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Low content of mitochondrial ATPase in brcwn adipose tissue is the
result of post-transcriptional regulation
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The mRNA levels of ATPase 8, ATPase 6, cytochrome oxidase (COX) VIb and COX 1 subunit: were found 1o be 2.4-13.8-fold higher in brown
adipose tissue (BAT) than in heart, skeletal muscle, brain and liver of mice. The comparison with tissue contents of ATPase and COX revealed
that the selective, 5-11-fold reduction of ATPase in BAT is not caused by decreased transcription of ATPase genes. Likewise, the ATPase § and
COX Vib mRNA levels in cultured brown adipocytes were also not influenced by norepinephrine. which activated the expression of the UCP gene
by two orders of magnitude. The resuits indicate that the biosynthesis of mitochondrial ATPase in BAT is post-transcriptionally regulated,
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1. INTRODUCTION

In brown adipose tissue (BAT), oxidative phospho-
rylation is physiologically uncoupled due to the pres-
ence of a tissue-specific mitochondrial uncoupling pro-
tein (UCP), and the chemical energy of oxidized sub-
strates is fully converted into heat rather than into ATP
formation [1]. The high oxidative capacity of BAT mito-
chondria is not paralelled by phosphorylating activity
and, in contrast with other tissues, the content of mito-
chondrial ATP synthase (ATPase) is exceptionally low
in BAT [2,3]. This concerns both the catalytic F, part
and the membrane-bound F, part of the enzyme [2-4].
The mechanism of selective reduction of ATPase in
BAT is not known. Mitochondrial ATPase is composed
of 11 nucleus-encoded and 2 mitochondrially encoded
subunits [5,6} and the low content of the enzyme may
reflect its depressed synthesis due to a reduced expres-
sion of ATPase nuclear genes.

In the present study we compared the steady state
mRNA levels of representative mitochondrial and nu-
clear genes encoding ATPase and cytochrome oxidase
subunits in BAT and other tissues of mice. It was found
that, in spite of the low content of ATPase in BAT, the
expression of all the genes tested is highest in BAT,
indicating thax not transcriptional, but extra transcrip-
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tional events are responsible for the selective reduction
of the ATPase content in BAT.

2. MATERIALS AND METHODS

Four-week-old mice of Balb/c outbred sirain were maintained at
room temperature, on a 12 h light/12 b Jdark cycle. When indicated,
animals were exposed 1o 4°C prior to use. The animals were killed by
decapitation and tissuc samples for RNA isolation were frozen in
Liquid nitrogen. For other assays, 5% homog..:ates (w/v) were prepa-
red in 0.25 M sucrose, 10 mM TrisHCI, 1| mM EDTA, pH 7.4, and
filtered through a 250 gym nylon screen.

The stromal-vascular cclls from BAT were isolated and cultivated
as previously [7]. Experiments were performed with cells cultured for
7 days.

Total RNA was isolated as described in [8] and checked for purity
and integrity. For Northern blot analysis, 20 ug RNA aliquots were
denatured in the presence of glvoxal, separated by clectrophoresis in
1.2% agarose gel and transferred to a nylon membrane (Hybond-N,
Amersham) according to standard procedures [9]. Hybridization was
carried out overnight at 68°C in 5x Denhardt’s solution, 5x SSC, 50
mM sodium phosphate, pH 6.5, 0.1% SDS and 250 ug/ml of herring
sperm DNA. Blots were washed in 2x SSC, 0.1 % SDS (2x 15 min,
room temp.) and 0.1x SSC, 0.1% SDS (2x 15 min, 55°C). Following
autoradiography the blots were stripped for 66 min at 95°C in 0.1%
SDS and sequentially re-hybridized with several DNA probes.

The cDNA probes were gencrously provided by the following in-
vestigators: 1.26 kb EcoRI fragment of the rat ATPase fS-subunit
cDNA in pUCI19 [10], by Prof. P.L. Pedersen (The Johns Hopkins
University, Baltimore, USA); 0.4 kb EcoRI1 fragment of the bovine
COX VIb subunit cDNA in pT,T,, by Prof. B. Kadenbach (Plullips
University, Marburg, Germany); 1 kb Pssl fragment of the mouse
UCP ¢cDNA in pBR322 [11], by Dr. a. Jacobsson (Stockholm Uni-
versity, Sweden); 3 kb EcoRI fragment C of rat miDNA (encoding
COX I and II and ND 2) in pUNI121 {12}, by Prof B.D. Nelson
(Stockholm University, Sweden); and 0.5 kb fragment of rat mtDNA
{13] encoding A T'Pase subunits 6 and 8 in the Bluescribe vector by Dr
V. Petruzella (University of Bari, Bari, Italy). The clones were li-
nearized and labeled with [a-YP}JACTP by random priming.

