMP 73.6+8.3* n.d. 97.0+3.1* n.d.

CTP 58.4+6.9% n.d. 95.3+1.8* n.d.

CMP 112.2+5.22 n.d. 103.9+3.12 n.d.

GTP 88.1+7.8 n.d. n.d. n.d.

GDP 82.3+8.4 n.d. n.d. n.d.
Atractyloside 98.6+6.1 n.d. n.d. n.d.
ATP+atractyloside 65.9+3.4% n.d. n.d. n.d.
ADP+atractyloside 82.6+£2.9 n.d. n.d. n.d.

Data are mean + S.E.M. of 5-8 preparations. Mitochondria were incubated at 37°C in reaction buffer equilibrated to pH 6.9 or 7.65
containing either 2 mM MgCl, (+Mg) or | mM EDTA (—Mg). Atractyloside was added to 30 uM. Respiration (in nmol O,/(min per
mg protein)) was measured as described in Section 2. Nucleotide additions were as described in Fig. 2, but only 12-mM concentra-
tions are shown. Data within a column were analyzed by one-way ANOVA using Fisher’s LSD post hoc test, or t-test. n.d., not de-
termined.

2Values within a column which are significantly different from respiration with no addition. At pH 6.9, the ATP ICs, was significantly
lower without versus with Mg (6.4£1.0 vs. 11.2+1.3 mM; t-test).
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Fig. 3. Effects of adenine (A) and cytidine (B) nucleotides on
isolated skeletal muscle mitochondrial non-phosphorylating res-
piration (VO,) and JC-1 fluorescence (FI) at pH 6.90. Experi-
mental setup and conditions were as described for Fig. 2. Data
are expressed as a percentage of basal respiration and fluores-
cence. Prior to nucleotide addition, basal respiration for ATP,
AMP, CTP, and CMP curves was 83.0%x7.5, 934174,
95.0£5.2, and 98.7£4.6 nmol O,/(min per mg), respectively.
Basal fluorescence readings for ATP, AMP, CTP, and CMP
curves were 18730, 154£18, 160£8, and 147+ 5 FU/mg, re-
spectively. Respiration data are mean*S.E.M. of eight rats
(ATP), seven rats (CTP), or six rats (CMP, AMP). Fluores-
cence data are mean+ S.E.M. of six rats (AMP, CMP) or three
rats (ATP, CTP). Points without error bars indicate S.E.M. was
smaller than the symbol. Statistical analysis was as described
for Fig. 2. For a given nucleotide, asterisks denote concentra-
tions at which both VO, and fluorescence are significantly dif-
ferent from basal.

CTP were abolished at pH 7.65 (Table 2). GTP and
GDP had relatively little effect on respiration (Table
2). As with liver, the inhibitory effects of ATP and
ADP persisted in the presence of 30 uM atractyloside
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VO, (nmol O,/[min x mg protein])
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0" None CMP _ AMP
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Fig. 4. Effects of nucleotide pre-incubation on basal and
FCCP-stimulated non-phosphorylating respiration (VO;) of liv-
er (A) and skeletal muscle (B) mitochondria. Mitochondria
were pre-incubated at 37°C with 12 mM nucleotide for 6 min.
Upon addition of 5 mM succinate, basal VO, (solid bars) was
measured over 14 min, at which time 70 nM (liver) or 20 nM
(muscle) FCCP was added (hatched bars). Preliminary experi-
ments were conducted to determine the concentrations of
FCCP that gave the highest respiratory control ratio (RCR).
The pmol FCCP added per mg mitochondrial protein ranged
from 186-283 for liver and 315414 for muscle. Data are
mean £ S.E.M. of five different preparations. Data for basal and
FCCP-stimulated VO, were analyzed separately by one-way
ANOVA. Significant effects were followed by Fisher’s protected
LSD post hoc test to determine which means differed. Within a
group, means sharing common letters (uppercase for basal and
lowercase for FCCP VO,) do not differ. Respiratory control ra-
tio for each nucleotide was calculated as the FCCP-stimulated
VOs/basal VO,. Liver RCRs were 3.25+0.23%, 1.21£0.08,
2.23+0.21°, 3.87+0.319, and 0.86+0.14° for no addition,
CMP, AMP, TMP, and GDP, respectively. Muscle RCRs were
1.57£0.03%°, 1.49£0.06*, 1.13£0.02°, 1.69+0.04°, and
1.36+0.079. For RCR data, means sharing common super-
scripts do not differ.



