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Identification of denatured mitochondrial ATPase in "structural protein" 

from beef heart mitochondria 

Several years ago, CRIDDLE et al. 1 isolated from beef heart mitochondria an 
insoluble, colorless protein without detectable enzymic function. Since this protein 
accounted for roughly one third of the mitochondrial dry mass 1 and formed tight 
complexes with mitochondrial cytochromesZ, 2 it was viewed as a mitochondrial 
"structural protein" which ensured the correct alignment of the respiration carriers z. 
Reports from different laboratories indicated, moreover, that "structural protein" is 
homogeneous a-5 and that  it is a product of the mitochondrial protein synthesizing 
systemS, 6. 

Subsequent studies revealed, however, that acrylamide gel electrophoresis sepa- 
rated mitochondrial " s t r u c t u r a l  protein" into numerous bandsL8. Ultracentrifugal 
studies 9 also indicated considerable heterogeneity. These observations raise the pos- 
sibility that  the preparations of mitochondrial "structural protein" described thus 
farl,S3 ° represent a mixture of denatured mitochondrial proteins. Alternately, most 
of the subfractions detected by electrophoresis or ultracentrifugation could be simply 
different aggregates of "structural protein" rather than chemically distinct contami- 
nants (of. ref. II). 

The present study offers direct evidence that "structural protein" from beef 
heart mitochondria contains substantial amounts of denatured mitochondrial ATPase. 
I t  is shown that  submitochondrial particles reconstituted with ~H-labeled ATPase 
yield a "structural protein" which is radioactive and contains most of the ATPase 
protein initially present in the particles. 

If highly purified mitochondrial ATPase (F0* is reacted with E3Hlacetic an- 
hydride under the conditions specified in Table I, the enzyme accepts approximately 
one [aHlacetyl group per mole of protein and does not suffer any loss of its ATPase 
activity (Table I). The labeled enzyme also binds to ATPase-deficient submito- 
chondrial particles, thereby regaining the oligomycin sensitivity typical of membrane- 
bound F 1 (el. also ref. I2). The specific ATPase activity of the reconstituted particles 
indicates that I2.3% of the total particle protein is accounted for by bound F 1. 
Essentially the same value (I2.6%} is obtained by radioactivity measurements 
(Table I). The recombination of the labeled ATPase with the particles is thus not  
accompanied by significant denaturation or masking of the enzyme. 

" S t r u c t u r a l  protein" isolated from the labeled particles by the method of 
CRIDDLE et al. 1 lacked ATPase activity, yet was strongly radioactive (Table II); thus, 
it contained inactivated or denatured Fz. In the experiment documented in Table II ,  

* Fz, coupling factor I. In this paper, the terms F x and mitochondrial ATPase are used 
interchangeably. 
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T A B L E  I 

P R E P A R A T I O N  O F  S U B M I T O C H O N D R I A L  P A R T I C L E S  C O N T A I N I N G  R A D I O A C T I V E  ATPase  

ATPase  was  purif ied f rom beef  h e a r t  m i t o c h o n d r i a  b y  a modi f ica t ion  TM of t he  m e t h o d  of PULLMAN 
et al. 1~. The  e n z y m e  was  reac ted  w i t h  acet ic  a n h y d r i d e  as descr ibed b y  KAGAWA AND RACKER TM 

wi th  t he  following modi f ica t ions :  (i) on ly  1.6 moles  of [3H]acetic a n h y d r i d e  (5 ° mC/mmole)  were 
a d d e d  for each mole  of e n z y m e  and  (2) t he  labeled e n z y m e  was freed f rom rad ioac t ive  impur i t i e s  
b y  passage  (at r oom t empera tu re )  t h r o u g h  a S ephadex  G-2oo c o l u m n  equ i l ib ra ted  wi th  2o m M  
Tris  sul fa te  (pH 7 . 4 ) - 2  m M  E D T A -  4 m M  ATP.  ATPase-def ic ien t  submi tochond r i a l  par t ic les  
f rom beef hea r t  (SU-particles) were p repared  accord ing  to RACKER AND HORSTMAN 1~. Recons t i -  
t u t i o n  of t hese  par t ic les  wi th  labeled AT P ase  was ach ieved  by  m i x i n g  the  following c o m p o n e n t s  
in a final v o l u m e  of 8.0 ml :  8 0 / , m o l e s  Tr is  su l fa te  (pH 7.4); 80 /*moles  p o t a s s i u m  succ ina te ;  
4 /*moles  E D T A  ; 54 m g  SU-par t ic les ;  and  53.2 m g  [3H]ATPase.  Af te r  45 rain a t  room t e m p e r a t u r e ,  
t h e  m i x t u r e  was  cen t r i fuged  for 2o rain a t  IOOOOO × g a t  r oom t e m p e r a t u r e  and  t he  par t ic le  
pel let  purif ied fu r t he r  as descr ibed b y  SCHATZ TM. T he  a s says  for p ro te in  and  ATPase  have  been 
specified earlierlL For  t he  r ad ioac t iv i t y  m e a s u r e m e n t s ,  t he  p ro te in  samples  were p rec ip i t a ted  
w i th  an  equa l  v o l u m e  of IO % t r ichloroacet ic  acid, dr ied in vacuo, dissolved in 0. 3 ml  of concen-  
t r a t e d  formic  acid and  coun t ed  in a P a c k a r d  l iquid  sc in t i l la t ion  spec t romete r  a t  a c o u n t i n g  
efficiency of 13 %. 

