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Summary 

1. Oligomycin-insensitive ATPase (ATP phosphohydrolase,  EC 3.6.1.3) was 
purified from brown adipose tissue mitochondria.  It had a specific activity of 
50 units/mg which could be increased up to 85 units/mg by  KHCO3. The iso- 
lated enzyme represented less than 0.5% of  the initial membrane proteins. 

2. The enzyme had a molecular weight equal to beef  heart ATPase and was 
composed of  five subunits with molecular weights of  56 200, 54 300, 33 500, 
13 400 and 9500 respectively. 

3. Isolated ATPase was labile while cold and was activated by the divalent 
cations Mn 2÷, Mg 2÷, Co 2÷ and Cd 2÷. The opt imum ATP/Mg 2÷ ratio found was 
1.58 and the enzyme had a maximum activity at pH 8.5; the Km was 220 pM. 

4. The ATPase activity was 55% inhibited by aurovertin. The isolated 
enzyme enhanced the fluorescence of  aurovertin, quenched by ATP and Mg 2÷ 
and enhanced by ADP. 

5. Oligomycin sensitivity and cold stability of  isolated ATPase was restored 
by its reconsti tution with both  brown adipose tissue and beef  heart particles 
depleted of ATPase. 

6. The results presented demonstrate  that  the low ATPase activity of brown 
adipose tissue mitochondria is due to a reduced content  of  ATPase. 

Introduct ion 

Heat  product ion of  brown adipose tissue is the result of  intensive oxidation 
of  free fat ty  acids [ 1--5 ]. The catecholamine-induced thermogenesis of  brown 
adipose tissue is produced by the physiological uncoupling of  oxidative phos- 
phorylat ion [6--10] .  Therefore for its thermogenic function brown adipose tis- 

Abbreviat ions:  SDS, sodium d o d e c y l  sulfate; Tris, tris-(hydroxymethyl) aminomethane; EDTA, 
ethy lenediaminete traacet ic  acid. 
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sue mitochondria require a high oxidative capacity [11--13] wi thout  corre- 
sponding capacity to synthesize ATP. In 1967 Lindberg et al. [7] demonstrated 
the low hydrolyt ic  activity of  ATPase (ATP phosphohydrolase,  EC 3.6.1.3) of 
brown adipose tissue mitochondria. This was later confirmed by others [14-- 
16] and it was also shown that the ratio of  ATPase to cytochrome oxidase in 
brown adipose tissue mitochondria is 10--20 times lower than in other mam- 
malian mitochondria [15,16].  Similarly it was demonstrated that  brown adi- 
pose tissue mitochondria possess a low capacity to synthesize ATP [16] and 
that they exhibit a several-fold increase of  State 3 respiration after adding the 
uncoupler  [17].  In addition, the electron microscopy of  negatively stained 
brown adipose mitochondrial membrane completely failed to demonstrate the 
elementary particles on the inner side of the membrane [7].  The a t tempt  to 
demonstrate the enhancement of aurovertin fluorescence by brown adipose 
tissue mitochondria also failed [15 ]. All these data indicate that  in brown adi- 
pose tissue mitochondria, the phosphorylating system is not  reflected by the 
oxidative capacity, as in the other mammalian tissues, possibly due either to 
the low content  of  ATPase in the mitochondrial membrane,  or to a modifica- 
tion of  the enzyme itself. The purpose of  this study was to purify and charac- 
terise mitochondrial ATPase of  brown adiPose tissue. 

The results presented here demonstrate that  ATPase can be isolated from 
brown adipose tissue mitochondria and that the isolated enzyme possesses typi- 
cal properties of FI-ATPase. It is shown that the low content  of  the enzyme 
rather than its modification is the reason for the low phosphorylating capacity 
of  brown adipose tissue mitochondria. 

Materials and Methods 

Materials 
All chemicals were of  the highest purity, commercially available, chiefly 

from Boehringer Mannheim GmbH, Serva Feinbiochemica GmbH and from Sig- 
ma. Other materials and their sources were: Acrylamide-bis (N,N'-methylene-bis 
acrylamide), N,N,N'N'-tetramethylenediamine (TEMED) from Koch Light Lab- 
oratories Ltd; 2-mercaptoethanol from LOBA-Chemie, Wien, Coomassie bril- 
liant blue (R 250) from BDH Chemicals Ltd. and Sepharose 6B from Pharmacia 
Fine Chemicals Inc. Aurovertin was a gift from Professor R.B. Beechey. 

Isolation of mitochondria, sonicated mitochondrial particles and NaBr-particles 
Brown adipose tissue mitochondria were isolated from tissue of  Syrian ham- 

sters (120--150 g), acclimatized to cold for 3--4 weeks at 5°C. The isolation 
was performed according to Hittelman et al. [5] in 0.25 M sucrose, 10 mM 
Tris/sulfate and 1 mM EDTA, pH 7.4 (medium A) and final resuspension was 
done in 0.1 M sucrose, 10 mM Tris/sulfate and 1 mM EDTA, pH 7.4 (medium 
B). Beef heart mitochondria were isolated according to Smith [ 18]. 