322 M.B. Jekabsons, B.A. Horwitz | Biochimica et Biophysica Acta 1503 (2001) 314-328

50
-50
*CMP
= AMP
-150
A
-250

Initial Swelling Rate (AU/[min x mg] x 10%)

50/
50t
*CMP
* AMP
-150
250, B

0 2 4 6 8 10
Nucleotide Concentration (mM)

Fig. 5. Effects of CMP and AMP on liver (A) and skeletal
muscle (B) mitochondrial swelling. Experiments were conducted
as described in Fig. 1. Negative rates reflect decreasing absor-
bance units (AU) and indicate swelling of the mitochondria.
Data are mean* S.E.M. of three preparations. Points without
error bars indicate S.E.M. is smaller than the symbol. Linear
regression was used to fit lines to the data.

(Table 2). Respiration significantly increased with
CMP titrations (Table 2 and Fig. 3). At the peak
increase in muscle respiration, fluorescence was sig-
nificantly reduced (—24.5 FU/mg, or 16%; Fig. 3).

Experiments with ATP were repeated with buffer
in which 1 mM EDTA was substituted for 2 mM
MgCl, to determine if the inhibitory effects of ATP
were due to chelation of Mg. In buffer lacking Mg,
ATP had a significantly greater potency than in the
presence of 2 mM MgCl, (Tables 1 and 2). Further-
more, the attenuated ATP inhibition at pH 7.65 was
completely reversed in liver and partially reversed in
muscle by MgCl, removal (Tables 1 and 2).

3.2. Effects of nucleotide pre-incubation on respiration
and respiratory control ratios (RCR)

From the above results, we predicted that liver and
muscle mitochondria pre-incubated with CMP would
exhibit lower RCR values (entirely because of in-
creased basal non-phosphorylating respiration) than
would mitochondria pre-incubated with nucleotides
that had little to no affect on basal respiration
(e.g., GDP, AMP). As shown in Fig. 4, this was
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Fig. 6. Effects of CMP and TMP on liver (A) and skeletal
muscle (B) proton leak kinetics. The respiratory chain of succi-
nate-energized mitochondria with either no addition or 12 mM
CMP or TMP (8 min pre-incubation) was inhibited with malo-
nate titrations. Membrane potentials were calculated from the
distribution of TPMP within and outside the mitochondrial ma-
trix as described in Section 2 and plotted as a function of respi-
ration (VO,). For liver, data are mean = S.E.M. of three (con-
trol, CMP) or two (TMP) preparations. For muscle, data are
mean £ S.E.M. of five (control, CMP) or two (TMP) prepara-
tions.
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Fig. 7. SDS—polyacrylamide gel electrophoresis (PAGE) analysis
of solubilized liver mitochondrial proteins prior to and follow-
ing batch CMP-agarose chromatography. Solubilized liver mito-
chondrial proteins were incubated with stirring overnight at 6°C
with approximately 3 umol CMP immobilized to an agarose
matrix. The resin was washed 11 times and eluted using 50
pumol CMP. This was followed with a non-specific elution using
0.8 M NaCl at pH 8. Samples were washed/desalted and spin-
concentrated. One third of the final volume was electrophoresed
through a 4% stacking and 12% resolving gel then silver
stained. Lanes: 1, isolated rat UCPI1; 2, purified recombinant
human UCP2; 3, 100000 X g supernatant of solubilized liver mi-
tochondria; 4, final resin wash in 10 mM Hepes (pH 6.90),
1 mM EDTA; 5, resin elution using 50 pmol CMP; 6, non-spe-
cific elution with 0.8 M NaCl; 7, molecular mass markers.
Based on migration of the markers (provided on right), molecu-
lar masses of UCP1 and UCP2 were calculated to be 32.7 and
37.4 kDa, respectively. Recombinant UCP2 contains an addi-
tional 17 amino acids (11 at the N-terminus and 6 at the C-ter-
minus) that is predicted to add 2.2 kDa to its mass. Theoretical
molecular masses of UCP1 and UCP2 are 33.1 and 33.2 kDa,
respectively. Two proteins recovered from the eluted resin
which are similar in size to UCP1 and UCP2 were calculated to
have relative molecular masses of 31.2 and 32.6 kDa.