The content of COX and F,-ATPase was mecasured by immunoblot-
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Table |

Specific content of COX and AT Pase in mousce tissues

ATPusc:

Tissue COX ATPasc
COX
O e BICOX V)
Activity COX IV B-subunit
rmokess conient content
min‘mg protein) {ally‘mg (all/img
protein) protein)
Liver 0.72 2 0.12 37+ 4 36+ 2 0.97
Brown 1.72 £ 042 100 + 25 17+ 2 .17
adipose
Heart 1.22 + 0.14 100 + 17 100 + 10 1.00
Muscle 0.26 + 008 17+ 4 32+ 13 1.88
Brain 0.66 + 0.18 26+ 3 22t 4 085

COX activity was measured spectrophotometrically. the content of
COX IV and of ATPase S-subunits was determined by Western blot
analysis using tissue homogenates. Immune complexes of the respec-
tive signals were evaluated Gy densitometry, and specific content of
subunits was expressed in arbitrary units (alJ)mg proten in relation
to the values observed in hieart. The values are means + SIX{n = 4-6).

ting as before [14] using rabbit antisera to rat heart cytochrome oxi-
dase subunit IV [15] and bovine heart F.-ATPase [16]. The protein
content was determined as described {17] using BSA as standard. For
densitometric scanning of Northern and Wesiern blots Molecular
Dynamics Densitometer and Shimadzu TEC Scanner CS 930 were
used.

3. RESULTS AND DISCUSSION

With the aim to investigate the events responsible for
the low content of ATPase in BAT, several mouse tis-
sues were first analyzed for the content of ATPase and
cytochrome cxidase. Since ATPase decreases in BAT
with increasing therrmogenic capacity [14], cold-exposed
(3 days) animals were used. As shown in Table 1, both
the COX activity and COX content, measured immuno-
chemicelly as the content of the COX 1V subunit, were
found to be highest in BAT, when compared with heart,
liver. muscle and brain. Oligomycin-sensitive ATPase
activity cannot be precisely measured in tissue homoge-
nates: therefore, the enzyme was quantified as the con-
tent of the highly homologous ATPase f-subunit [6,18]
using anti-F; anuibodies. In line with previous reports
[2,3] the content of ATPase was lowest in BAT, both
absolutely and in reilation to the COX content. The
respective  ATPase/COX ratio was thus 5-11!-times
lower in BAT.

In an attempt to determine whether the transcription
of genes for ATPzse subunits is suppressed in BAT, the
total RNA isolated from different mouse tissues was
analyzed by INorthern blotting. The steady state levels
of transcripts of nuclear genes for tissue-unspecific [19]
COX VIb subunit and for the catalytic ATPasc S-sub-
unit, as well as of mitochondri:l genes for ATPase 6 and
COX I subunits, were measured (Fig. 1). The highest
levels of COX VIb mRNA were found in BAT and were
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Fig. 1. Northern blot analysis of transcripts of two nuclear and two
mitochondrial genes coding for subunits of ATPasc and COX. 20 ug
aliquots of total RNA from mouse liver (L), brown adipose tissue
(BA), heant (H), skeletal muscle (M) and brain (B) were analyzed.
Sequential hybridization was performed with appropriate *?P-labeled
cDNA probes for the COX VIb subunit, COX I subunit, ATPase
B-subunit and ATPase 6 subunit. The position of 28 S and 18 S
ribosomal RNA is indicated. The content of transcripts evaluated
from autoradiographs by densitometry was cxpressed in % of value
for heart.

lower in heart., muscle. brain and liver, and a similar
pattern was obtained in the case of COX I mRNA. The
total RNA from BAT also contained the highest leveis
of transcripts of ATPase subunits of both nuclear aud
mitochondrial origin. The observed profiles in different
tissues were again very similar to those of mRNAs of
COX subunits indicating that the levels of nuclear tran-
scripts of ATPase and COX subunits are in close rela-
tion (the ATPase S-subunit mRNA/COX VIb mRNA
arbitrary ratio was 1.26 in liver, 0.85 in BAT, | in heart,
1.1 in muscle and 0.87 in brain) and that the expressicn
of nuclear and mitochondrial genes investigated is well
coordinated in tissues that differ 2.4-13.8-fold (BAT vs.
other tissues) in transcriptional activity (Table II). The
results are in agreement with the differential expression
of the ATPase fi-subunit gene in human tissues [18] and
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Table i1

Relative levels of ATPase S-subuitit and COX VIb mRNAs in mouse
tissues

Tissue B-Subunit mMRNA  COX Vib mRNA f-subunit mRNA
COX Vib mRNa

(/mg (‘au {/mg (/au
tissue) ATPase) tissue) COX)