Submitochondrial  particles were prepared by  sonic disintegration of  a mito- 
chondrial suspension (5 mM Tris/sulfate, pH 7.4, 2--6 mg protein/ml) at 0--4°C 
using an MSE 100 W ultrasonic disintegrator set at maximum output  (3 X 90-s 
intervals with 30-s pauses). The unbroken mitochondria were sedimented from 
the sonicate by  centrifugation for 10 min at 15 000 X g. Submitochondrial  
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particles were sedimented from the above supernatant by centri~ugation for 30 
min at 105 000 X g and were resuspended in medium A. 

ATPase~lepleted submitochondrial  particles (NaBr par t ic les)were  prepared 
by a 30 min exposure of  submitochondrial  particles to 3 M NaBr (1 volume of 
particles and 1 volume of 6 M NaBr). 15 ml of  this suspension was overlayered 
with 2 ml of  medium A and centrifuged for 30 min at 105 000 X g in a swing- 
out  rotor  (3 X 20 ml); NaBr-particles which formed a layer in the sucrose phase 
were collected and washed twice by medium A (30 min, 105 000 X g). Particles 
were resuspended in medium A at a protein concentrat ion of  8--12 mg/ml and 
were stored at --20°C. 

Isolation of oligomycin insensitive ATPase from hamster brown adipose tissue 
and from beef heart 

Brown adipose tissue ATPase was isolated according to the procedure of  
Drahota and Hou~t~k [ 19 ] described for isolation of  rat liver and beef  heart 
ATPase. 

Preparation of Lubrol particles 
Isolated mitochondria were resuspended in medium B at a protein concentra- 

tion of  30--35 mg/ml. From this point  all the succeeding steps were carried out  
at room temperature.  A solution of  Lubrol WX (19 mg/ml) was added dropwise 
to the mitochondrial  suspension, so that  during 2 rain a Lubrol concentration 
0.15 mg per mg of mitochondrial  protein was achieved. The suspension was 
stirred an additional 3 min, then diluted 5 times by the medium B and centri- 
fuged 30 min at 105 000 X g. Lubrol particles were resuspended in the medium 
B containing 4 mM ATP to give a protein concentration of  20--25 mg/ml. 

Solubilisation of the enzyme 
Lubrol particles were alkalinized in two steps. The pH was first adjusted by  

NH4OH (1 : 5 diluted) at 8.1 and after 15 min at 9.0 After 20 min, the pH of 
the suspension was adjusted at 8.0 by  1 M Tris/sulfate, pH 7.4, and the suspen- 
sion was sonicated (MSE 100 W sonic disintegrator) for 10 × 2 min with 1 min 
pauses. The temperature of  the suspension rose during sonication from the ini- 
tial 25°C to 50°C. The suspension was then cooled to 25°C and centrifuged 30 
min at 105 000 X g. 

Sepharose 6B gel filtration 
The solubilized material was applied to the column of Sepharose 6B (2.1 X 

76 cm) equilibrated with 0.05 M Tris/sulfate, 1 mM EDTA and 1 mM ATP, pH 
7.4. Elution (0.3--0.4 ml/min) was performed with the same buffer.  Fractions 
were collected at 15 rain intervals. 

Beef heart ATPase was isolated by the chloroform extraction [20].  Beef 
heart ATPase was further purified by Sepharose 6B gel filtration (conditions 
as in the above isolation procedure),  which increased the specific activity up to 
100 units/mg. 

Analytical procedures 
ATPase activity was assayed by  using the release of  inorganic phosphate 
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[21] during 3 min incubation at 30°C in a medium (unless otherwise stated) 
containing 0.05 M KC1, 0.02 M Tris/sulfate, 3 mM MgC12 and 5 mM ATP, pH 
7.4. ATPase activity was also assayed spectrophotometrical ly in the presence of 
the ATP-regenerating system [22] at 30°C using a Beckman Acta III spectro- 
photometer  equipped with an adapter for stirring the sample. 2.7 ml of  the 
medium contained 0.02 M Tris/sulfate, 1.85 mM phosphoenolpyruvate, 20 gg 
pyruvate kinase, 10 pg lactate dehydrogenase (L-lactate: NAD oxidoreductase,  
EC 1.1.1.27), 0.3 mM NADH (sodium salt), 1.81 mM MgC12 and 2 mM ATP, 
pH 8.5. One unit of activity is defined as the amount  of  enzyme liberating 1 
pmol  P/min or oxidizing 1 pmol NADH/min under the assay conditions. 