true for liver but not for muscle mitochondria. Pre-
incubation of liver mitochondria with CMP more
than doubled basal respiration while not significantly
affecting the maximal FCCP-stimulated respiration.
In muscle, basal respiration with CMP was signifi-
cantly greater than that with the other nucleotides
tested, but did not differ from that without nucleo-
tide (Fig. 4B). In both types of mitochondria AMP
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Fig. 8. SDS-PAGE analysis of solubilized skeletal muscle mito-
chondrial proteins prior to and following batch CMP-agarose
chromatography. Isolated skeletal muscle mitochondria were
processed as described in Fig. 7 except that the resin was
washed ten times under slightly less stringent conditions. Lanes:
1, molecular mass markers; 2, 100000 X g supernatant of solu-
bilized skeletal muscle mitochondria; 3, final resin wash with 10
mM Hepes (pH 6.90), 1 mM EDTA; 4, resin elution using 50
umol CMP; 5, non-specific elution using 0.8 M NaCl; 6, rat
UCP1; 7, recombinant human UCP2. Based on migration of
the markers (provided on right), molecular masses of UCP1
and UCP2 were calculated to be 33.7 and 38.7 kDa, respec-
tively. Recombinant UCP2 contains an additional 17 amino
acids (11 at the N-terminus and 6 at the C-terminus) that is
predicted to add 2.2 kDa to its mass. The two proteins closest
in size to UCP1 and UCP2 had relative molecular masses of
35.0 and 37.2 kDa.
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and GDP had little effect on basal respiration but
significantly reduced the effect of FCCP. We also
tested 2’-deoxythymidine 5’-monophosphate (TMP)
to determine if a different pyrimidine monophos-
phate had effects similar to CMP. This was not the
case, as TMP significantly increased liver RCR and
tended to increase muscle RCR.

3.3. Nucleotide effects on mitochondrial swelling

To further investigate the effect of CMP, inner
mitochondrial membrane proton permeabilities
were assessed by measuring initial swelling rates of
non-respiring mitochondria. Increasing membrane
proton permeability with titrations of FCCP pro-
duced significant changes in liver (not shown) and
skeletal muscle mitochondrial swelling rates (Fig.
1). Increasing concentrations of CMP also stimulated
both liver and muscle mitochondrial swelling (Fig.
5). At the highest concentration tested, CMP-stimu-
lated swelling was 45% and 33% of that induced by
0.5 uM FCCEP in liver and muscle, respectively.

In these experiments, CMP was added as a sodium
salt containing 2 mol sodium per mol nucleotide,
whereas AMP contained 1 mol sodium per mol nu-
cleotide. To preclude the possibility that the differ-
ences between CMP and AMP were the result of
differences in the amount of sodium added into the
swelling buffer, control experiments were performed
in which the amount of sodium was adjusted in the
AMP stock to equal that of the CMP stock. Even
with the additional sodium, AMP did not stimulate
swelling of either liver or skeletal muscle mitochon-
dria; in fact, mitochondria tended to shrink (as in-
dicated by an initial increase in absorbance units
after addition) as a result of the additional osmotic
load (data not shown).

3.4. Nucleotide effects on proton leak kinetics

Following pre-incubation with CMP, TMP, or no
nucleotide, oligomycin-treated and succinate-ener-
gized mitochondria were titrated with malonate (a
competitive inhibitor of succinate dehydrogenase)
so that changes in AY via TPMP distribution could
be determined as respiration progressively slowed. In
this way the respiration required to sustain a given
AW could be determined. In the presence of CMP,

