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1. Introduction 

In brown adipose tissue (BAT), as in other tissues, 
heat production is the result of an increase in respira- 
tion [ 1,2] . An obligatory coupling of mitochondrial 
respiration to ATP synthesis [3] implies that if 
respiration in BAT is to markedly increase a similar 
increase must concomitantly occur in ATP synthesis. 
Thus, either the capacity of the ATP synthesizing 
system parallels the respiratory system, or respiration 
must become uncoupled from the constraints imposed 
by limited ATP synthesis. Available evidence suggests 
that a form of physiological uncoupling, specific for 
the tissue, occurs [4-61. An alternative hypothesis, 
recently reiterated, has, however, proposed that 
coupling remains intact and the high amount of ATP 
which would be formed is utilized by a cytoplasmic 
membrane ATPase [7-lo] . 

The hydrolytic activity of the ATPase of BAT- 
mitochondria is low relative to that of rat liver mito- 
chondria [11,12]. Also, addition,of uncoupler to 
mitochondria respiring in State 3 produces only a 
30% increase in respiration in rat liver but a 500% 
stimulation in BAT [ 131. This indicates a low activity 
of the ATP synthesizing system with respect to 
exogenous ADP in intact BAT-mitochondria. Addi- 
tionally, Lindberg et al. [5] were not able to demon- 
strate the characteristic protrusions on the inner side 
of the inner mitochondrial membrane believed to 
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correspond to the ATPase complexes, under conditions 
which revealed them in other tissues [ 141. 

In view of these observations we have found it 

important to isolate and quantitate the ATPase from 
BAT-mitochondria and to compare it with other 

mitochondrial ATPases. The method described is 
suitable for the isolation of the soluble ATPase from 
small amounts of mitochondria. The work also 
demonstrates that an ATP synthesizing system which 
could parallel the capacity of the respiratory system 
during thermogenesis is not present in the mito- 
chondria from hamster brown adipose tissue. 

2. Materials and methods 

2.1. Isolation of mitochondria 
BAT-Mitochondria were isolated from golden 

hamsters, cold acclimated for at least 3 weeks, by 
the method described for rat BAT-mitochondria 
[15] . Rat liver and beef heart mitochondria were 
isolated by conventional methods [ 16,171. 

2.2. Purification of the mitochondrial ATPases from 
BAT and beef heart 

All operations were performed at 2-5°C. Mito- 
chondria, prepared in 0.25 M sucrose, were stored at a 
concentration of 50 mg protein/ml under nitrogen at 
-20°C until required. In a typical isolation procedure 
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250 mg mitochondrial protein was thawed, and 
diluted with 1 vol buffer 1 mM Tris-HCl, pH 8, con- 
taining 2.5 mM EDTA, 2.5 mM 2-mercaptoethanol, 
1 mM ATP and 20% (v/v) methanol. The diluted 
mitochondria were centrifuged at 45 000 X g for 

10 min, the yellow supernatant discarded, and the 
pellet resuspended in about 18 ml of the above buffer. 

This suspension was sonicated in a manner similar 

to that described by Horstman and Racker [ 181. A 
Branson sonifier fitted with a small tip was used at 
maximum power. The sonication was performed 

such that the temperature of the solution rose to 
35°C during the first 7.5 mm, and to 50°C during the 

subsequent 7.5 min, after which time it was returned 
to 0°C. The sonicate was then centrifuged at 
150 000 X g for 45 min. The pellet was discarded and 
to each 10 ml of clear yellow supernatant 3 ml of 
50% (w/w) aqueous poly-(ethylene glycol) (av. mol. 
wt 6000) was added slowly while the mixture was 
stirred. The solution was then brought to 2.5 mM 
MgC12 and the resultant precipitate was collected by 
centrifugation at 40 000 X g for 15 min. The precipi- 
tate was dissolved in about 1 ml 50 mM Tris-HCl, 

pH 8.0, containing 20% methanol and 2.5 mM 
2-mercaptoethanol. The BAT-enzyme was then 
applied to a column of Sepharose 6B (1.5 X 100 cm) 
and eluted with the same buffer. Fractions containing 

ATPase activity were pooled and loaded onto a 
column of Sephadex A-25 (1 X 4 cm) (Whatman 
DE-52 will also work) equilibrated with the above 

buffer. The enzyme was eluted with a linear gradient 
formed from 0.15 M and 0.5 M Tris-HCl, pH 8, both 
containing 20% methanol and 2.5 mM 2-mercapto- 
ethanol, 20 ml of each solution. 