Polyacrylamide gel electrophoresis in the presence of  0.1% sodium dodecyl  
sulfate (10% gel) was performed as described by Weber and Osborn [23].  For 
a typical run of  16 gels, 20 ml of deaerated gel buffer (7.8 g of  NaH2PO4 • H20, 
38.6 g of Na2HPO4 • 7 H20 and 2 g of  sodium dodecyl  sulfate per liter) were 
mixed with 18 ml of acrylamide solution (22.2 g of  acrylamide and 0.6 g of 
methylene bisacrylamide per 100 ml). After  deaeration 2 ml of  freshly pre- 
pared ammonium persulfate (15 mg/ml) and 60 #l of N,N,N'N'-tetramethylene 
diamine were added. Each tube was filled with 2.2 ml of  this solution. Samples 
were dissociated by 3 min incubation at 100°C in the presence of  1% sodium 
dodecyl  sulfate and 2% mercaptoethanol.  Electrophoresis was performed with 
gel buffer  diluted 1 : 1 with water for 30 min at a constant  current 3.2 mA per 
gel followed by 6 h at a constant current 12 mA per gel (25°C). Proteins were 
stained with Coomassie brilliant blue (R 250) and gels were scanned at 590 nm 
in a Beckman Acta III spect rophotometer  equipped with gel-scanner attach- 
ment.  For the calibration of gels, the following protein standards were used: 
bovine serum albumin, ovalbumin, glyceraldehyde-3-phosphate dehydrogenase, 
creatine phosphokinase, trypsin, myoglobin and cytochrome c. 

The fluorescence of  aurovertin was measured at room temperature using an 
excitation wave length 366 nm (4 nm slit) and an emission wave length of  480 
nm (40 nm slit) in a Perkin-Elmer MPF-2A fluorescence spect rophotometer  
equipped with a Hitachi chart recorder QPD 33. 

Protein was determined by the method of  Lowry et al. [24].  

Results 

Isolation of the enzyme 
Several methods were tested to isolate the ATPase of  brown adipose tissue 

mitochondria.  The method of  Horstman and Racker [25] and that of  Catterall 
and Pedersen [26] solubilized the enzyme only slightly from the membrane. 
Further purification by ammonium sulfate or protamine sulfate precipitation 
led to complete  inactivation of the enzyme. Furthermore,  at tempts to extract 
the enzyme by chloroform [20] were not  successful. The solubilized material 
was impure, yielding only a small percentage of  initial activity and its specific 
activity was low (up to 2 units/mg). 

The purification of  ATPase of  brown adipose tissue was achieved only when 
the method for isolation of  ATPase from Lubrol particles was used [19].  

The results of  a typical purification experiment are shown in Table I and Fig. 1. 
Lubrol t reatment  of mitochondrial membrane increases specific activity three 
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T A B L E  I 

P U R I F I C A T I O N  OF M I T O C H O N D R I A L  ATPase  

M e a s u r e m e n t s  were  p e r f o r m e d  as desc r ibed  in Mater ia ls  and Methods .  ATPase  was  assayed as the  release 
of  inorganic  P. Fo r  assay,  500  #g of  m i t o c h o n d r i a ,  500 pg of  L u b r o l  part icles,  300  pg of  sonica te  and 10 
pg of  Sepha rose  6B e lua te  were  used.  

To ta l  ATPase  ac t iv i ty  Inc rease  in to ta l  
p ro t e in  ATPase  act ivi ty  
(rag) specific to ta l  ( re lat ive to  s tep 1) 

( u n i t / m g )  (uni t )  

Mi tochondr i a  366 .2  0 .041  15.01 1 .00  
L u b r o l  par t ic les  220 . 0  0 .129  28 .38  1.89 
Sonica te  57 .0  0 .749  43 .09  2 .87  
Sepharnse  6B e lua te  * 1 .23  2 4 . 3 4 0  29 . 9 5  1.99 

* ATPase  ac t iv i ty  e lu ted  a t  K a v  0 .364 .  25% of  appl ied  act ivi ty  e lua ted  by  the  void  v o l u m e  was  n o t  
inc luded  in this  ca lcula t ion .  

times. Alkalinization and drastic sonication solubilized almost all ATPase activity 
from Lubrol particles and caused another 1.2--1.5 fold activation. Specific activi- 
ty of  the resultant sonicate was 0.5--0.8 units/mg. The enzyme was separated 
from other solubflized proteins by Sepharose 6B gel filtration. 70--80% of activity 
was eluted as a single, symmetrical protein peak (Kav = 0.364) and the 20--30% 
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Fig. 1. SDS-po lyac ry l amide  gel e lee t rophores i s  o f  i so la ted  m i t o c h o n d r i a ,  solubil ized p ro te ins  and of 
Sepharose  6B eluate .  E lec t rophores i s  was  p e r f o r m e d  as descr ibed  in Mater ia ls  and Methods .  Gels were  
scanned  at  a speed of  1.5 c m / m i n .  T race  1, 25 /~g of  isola ted m i t o c h o n d r i a ;  t race  2, 25 ~ug of  solubi l ized 
p ro te ins ;  t race  3, 1 .5 / l g  of  Sepharose  6B e lua te  (Kay = 0 .364) .  
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of the activity that  remained bound to the membrane fragments, was eluted by 
the void volume. Total activity of the eluate recovered 95--105% of applied 
ATPase activity. There was no further activation in this step. Specific activity 
of  the pooled fractions containing isolated enzyme varied between 20--26 units/ 
mg in five experiments. 