ucpP2 ' — ~1.5Kb
UCP3
28S
188
B
1650 bp
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ucp2 ~ 850
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G3PDH 400
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Fig. 9. Expression profiles of UCP2 and UCP3 in lean Zucker
rat liver and skeletal muscle assessed by Northern blot (A) and
RT-PCR (B). Northern blotting and RT-PCR was performed
as described in Section 2. (A) Lanes: 1, spleen; 2, liver; 3, gas-
trocnemius; 4, soleus; 5, tibialis anterior. Approximate sizes of
the signals, in kilobase pairs (Kb), are indicated on the right.
Ethidium bromide staining of 28S and 18S RNA is provided
for verifying equal RNA loading. A 2-day exposure of the blot
at —80°C with intensifying screen was sufficient to detect UCP3
in muscle but not UCP2 in liver or muscle. Lanes in B are as
in A, except that lane 6 is a molecular mass ladder, in base
pairs (bp). Amplification of glyceraldehyde 3-phosphate dehy-
drogenase (G3PDH) served as positive control for RT-PCR re-
actions.

liver but not muscle mitochondria required a greater
respiration rate to sustain a given AY¥ (Fig. 6). After
linear transformation of the data, analysis of cova-
riance revealed no significant main effect of nucleo-
tide on the slopes in either tissue (0.1 <P <0.05).
However, a Tukey post hoc test revealed that, in
liver, the slope with CMP differed significantly
from that with TMP or no addition. In muscle, nei-
ther the CMP nor the TMP slopes were significantly
different from the control slope.



M.B. Jekabsons, B.A. Horwitz | Biochimica et Biophysica Acta 1503 (2001) 314-328 325

3.5. CMP-agarose chromatography

Because our results consistently showed a CMP
effect in liver but not muscle, we wanted to determine
if liver mitochondria contain a CMP-binding protein
that is absent from muscle mitochondria. Isolated
liver and skeletal muscle mitochondria from two
fasted rats were solubilized for 45 min in our stan-
dard reaction buffer containing 4% Triton X-100.
The solubilized proteins were incubated overnight
with CMP-agarose, which was then washed exten-
sively and subjected to a CMP elution. Two proteins
of particular interest that were eluted from liver but
not muscle (despite using less stringent washing of
the muscle preparations) had relative molecular
masses of 31.2 and 32.6 kDa (Figs. 7 and 8). To
determine the protein remaining following the CMP
elution, the resin was treated with 0.8 M NaCl at pH
8. No unique bands (vs. CMP treatment) were ob-
tained, indicating that the resin was washed suffi-
ciently to remove any non-specifically bound pro-
teins.

3.6. UCP2 and UCP3 expression

Expression of liver and spleen UCP2, and muscle
UCP2 and UCP3 were determined in our lean Zuck-
er rat colony to verify that this strain expresses these
genes in a manner similar to other rat strains. UCP2
was not detected in liver or muscle after exposing
Northern blots for 2 days to X-ray film with intensi-
fying screen (Fig. 9). Using the same exposure, a
UCP3 signal was detected in gastrocnemius, soleus,
and tibialis anterior. Liver and muscle UCP2 signals
were obtained by RT-PCR (Fig. 9B).

4. Discussion

The primary objective of this study was to test the
hypothesis that adenine nucleotide tri- and diphos-
phates inhibit basal liver and skeletal muscle mito-
chondrial proton leak. Our data negate this hypoth-
esis. ATP and ADP (as well as CTP) inhibited
respiration and fluorescence, indicating that these nu-
cleotides inhibited one or more components of the
respiratory chain. Additionally, GTP and GDP did
not significantly affect liver respiration and had

small, albeit significant, inhibitory effects on muscle
respiration. We chose to conduct most of these ex-
periments at a relatively non-physiological pH of 6.9,
similar to other studies with UCP2 and UCP3 [4-
7,16], because UCP1 binds nucleotides more effec-
tively under acidic conditions [17]. Thus, if nucleo-
tides were to have an effect on proton leak via inhi-
bition of UCP2 and UCP3, the effect should be more
obvious at lower pHs.