Liver 2.78 0.37 2.20 0.29 1.26
Brown 25.87 7.84 30.27 1.54 0.86
adipose

Heart 10.75 0.70 10.75 0.70 1.00
Muscle 3.17 1.50 2.87 1.79 1.'0
Brain 2.65 0.56 305 1.22 0.87

Densitometric data of f-subunit and COX Vih mRNAs were ex-

pressed in % of heart values. Relative ievels of transcripts were calcu-

lated per mg wet weight and in relation to the content of ATPase and

COX, respectively. The mean of mRNA values determined from 3

Northern blots, performed as in Fig. 1, and Western blotting data
from Table I, were used for calculations.

also with previous findings of coordinated expression of
COX IH and CGXx V. genes in rat tissues [20]. Most
importantly, however, the results rule out the possibility
that the low content cf ATPase in BAT results from low
levels of transcripts of the nucleus-encoded ATPase
subunits due to transcriptional regulation.

The translational efficiency of mRNAs of ATPasc
subunits therefore appears to be extremely low in BAT.
This is indicated in Table Il where the amounts of
ATPase S-subunit and COX VIb transcripts were calcu-
lated per mg wet weight and were also related to the
content of corresponding enzyme in each tissue. The
ATPase f-subunit mRNA/ATPase ratio in BAT was
thus found to be S-times higher than in muscle and
11-1¢-times higher than in other tissues. In contrast, the
COX VIb mRNA/COX ratio in BAT was within the
range of values found in other tissues, being almost the
same as in muscle and brain.

Expression of several nuclear genes encoding mito-
chondrial proteins has been shown to be developmen-
tally and hormonally regulated. This concerns, for ex-
ample, COX subunits [21], acyl CoA dehydrogenase
[22], malate dehydrogenase [22], ADN translocator
[23,24] and also the ATPase S-subunit [25]. This subunit
is one of the six proteins selectively stimulated in liver
by thyrcid hormones [25], and regulation is attained in
different developmental states either at transcriptional
or at translational levels [25]. In BAT numerous trophic
processes are controlled and modulated by catecholami-
nes (for review see [26]), including the biogenesis of
mitochondria [7,27,28]. Activation of synthesis of mito-
chondrial UCP [7,28] or of lipoprotein lipase {29] are
fine examples of transcriptional regulation of nuclear
genes which is attained through the action of catechola-
mines liberated upon exposure of animals to cold [26].
As shown in Fig. 2 and Table IIl, the steady state level
of UCP mRNA is highly stimulated in primary BAT cell
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Fig. 2. Northern blot analysis of UJCP and ATPase S-subunit mRNAs.

20 ug aliquots of total RNA isolated from cultured mouse BAT cells

(C, control; Ne, I uM norepinephrine for 12 h), BAT of control (C)

and cold-expased (4°C; 24 h) mouse were analyzed using UCP (upper

panel) and ATPase S-subunit (lower panel) cDNA probes, The posi-
tion of 28 8 and 18 S ribosomal RNA is indicated.

cultures when exposed at confluence to norepinephrine
or to dibutyryl cAMP. The level of UCP mRNA is also
further increased in mouse BAT when the animals are
briefly exposed to cold (Fig. 2). Neither in cultured cells
nor in BAT, howcver, are these changes accompanied
by any change in the ATPPase f-subunit mRNA levels.
The expression of the ATPase f-subunit gene thus does
not seem to be influenced in BAT by norepinephrine
and changes in intracellular cAMP levels. The same
seems to be true for the COX VIb gene (Table III).
These observations are in agrzement with Western blot
data on the synthesis of UCP, F,-ATPase and cyto-

Table 1H

Effect of norepinephrine on UCP, ATPase B-subunit and COX VIb
mRNA levels in cultured BAT cells

mRNA Relative change after norepinephrine stimulation
ucCP » 100

ATPase §§ 096 022

COX Vib 088 + 0.26

The levels of transcripts in cultured BAT cells supplemented for 12 h
with 1 uM norepinephrine w.rc related to the respective levels of
transcripts in control cells. Data are the mean + SD of 4 experiments.
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chrome oxidase in cultured BAT cells [7.27] and suggest
that the control of ATPase synthesis in BAT is atuained
at a post-transcriptional level.

Further experiments would be necessary to exactly
determine which step in ATPase synthesis and assembly
is rate-limiting in BAT and what are the putative regula-
tory factors involved. Preliminary data on the stabslity
of mRNAs in BAT (P. Tvrdik and J. Housté¢k, un-
published) are rather in favor of the control occurring
at translational or post-translational levels.
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