ATPase activity of the fraction with the highest specific activity was 38--50 
units/mg, assayed as a release of inorganic P and 40--55 units/mg assayed spec- 
trophotometrically.  Specific activity was increased to 75 units/mg when 
assayed spectrophotometrically in the presence of 18 mM KHCO3 and to 85 
units/mg in the presence of 36 mM KHCO3. The purified enzyme, filtered 
through Sepharose 6B was eluted as a symmetrical peak at the same elution 
volume as before and no other proteins were detected in the eluate nor did 
specific activity markedly increase. Furthermore, sedimentation velocity analysis 
(Spinco analytical centrifuge, model E, 1.58 mg/ml of 50 mM Tris • C1, 1 mM 
EDTA, 1 mM ATP, pH 7.4) showed a symmetrical peak with only a t iny shoul- 
der due to some low molecular weight contamination. It was therefore con- 
cluded that  the purified enzyme was quite homogenous. 

Oligomycin sensitivity and the stability of the isolated enzyme 
Purified ATPase of brown adipose tissue was not  inhibited by oligomycin. 

The enzyme was quite stable at 25°C in the presence of 1--2 mM ATP. There 
was no loss of  activity within 36 h and after three days the enzyme still 
retained more than 50% activity. The purified enzyme was quickly inactivated 
by cold. When exposed to 0 , 4 ° C ,  the enzyme was 50% inactivated after 30 
min, 65% after 2 h and 100% after 5 h. 

Molecular weight and subunit composition of  the isolated enzyme 
With Sepharose 6B gel filtration, brown adipose tissue ATPase was eluted by 

the same volume (Kay -- 0.364) as beef heart ATPase. This indicates a molecular 
weight of about 380 000. 

The polypeptide composition of brown adipose tissue ATPase was deter- 
mined by SDS-polyacrylamide gel electrophoresis on calibrated gels. As demon- 
strated in Fig. 2, it was composed of six polypeptides X, A, B, C, D and E. The 
mobilities of polypeptides A, B, C, D and E were similar to the mobilities of 
subunits of beef heart enzyme. When a mixed sample of brown adipose tissue 
enzyme and beef heart enzyme was electrophoresed, the corresponding sub- 
units migrated identically in the gel (Fig. 2, tracing 2, 3, 4). Molecular weights 
of the subunits determined from the migration in gels were calculated as 
56 200, 54 300, 33 500, 13 400 and 9500 which values did not  differ significantly 
from values for beef heart enzyme subunits (Table II). The approximate molar 
ratio of subunits was calculated from the areas of  densitometric tracings (gels 
stained by Coomassie Brilliant Blue) and were close to A3 B3 C1 DI E1 (Table 
II). The amount  of  component  X relative to other polypeptides varied in 
Sepharose 6B elution fractions which contained the isolated enzyme. It was 
highest in the first fraction with ATPase activity and decreased gradually so 
that  in the last fraction X was almost absent. As no relationship between the 
activity of the enzyme and presence of polypeptide X (molecular weight 
61 000) was found, it was assumed that  polypeptide X was an impurity. 
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Fig. 2. SDS-po lyae ry l amide  gel e l ec t rophores i s  of  isolated ATPase .  E lec t rophores i s  was  p e r f o r m e d  as 
desc r ibed  in Materials  and Methods .  Gels were  scanned  at  a speed of  1.5 c m / m i n .  The  fo l lowing a m o u n t s  
of  e n z y m e  were  used:  Trace  1, 4 .5  ~g of  b r o w n  adipose  tissue ATPase ;  t race 2, 1 .5 pg of  b r o w n  adipose  
tissue ATPase ;  t race  3, 2.0 pg o f  bee f  hea r t  ATPase;  t race 4, 1.5 pg of  b r o w n  adipose  tissue ATPase  +2.0 
pg of  bee f  hea r t  ATPase.  

Fig. 3. T he  e f fec t  of  Mg 2+ on  ATPase  ac t iv i ty  of  the isolated e n z y m e .  ATPase  ac t iv i ty  o f  the  isolated 
b r o w n  adipose tissue ATPase  was  assayed as the  release of  inorganic  P, as desc r ibed  in Mater ia ls  and 
Methods  in the presence  of  4 .75  m M  ATP and a va ry ing  c o n c e n t r a t i o n  of  Mg 2+. Values  are given in % of  
m a x i m u m  Mg 2+ i nduced  act iv i ty .  