The beef heart material yielded a homogeneous 
ATPase after DEAE-chromatography without the 
Sepharose 6B filtration step. Fractions containing 
enzyme activity were pooled and concentrated 
either by poly(ethylene glycol) precipitation as 
described above or in an Amicon Diaflo all using a 
PM1 0 membrane. 

2.3. Other procedures 
ATP synthesis [ 191, ATPase activity [20] and 

respiration rates [21] were measured by published 
procedures. 

Antimycin A concentration was calculated from 
its absorbance [22]. Energy coupling in BAT mito- 

chondria was established by addition of 1 mM GDP 
and 20 mg/ml bovine serum albumin (Pentex, fatty 
acid poor) [23 J . Procedures for gel electrophoresis 

and staining were essentially as described for the 
Escherichia coli ATPase [20] . 

Antibodies against beef heart ATPase were prepared 

by intramuscular injection of 600 1.18 purified enzyme 
in 2 ml 0.1 M potassium phosphate (pH 7) mixed 
with an equal volume of Freund’s complete adjuvant 
into each of two rabbits. Intramuscular booster 
injections were performed at 4 and 6 weeks, using 
2 mg antigen each time. Seven days after the last 
injection, about 30 ml blood was collected from the 
ear vein of each rabbit. After clotting the blood serum 
was collected by centrifugation. 

Aurovertin was a gift from Dr R. B. Beechy. 

3. Results and discussion 

3.1. Evaluation of respiratory chain and ATPase 
components 

Evidence for an increased amount of respiratory 
chain components in BAT-mitochondria compared to 
rat liver mitochondria was obtained by inhibition 

studies with Antimycin A. Antimycin A combines 
specifically and stoichiometrically with cytochrome b 
(one per two cytochrome b molecules) [24]. Figure 1 

0” 0.1 1 
n-mole ANTIMYCIN A/mg protein 

Fig.1. Antimycin A inhibition of uncoupled respiration in 
mitochondria from hamster brown adipose tissue and rat 
liver. Incubation medium: 100 mM KCI, 20 mM K-TES, 
4 mM KH,PO,, 2 mM MgCl,, 1 mM EDTA, pH 7.2. Mito- 
chondria - brown adipose tissue 0.9 mg/ml, rat liver 
1.8 mg/ml. The mitochondria were stored in 100 mM KCl, 
20 mM K-TES, pH 7.2. Additions - succinate 10 mM (rat 
liver) or s,n-glycerol-3-phosphate, 20 mM (brown adipose 
tissue), rotenone 4 PM, FCCP 0.4 PM and antimycin A at 
the concentrations indicated. (0) Rat liver, (o) Brown 
adipose tissue. 
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shows, that a five-fold higher titre of antimycin A 
was required to inhibit uncoupled respiration in 
BAT-mitochondria than in rat liver mitochondria. This 

suggests, that BAT-mitochondria have about five- 
times more respiratory-chain components compared 
to rat liver mitochondria, in good agreement with the 
earlier reports on cytochrome contents [25-271. 

Inhibitors of the mitochondrial ATPase, oligomycin 
and aurovertin, were then employed to study the 
amount of this enzyme present in BAT-mitochondria. 
Both interact with the mitochondrial ATPase in a 
1: 1 molar ratio when the enzyme is in its synthetic 
mode, and have therefore previously been used to 
quantitate ATPase [28]. The results of titration 
studies of the degree of inhibition of incorporation 
of 32Pi into ATP in the presence of varying concentra- 
tions of inhibitor are shown in fig.2A and B. It is 
evident that less inhibitor is required per mg protein 
for BAT-mitochondria than for rat liver mitochondria, 

and 50% inhibition in BAT occurfed with both 
inhibitors at approximately one-third the concentra- 
tion needed for rat liver. The results indicate a lower 
amount of ATPase/mg mitochondrial protein in BAT 
than in rat liver. 

B 

B 
0.' 0.1 1 0.1 

n-mole OLIGOMYCIN n-mole AUROVERTIN 
per mg protein 

Fig.2. Inhibition of ATP synthesis in mitochondria from 
brown adipose tissue and rat liver by (A) Oligomycin and 
(B) aurovertin. Incubation medium as in the legend to fig.1 
and in addition “Pi, 10 mM glucose, 5 units hexokinase, 
35 PM palmitoyl-l-carnitin and 3 mM malate. For brown 
adipose tissue the medium contained additionally 2 mM 
GDP and 20 mg/ml bovine serum albumin [ 231. Aliquots, 
0.2 ml, from 1 ml samples were taken at 0.5 min and 
10.5 min and analyzed for organic phosphate according to 
[ 191. (*) Rat liver, (o) Brown adipose tissue. 