Our results, together with recent findings [8,18],
suggest that the basal proton leak common in mito-
chondria from many different tissues is not inhibited
by purine nucleotides. One interpretation of these
data is that UCP2 and UCP3 do not mediate the
basal proton leak in mammalian mitochondria.
This interpretation is valid if the purine nucleotide-
sensitive activities of reconstituted UCP2 and UCP3
measured by Jaburek et al. [3] and Echtay et al. [4]
accurately reflect that which occurs in isolated mito-
chondria. The possibility that UCP2 and UCP3 are
inactive in isolated mitochondria [7,16,19] could ex-
plain why purine nucleotides do not inhibit proton
leak. If this were true, the conclusion must be that
these proteins do not mediate the basal leak observed
in isolated mitochondria. However, since Zhang et
al. [7], Hinz et al. [5], and Rial et al. [6] did not
find purine nucleotide-sensitive uncoupling in iso-
lated yeast mitochondria expressing recombinant
UCP2 and UCP3, the alternative interpretation of
our data is that effects of purine nucleotides cannot
be used as a valid means of determining if UCP2 and
UCP3 mediate basal proton leak.

In these experiments BSA was neither included
in the isolation buffer nor in the reaction medium.
Consequently, fatty acids, which are potential co-
factors necessary for reconstituted UCP2 and
UCP3 activity [3], were certainly present in our prep-
arations (albeit at unknown levels). The possibility
that the endogenous fatty acids were depleted
via B-oxidation within the mitochondrial matrix dur-
ing the 6-8-min preincubations at 37°C is extremely
unlikely because respiration was negligible during
this period. Moreover, the reaction buffer contained
rotenone to eliminate any NADH-linked substrate
oxidation, and lacked carnitine, which is required
for fatty acid transport into the matrix. Therefore,
the fact that we did not observe an effect of purine
nucleotides on proton leak is unlikely to be due to
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the absence of fatty acids in our mitochondrial prep-
arations.

We did find a pyrimidine nucleotide-inducible leak
in liver mitochondria. At 12 mM CMP, proton leak
was about 2.5 times greater than without nucleotide
(Fig. 6) and basal respiration was increased to 71%
of that caused by the ohmic uncoupler FCCP (Fig.
4). Because the concentration of CMP required to
stimulate the leak far exceeds the physiological range
for pyrimidine nucleotide monophosphates [20],
CMP cannot be considered a physiologically impor-
tant regulator. Nonetheless, we do not believe that
CMP acts in a non-specific manner because (a) the
effect is not observed in skeletal muscle mitochon-
dria; (b) within the same concentration range, none
of the other nucleotides tested had the same affect;
(c) the effect was reduced at pH 7.65; and (d) there
were proteins recovered from liver mitochondria by
CMP chromatography that were not recovered from
muscle mitochondria, where CMP did not affect the
leak kinetics. The importance of this finding resides
in the fact that we have found a non-fatty acid com-
pound that acutely activates a leak in a tissue other
than BAT. This raises the possibility that there are
physiologically relevant intracellular factors which
regulate mitochondrial proton leak and, potentially,
resting metabolism.

Further experiments are necessary to determine if
the proteins isolated from liver mitochondria that are
similar in size to UCPs and other members of the
mitochondrial carrier protein family are responsible
for the CMP-inducible leak. Although UCP2 is ex-
pressed in lean Zucker rat liver (Fig. 9), CMP is
unlikely to act via this protein because it is also
present in muscle (Fig. 9), where the leak is not af-
fected by CMP. Moreover, because UCP2 is only
weakly expressed in liver due to its apparent absence
in parenchymal hepatocytes [21], the pronounced un-
coupling effect of CMP likely involves a protein that
has greater abundance in this tissue. This raises the
possibility that liver mitochondria express a protein
with uncoupling activity that is not expressed in
muscle mitochondria.

Since UCP1 homologs are up-regulated in certain
tissues by fasting [22-26], we fasted our rats prior to
attempting protein isolation using CMP-agarose. It
should be emphasized that the leak mechanism in-
duced by CMP may be entirely different from that of

the basal leak; our data provide no evidence about
the mechanism that causes the basal leak in liver or
muscle, other than it is insensitive to nucleotides such
as ATP and CTP.