Kinetic properties of  the isolated enzyme 
Brown adipose tissue ATPase required Mg 2÷ for its activity and activation 

was dependent  on a ATP/Mg 2÷ ratio. In the presence of  4.75 mM ATP the opti- 
mum concentra t ion of Mg 2÷ was 3.0 mM which results in the opt imum ratio 
1.58 (Fig. 3). 

T A B L E  II  

S U B U N I T  C O M P O S I T I O N  OF BROWN A D I P O S E  T I S S U E  AND BEEF H E A R T  ATPase  

The  m o l e c u l a r  weights  of  ATPase  subuni t s  were  d e t e r m i n e d  b y  SDSopolyaery lamide  gel e l ec t rophores i s  
as descr ibed  in Mater ia ls  and  Methods .  The  m o l a r  ra t io  of  the subuni t s  was  e s t i m a t e d  f r o m  the  relat ive 
staining intes i t ies  in gels. Areas  of  the  peaks  in d e n s i t o m e t r i e  t races  were  d iv ided  b y  co r r e sp o n d in g  molec -  
u la r  weights  of  each  subuni t .  Values  r ep re sen t  the  average of  5 d e t e r m i n a t i o n s .  

S u b u n i t  B r o w n  adipose  tissue ATPase  Beef  h ea r t  ATPase  

( m o l e c u l a r  we igh t )  ( m o l a r  ra t io)  ( m o l e c u l a r  we igh t )  ( m o l a r  ra t io )  

A 56 200  35.4% 57 500  32.5% 
B 54 300  35.4% 54 300  32.5% 
C 33 0 0 0  13.4% 33 0 0 0  13.0% 
D 13 4 0 0  8.5% 13 200  11.7% 
E 9 500  7.4% 10 0 0 0  10.7% 

A3B3C1DIE1 387 400  391 6 0 0  
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The Km of the isolated enzyme as determined in the presence of ATP-regene- 
rating system (ATP/Mg 2+ = 1.5) was 220 pM. 

The isolated enzyme was also activated by other divalent cations. As shown 
in Table III, in the presence of  5.0 mM ATP and 3.3 mM metal cation, Mn 2÷, 
Co 2÷ and Cd 2÷ were as equally effective as Mg 2÷. 

The activity of the isolated enzyme was dependent on pH (Fig. 4). Maximum 
activity was found at pH 8.5 and the sigmoidal shape of  pH dependence 
strongly resembled that  of beef heart enzyme. 

Interaction o f  the isolated enzyme with aurovertin 
The antibiotic, aurovertin, inhibited isolated ATPase of brown adipose 

tissue, the inhibition being dependent on assay conditions. When the ATPase 
activity of isolated brown adipose tissue ATPase was measured as the release of 
inorganic P (the incubation medium contained 20--35 pg of  enzyme per ml) 
15--20% inhibition was reached with 1.35 pM aurovertin. A higher concentra- 
tion of aurovertin increased ATPase activity again. When ATPase activity of 
brown adipose tissue mitochondria was inhibited under these conditions by 
aurovertin, 50% inhibition was achieved [15 ]. 

A pronounced inhibition of the isolated enzyme was achieved when ATPase 
activity was measured spectrophorometrically in the presence of  an ATP-re- 
generating system, when enzyme concentration in the medium was low (ap- 
prox. 1.0 #g per ml) and the ratio of aurovertin to the enzyme was high (Fig. 
5). Under these conditions, maximum inhibition was 55% with 1.13 pM auro- 
vertin (1 nmol aurovertin/pg of enzyme) and corresponded to maximum inhibi- 
tion of  beef heart enzyme. 

The isolated ATPase enhanced the fluorescence of aurovertin as shown in 
Fig. 6. The enhancement of fluorescence due to 30 pg of brown adipose tissue 
enzyme (trace B) was the same as fluorescence enhancement obtained with the 
same amount  of beef heart enzyme having the same specific activity (trace A). 
The subsequent addition of ATP, ADP or Mg 2÷ changed the fluorescence. ATP 
quenched the fluorescence as did Mg ~÷, even though the effect of Mg 2÷ was 
more pronounced and faster (trace A, C). The addition of ADP (trace D) 
resulted in a small, but significant enhancement of fluorescence. 

T A B L E  I I I  

S T I M U L A T I O N  O F  A T P a s e  A C T I V I T Y  BY D I V A L E N T  C A T I O N S  

T h e  i n c u b a t i o n  m i x t u r e  c o n t a i n e d  3.3 m M  m e t a l  ch lor ide  and  5.0 m M  A T P  and  A T P a s e  ac t iv i ty  was 
assayed  as the  release o f  inorganic  P, as d e s c r i b e d  in  Materials  and  M e t h o d s .  Values  were  g iven  as percent -  

ages  o f  A T P a s e  ac t iv i ty  in the  p r e s e n c e  o f  Mg 2+. 