3.2. Comparison of ATPases from BAT and beef heart 
mitochondria 

3.2.1. Isolation 
Previously reported methods for the isolation of 

mitochondrial ATPase were unsuccesful with BAT 
[ 18,36,37] . The isolation procedure described in 
Materials and methods was therefore developed and 
the results of a typical procedure are shown in table 1. 
The specific activity of the BAT-enzyme was compar- 
able with that from beef heart and always between 
35-50 units/mg protein at 27°C. The low ATPase 
activity of the intact mitochondrial membranes is 
thus clearly a consequence of there being only a very 
small amount of enzyme protein/mg mitochondrial 
protein. The isolated enzyme is entirely stable for at 
least three months when stored in liquid nitrogen. 
The procedure can be readily scaled up for the beef 
heart ATPase yielding about 50 mg homogeneous 
enzyme starting with 2 g mitochondrial protein. 

3.2.2. Properties 
The ATPase from beef heart mitochondria was 

pure and homogeneous after the above isolation, as 
judged from non-dissociating polyacrylamide gel 
electrophoresis. The BAT-preparation contained a 
protein having the same mobility as the beef heart 
material, but in addition-a minor component of 
higher mobility. ATPase activity in the gels was 
localized by staining and found to correspond in both 
cases to the single protein band visible with the beef 
heart enzyme after Coomassie Blue treatment. The 
molecular weights of the enzymes were estimated 
after electrophoresis in polyacrylamide-gradient gels 
by comparison with standard proteins, and found to 

be about 360 000 for both enzymes. 
The subunit composition of the enzymes was 

determined by sodium dodecylsulphate polyacryl- 
amide gel electrophoresis. The resultant polypeptide 
patterns are s@vn in fig.3. It is apparent that the 
three major polypeptides in the beef heart enzyme, 
having approximate mol. wt 56 000,52 000 and 
32 000, correspond to the visible bands in the BAT- 
enzyme. Polypeptides corresponding to the two 
smaller subunits from the beef heart enzyme were 
occasionally visible in the BAT-preparation, when 
sufficiently concentrated material could be applied. 
An additional polypeptide of mol. wt 40 000 was 
evident in the BAT-preparation and further purifica- 
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tion attempts have failed to completely remove this 
protein. It corresponds to the second band seen in 

non-dissociating polyacrylamide gels which lacks 
ATPase activity. This was confirmed by two-dimens- 
ional gel electrophoresis. The first-dimension was 
run under non-dissociating conditions, and the second 

in the presence of sodium dodecylsulphate. 

B 

Fig.3. Densitometric traces after gel electrophoresis in the 
presence of sodium dodecyl sulphate. (A) Mitochondrial 
ATPase of brown adipose tissue. (B) Mitochondrial ATPase 
of beef heart. Samples were incubated for 1 min in 1% 
dodecyl sulphate and 1% 2-mercapto ethanol in boiling 
water. Electrophoresis in polyacrylamide gel (lo%), in the 
presence of 0.1% dodecyl sulphate, was carried out for about 
6 h at 6 mA/tube. About 15 pg protein were applied /tube 
and gels were stained for protein with Coomassie Brilliant 
Blue R-250. Densitrometric traces were made in a Joyce- 
Loeble-Microdensitometer Mk III B. 

Antiserum was prepared against the purified beef 
heart enzyme. Both beef heart- and BAT-ATPase 
activities were inhibited 60% by addition of the 

antiserum and slight precipitation was visible in both 
cases. No inhibition was found with control serum. 
In Ouchterlony double-diffusion plates a single 
precipitin line was formed with the beef heart 
enzyme, although this was hardly visible with the 

BAT-enzyme, presumably because of the extreme 
dilution of the latter. Aurovertin inhibited both 
enzyme activities SO-X% and a fluorescence 
enhancement was observed in both cases. This is 
similar to previous observations [3 1,321. 

The results presented are consistent with the role 
of brown adipose tissue as a thermogenic, rather than 
an energy conserving organ, and show that significant 
heat production can only occur by uncoupling between 
ATP synthesis and respiration. 
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