Mitochondrial swelling is used as an index of inner
mitochondrial membrane proton permeability. We
found that CMP did stimulate muscle mitochondrial
swelling despite the fact that it did not significantly
stimulate non-phosphorylating respiration or the ki-
netics of the leak in this tissue. This discrepancy may
be related to the fact that swelling was measured in
non-energized mitochondria while all other experi-
ments were conducted with mitochondria oxidizing
succinate. Since proton pumping by the respiratory
chain does not ‘slip’ (i.e., reduced H/O) at high A¥Y
[27], Fig. 6 illustrates that the magnitude of the leak
is dependent upon the inner mitochondrial mem-
brane potential. Under non-phosphorylating condi-
tions, energized mitochondria generate a maximal
membrane potential-driven leak. This leak may be
sufficient to mask any small CMP-mediated effect.
We did obtain different proteins from muscle vs. liver
mitochondria via CMP chromatography, albeit
under slightly less stringent conditions than that
used for liver. Thus, we cannot rule out the possibil-
ity that CMP does affect the inner membrane proton
permeability of muscle mitochondria under certain
conditions.

Dose-dependent inhibition of respiration and fluo-
rescence by ATP and CTP indicates that these nu-
cleotides inhibit the electron transport system. The
fact that ATP had the same effect in the presence
of atractyloside indicates that it did not inhibit res-
piration by acting within the mitochondrial matrix.
Proteins which hydrolyze a nucleotide triphosphate
to drive their catalytic activities (e.g., kinases) typi-
cally require Mg to be complexed with the triphos-
phate. In contrast, Mg-free nucleotides are the pre-
ferred ligand for enzymes that are allosterically
regulated by nucleotides. Removing Mg from the
reaction buffer significantly increased the inhibitory
effects of ATP, suggesting that it did not act as sub-
strate for a kinase. Moreover, these data negate the
hypothesis that the inhibitory effects of ATP (and
probably CTP) are an indirect result of Mg removal
from the buffer by chelation with the triphosphate.
Taken together, these data suggest that ATP allos-
terically inhibits respiratory chain activity via a bind-



M.B. Jekabsons, B.A. Horwitz | Biochimica et Biophysica Acta 1503 (2001) 314-328 327

ing site which faces the cytosol. This site is not on
complex I of the respiratory chain because rotenone
was present to block all NADH linked oxidation.
Since CTP is not used by kinases in phosphorylating
reactions, it may be acting in a manner similar to
that of ATP.

Cytosolic oriented, low-affinity (i.e., millimolar
range) binding sites for ATP have been reported to
exist on cytochrome ¢ [28,29] and cytochrome ¢ ox-
idase [30]. Based on experiments using the isolated or
reconstituted proteins, cytosolic ATP levels have
been proposed to play a physiologically relevant
role in allosterically inhibiting electron transport
through these enzymes [29,30]. Matrix ATP binding
sites on cytochrome ¢ oxidase have also been sug-
gested as important in regulating electron transport
chain activity [31-33]. Our data with isolated mito-
chondria suggest that one or more low-affinity cyto-
solic sites for ATP may control respiratory chain
activity. However, an intracellular pH of 6.9 repre-
sents an acidic condition likely to occur in vivo only
during exercise or ischemia [34]. Under such condi-
tions, ATP levels fall below their resting concentra-
tions, which in rat liver has been reported to be 6.2
mM [35]; thus, the ICsy values obtained do not re-
flect the intracellular ATP levels which would be
present in vivo at pH 6.9. Nonetheless, the cytosolic
concentration of Mg during high metabolic activity is
a potentially important factor dictating the efficacy
of ATP. Further studies at a pH of 7.1-7.2 are re-
quired to determine the concentration of ATP neces-
sary to regulate respiratory chain activity during pe-
riods of relatively low metabolic activity. Regardless
of pH, the physiological significance of respiratory
inhibition by CTP is questionable given that it is
typically present at concentrations one to two orders
of magnitude less than the calculated ICs, value.

In summary, liver mitochondrial proton leak is
activated by non-physiological concentrations of cy-
tidine 5’-monophosphate. Energized muscle mito-
chondria were not affected by CMP. The CMP-in-
ducible leak in liver may be mediated by proteins
with relative molecular masses of 31.2 and/or 32.6
kDa. In liver and muscle, ATP and CTP inhibit elec-
tron transport at a pH- and Mg-sensitive cytosolic
site. Given the concentrations required to achieve
inhibition, ATP is the only nucleotide with potential
physiological relevance.
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