C a t i o n  B r o w n  a d i p o s e  t i ssue  A T P a s e  B e e f  heart  A T P a s e  

Mn 2+ 131 ,4  69 .0  
Mg 2 + 100 ,0  100 .0  
Co 2+ 96 ,9  49 .2  
Cd 2+ 85 ,5  28 .0  
Ca 2+. 25.6  26 .0  
Cu 2+ * 13.6  0 .0  

N o n e  0.0 0 .0  

* Sul fa te .  
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Fig. 4. T he  e f fec t  of  pH on ATPase  ac t iv i ty  of  the  isolated ATPase .  ATPase  ac t iv i ty  o f  the  isola ted b r o w n  
adipose  tissue ATPase  (e)  a nd  of  i so la ted  b e e f  hea r t  ATPase  (o) was  assayed  as t h e  release of  inorganic  P, 
as descr ibed  in Mater ia ls  and  Methods .  I n s t e a d  o f  Tr is / su l fa te ,  the  m e d i u m  co n t a in ed  50 m M  Tr i s / ace ta t e  
of  the ind ica ted  pH.  Values  are given in % of  m a x i m u m  act iv i ty .  

Fig. 5. The  e f fec t  of  au rove r t i n  on  ATPase  act ivi ty  of  the  isolated e n z y m e .  ATPase  ac t iv i ty  was  assayed 
s p e c t r o p h o t o m e t r i c a l l y  as desc r ibed  in Mater ia ls  and  Methods .  Th e  reac t ion  was s t a r t ed  b y  2 m M  ATP 
and 1.33 m M  Mg 2+. A u r o v e r t i n  was  a d d e d  p r io r  to ATP.  2.7 ml  o f  m e d i a  co n t a in ed  2.7 /~g o f  isolated 
ATPase  of b r o w n  ad ipose  tissue ($)  or  4 .2  /2g of  isolated ATPase  o f  bee f  h e a r t  (o) .  Values  are given in % 
of  ac t iv i ty  in the  absence  of  aurover t in .  

Reconstitution o f  the isolated enzyme with an A TPase-depleted membrane 
Oligomycin sensitivity of  isolated ATPase of brown adipose tissue was 

restored by reassociation of the isolated enzyme with a mitochondrial mem- 
brane devoid of ATPase activity by NaBr treatment.  As shown in Table IV, 

Z 
UJ 
¢J 
tn  
ILl 
n- 
O 

--J D 

- ' I  /,Os 
A m I 

T I M E  

Fig. 6. I n t e r a c t i o n  of  a u r o v e r t i n  w i th  the  isola ted ATPase .  Changes  of  f luorescence  were  fo l lowed  as 
descr ibed  in Mater ia ls  and  Methods .  2.1 m l  of  the  m e d i a  c o n t a i n e d  0 .25  M sucrose ,  50  mM Tris /su l fa te ,  
1 mM E D T A ,  pH 8.0, and 32 /~g of  b e e f  he a r t  ATPase  of  specific ac t iv i ty  29 un i t s / r ag  ( t race  A) or  36 /~g 
of  b r o w n  ad ipose  t issue ATPase  of  specif ic  ac t iv i ty  30  un i t s / r ag  ( t race  B, C, D).  A t  the  first a r r o w  1.8 
n m o l  o f  au rove r t i n  were  added ,  at  the  second  a r row  2 .5 /~mol  of  ADP or  3 .0 /~mol  of  ATP  or  6 . 3 / ~ m o l  of  
MgCI2 were  added .  



C
~ 

T
A

B
L

E
 I

V
 

R
E

C
O

N
S

T
IT

U
T

IO
N

 
O

F
 I

S
O

L
A

T
E

D
 

A
T

P
a

se
 W

IT
H

 N
a

B
r 

P
A

R
T

IC
L

E
S

 

A
T

P
a

se
 a

n
d

 
N

aB
r-

p
ar

ti
cl

es
 w

er
e 

is
o

la
te

d
 

as
 d

e
sc

ri
b

e
d

 
in

 
M

at
er

ia
ls

 a
n

d
 

M
e

th
o

d
s.

 
T

h
e

 
a

b
o

v
e

 
sa

m
p

le
s 

w
er

e 
in

c
u

b
a

te
d

 
3

0
 

ra
in

 a
t 

2
5

°C
 a

n
d

 t
h

e
ir

 A
T

P
a

se
 a

c
ti

v
it

y
 w

as
 

a
ss

a
y

e
d

 a
s 

th
e 

re
le

as
e 

o
f 

in
o

rg
a

n
ic

 P
. 

O
li

g
o

m
y

c
in

 w
as

 p
re

se
n

t 
at

 a
 c

o
n

c
e

n
tr

a
ti

o
n

 
o

f 
0

.0
0

2
 

m
g

 p
er

 s
a

m
p

le
. 

S
a
m
p
l
e
 

A
T
P
a
s
e
 
ac
ti
vi
ty
 

--
Ol

lg
om

yc
in

 
+
O
l
i
g
o
m
y
c
i
n
 

(u
ni
ts
) 

(u
ni
ts
) 

In
h

ib
it

io
n

 

b
y
 
ol

ig
om

yc
in

 
(%

) 

B
o
u
n
d
 
A
T
P
a
s
e
 
ac
ti
vi
ty
 

(o
li

go
my

ci
n 

se
ns
it
iv
e)
 

(u
ni

ts
/m

g 
N
a
B
r
 P

ar
ti
cl
es
) 
* 

8
.4

 ~
g

 b
ro

w
n

 a
d

ip
o

se
 t

is
su

e 
A

T
P

a
se

 
0

.3
1

0
 

0
.3

1
0

 

+
2

2
2

 ~
g

 b
ro

w
n

 a
d

ip
o

se
 t

is
su

e 
N

aB
r 

p
a

rt
ic

le
s 

0
.3

0
3

 
0

.2
7

8
 

+
7

4
0

/~
g

 b
ro

w
n

 a
d

ip
o

se
 t

is
su

e 
N

a
B

r 
p

ar
ti

cl
es

 
0

.2
8

9
 

0
.2

2
8

 
+

2
2

5
 ~

zg
 b

e
e

f 
h

e
a

rt
 N

a
B

r 
p

ar
ti

cl
es

 
0

.2
9

8
 

0
.0

8
7

 
+

7
4

3
 I

zg
 b

e
e

f 
h

e
a

rt
 N

a
B

r 
p

ar
ti

cl
es

 
0

.3
0

4
 

0
.0

8
5

 
9

.8
 ~

g
 b

e
e

f 
h

e
a

rt
 A

T
P

a
sc

 
0

.3
4

0
 

0
.3

2
8

 

+
3

2
2

 ~
g

 b
ro

w
n

 a
d

ip
o

se
 t

is
su

e 
N

aB
r 

p
ar

ti
cl

es
 

0
.3

6
6

 
0

.3
2

1
 

+
1

0
7

2
/~

g
 b

ro
w

n
 a

d
ip

o
se

 t
is

su
e 

N
a

B
r 

p
ar

ti
cl

es
 

0
.3

4
4

 
0

.2
8

9
 

+
2

1
5

 #
g

 b
e

e
f 

h
e

a
rt

 N
a

B
r 

p
ar

ti
cl

es
 

0
.3

3
4

 
0

.1
3

5
 

+
1

0
8

4
 ~

g
 b

e
e

f 
h

e
a

rt
 N

a
B

r 
p

ar
ti

cl
es

 
0

.3
3

6
 

0
.1

2
8

 

0
.0

 

8
.3

 
0

.1
1

3
 

2
1

.1
 

0
.0

8
2

 

7
0

.8
 

0
.9

3
8

 
7

2
.0

 
0

.2
9

5
 

3
.5

 

1
2

.3
 

0
.1

0
0

 
1

6
.0

 
0

.0
4

0
 

5
9

.6
 

0
.8

7
2

 
6

1
.9

 
0

.1
8

1
 

* 
A

T
P

as
e 

b
o

u
n

d
 

to
 

p
ar

ti
cl

es
 

w
as

 
ca

lc
u

la
te

d
 

as
 t

h
e 

in
cr

ea
se

 
o

f 
o

li
g

o
m

y
c

in
 s

e
n

si
ti

v
it

y
 d

u
e

 
to

 
th

e
 

p
re

se
n

c
e

 
o

f 
N

aB
r-

p
ar

ti
cl

es
. 

A
T

P
a

se
 a

c
ti

v
it

y
 

o
f 

si
n

g
le

 N
aB

r-
 

p
ar

ti
cl

es
 (

lo
w

er
 t

h
a

n
 0

.0
1

 
u

n
it

s/
ra

g
) 

w
a

s 
n

o
t 

ta
k

e
n

 i
n

to
 t

h
is

 c
a

lc
u

la
ti

o
n

. 



137 

oligomycin sensitivity of  the isolated enzyme was restored when bound to NaBr 
particles from brown adipose tissue as well as from beef  heart mitochondria.  
Brown adipose tissue NaBr particles appeared to be less effective. While brown 
adipose tissue NaBr particles bound 21% of  the added activity, beef  heart parti- 
cles bound 70%. Oligomycin sensitivity could be also restored by  rat liver NaBr 
particles (not shown). 

When beef  heart  ATPase was used for reconsti tution with the above parti- 
cles, brown adipose tissue NaBr particles were again less effective (Table IV). 

When the maximum capacity of  NaBr particles to bind isolated ATPase was 
determined in similar experiments,  it was found that  brown adipose tissue NaBr 
particles could bind 0.09--0.12 units of  ATPase activity per mg of  particles and 
beef  heart NaBr particles 1.5--2.0 units/mg. These values did not  significantly 
differ from ATPase activity of  sonicated submitochondrial  particles. Reconsti- 
tut ion of  oligomycin sensitivity of  brown adipose tissue ATPase by both  types 
of particles also caused cold stability. 

Discussion 

The experiments reported here describe the purification of  ATPase from 
mitochondria of hamster brown adipose tissue and provide information con- 
cerning the properties of  the isolated enzyme. Gel filtration and sedimentation 
velocity analysis revealed homogenity of  the enzyme. Only minor contamina- 
tion by  a 61 000 daltons fractions was detected.  The molecular weight of 
brown adipose tissue ATPase calculated from Sepharose 6B gel filtration is in 
the range of  molecular weights reported for mitochondrial ATPases [27--29].  
The subunit  composit ion,  their molecular weights (A, 56 200; B, 54 300; C, 
33 500; D, 13 400 and E, 9500) and their relative molar ratio (close to 3 : 3 : 1 
: 1 : 1) correspond to the physical properties of  F~-ATPase preparations [27-- 
29].  

The 61 000 daltons contaminant  was not  connected with particular enzyme 
activity. Similar contaminants can also be seen in other  ATPase preparations, 
like e.g. in that  of  Beechey et al. [20],  or Johanson and Baltchefsky [30] 
especially when gels are overloaded. Depending on the molecular weight of 
polypept ides  of mitochondrial  membrane in dissociated conditions [31],  this 
component  might come from NADH dehydrogenase. Interestingly, brown adi- 
pose tissue mitochondrial  membrane is very rich in NADH dehydrogenase [ 13 ]. 

The specific activity of  isolated ATPase was as high as 50 units/mg, i.e. a 
1000-fold increase of  specific activity compared to activity of  the initial mate- 
rial. This demonstrates the high degree of  purification. During the whole proce- 
dure, total enzyme activity increased 2.5--3.0 times. This activation would indi- 
cate the presence of  protein inhibitor. If ATPase from beef  heart mitochondria 
which is rich in protein inhibitor [25,32] is isolated by  this method [19] 5--7 
fold activation is observed. It is also of  interest that  the trypsin t reatment  of 
beef  heart  submitochondrial  particles activates ATPase activity four  times, 
whereas there is a 1.2-fold activation when brown adipose tissue submitochon- 
drial particles are used [15].  

The kinetic properties of  isolated ATPase of  brown adipose tissue mito- 
chondria resemble the properties of  F,-ATPase preparations of  other  tissues. 
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It has similar pH dependence [33],  an opt imum ATP/Mg 2÷ ratio [34] and the 
Krn is in the range of values given for F~ [33,35,36].  It is also activated by 
anions [37,38].  As other ATPases brown adipose tissue ATPase is inhibited by 
aurovertin .and it enhances the' fluorescence of  aurovertin [ 39,40 ]. 

The brown adipose tissue enzyme differs from beef  heart ATPase only in the 
relative unspecificity to the stimulatory effect of divalent cations. In compari- 
son with beef heart enzyme, at least three cations Mn 2+, Cd 2÷, and Co 2÷, were 
as effective as Mg 2+ in stimulating an enzyme activity. Such a situation also 
arises in certain other ATPase preparations, like in thermophilic bacteria Bacil- 
lus stearothermophilus [29] or rat liver ATPase [38].  

The isolated enzyme can be reassociated with membranes depleted of 
ATPase prepared from brown adipose tissue mitochondria or from beef  heart 
or rat liver mitochondria.  The reassociation restores oligomycin sensitivity and 
induces cold stability. However the binding capacity of  the brown adipose 
tissue mitochondrial membrane is 10--14 times lower when compared with that  
of  beef  heart mitochondrial membrane. This could indicate that  also oligo- 
mycin sensitivity conferring protein and membrane sector of  ATPase are 
reduced in brown adipose tissue mitochondria.  It is no tewor thy  that  the maxi- 
mum reassociated activity (0.12 units/mg) equals the original activity of brown 
adipose tissue mitochondrial  membrane. 

On the basis of these findings it can be assumed that ATPase of  brown adi- 
pose tissue mitochondria possesses features of  FI-ATPase and that it is also sim- 
ilarly bound to the membrane. The discrepancy between the oxidative capacity 
and phosphorylating capacity of  brown adipose tissue mitochondrial mem- 
brane, due to low ATPase activity of  the membrane,  is caused by the reduced 
content  of  enzyme in the membrane and not  by  any qualitative modification of  
the enzyme. 
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