I:raction A TPase activity (/*moles A TP  Radioactivity 
cleaved per rain per mg protein) (counts/min per rag) 

--oligomycin +oligomycin 
(s /*g/ml) 

Purif ied A T P a s e  67 67 
[2H]Acety 1-ATPase 73 73 
ATPase -de f i c i en t  par t ic les  0.095 o.ooi  
ATPase -de f i c i en t  par t ic les  

r e c o n s t i t u t e d  w i t h  [3H]ATPase  9.I o.98 

1 .  9 • I O 4  

2 .  4 - 1 0  3 

T A B L E  II  

I S O L A T I O N  O F  "STRUCTURAL P R O T E I N "  F R O M  S U B M I T O C H O N D R I A L  P A R T I C L E S  C O N T A I N I N G  R A D I O -  

A C T I V E  A T P a s e  

" S t r u c t u r a l  p ro t e in "  was  isolated f rom labeled par t ic les  (cf. Table  I) as descr ibed b y  CRIDDLE 
et al. 1 excep t  t h a t  t h e  final r emova l  of bile sa l ts  w i th  m e t h a n o l  was  omi t t ed .  

Fraction mg Counts/min Counts/min % of par- % of specific 
per mg ticle-bound radioactivity of 

radioactivity [aH]A TPase 

Labe led  par t ic les  39 9.4" Io4 2.4" lO 3 (ioo) 12.6 
De te rgen t - inso lub le  res idue  5.2 8.6-103 I. 7" 103 9.2 8.4 
S u p e r n a t a n t  a f te r  

12 % (NH4)~SO 4 f rac t iona t ion  lO.5 5.8" lO 3 5.5" lO2 6.1 2.8 
" S t r u c t u r a l  p r o t e i n "  17. 5 6.6. IO 4 3.8" lO 3 7o.0 19.6 
Sucrose w a s h i n g  of 

" s t r u c t u r a l  p ro t e in "  o.71 6.0. IO 2 8.4" lO 2 0.63 4.2 

about  2o % of "structural  protein" consisted of denatured ATPase. Other experiments 
yielded values as high as 35 %. Similar results were obtained if "structural  protein" 
was prepared by  the method of RICHARDSON et al. TM. With either method, between 
60 and 80% of the ATPase protein originally bound to the particles was recovered 
in the "structural  protein" fraction. 

I t  has been claimed TM that  t reatment  of "structural  protein" with acid methanol 
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and urea results in an electrophoretically homogeneous preparation. In our hands, 
however, this procedure removed only about two thirds of the radioactivity and thus 
still did not yield a pure product. 

When the labeled, soluble ATPase was subjected to acrylamide gel electro- 
phoresis according to TAKAYAMA et al. 1° about 90% of the radioactivity migrated as 
a single, sharp band (Fraction 8 of Fig. IA). Essentially the same radioactivity peak 
was observed if "structural protein" from the labeled, reconstituted particles was 
analyzed by this procedure (Fig. IB). However, a substantial fraction of the "struc- 
tural protein" and about one fourth of the radioactivity failed to penetrate into the 
gel. As previously observed by othersLS, the "structural protein" preparation was 
separated into at least 18 protein bands of varying intensity. The most prominently 
stained band coincided with the main peak of radioactivity, proving that our findings 
are not merely caused by acetyl transfer from FI to other membrane proteins. The 
present data also confirm the earlier observation of MACLENNAN AND TZAGOLOFF 2° 

that acrylamide gel electrophoresis of "structural protein" reveals a component that 
is indistinguishable from the main band of a partially purified F 1 preparation. 
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Fig. I. D i s t r i bu t ion  of r ad ioac t iv i ty  af ter  ac ry lamide  gel e lec t rophores is  of [3H]ace ty l -ATPase  
and  labeled " s t r u c t u r a l  p ro te in" .  E3HlAcetyl-ATPase (4 ° /~g;  1.9. lO4 c o u n t s / m i n  pe r  mg ;  Trace  A) 
and  labeled " s t r u c t u r a l  p ro t e in"  (2o0 #g ;  3.75" Ios c o u n t s / m i n  per  mg ;  Trace  B) were sub jec ted  
to ac ry l amide  gel e lec t rophores is  accord ing  to TAKAYAMA et al. 1~ except  t h a t  ace tone  t r e a t m e n t  
of the  [~H]ace ty l -ATPase  was  omi t t ed .  E lec t rophores i s  was pe r fo rmed  for 1.5 h a t  r o o m  t e m p e r a -  
tu re  a t  5 mA/ tube .  The  gels were fixed wi th  l O% t r ichloroacet ic  acid for 20 rain, s t a ined  wi th  
a 0.05 % solut ion of Coomassie  Br i l l ian t  Blue  R 250 in lO% tr ichloroacet ic  acid and  cu t  in to  
t h i r t y  2 - m m  sections.  These  were d issolved in o. i  ml  3 ° % H 2 0  ~ and  coun ted  in a Nuc lea r -Chicago  
l iquid sc in t i l la t ion  spec t romete r  a t  a coun t ing  efficiency of 35-4  ° %. 

It  might be argued that the labeled ATPase rebound to the particles is not 
equivalent to the endogenous, nonlabeled ATPase present in  vivo. However, the mild 
labeling conditions adopted here neither affected the ATPase activity of the soluble 
enzyme nor its ability to assume the oligomycin sensitivity of membrane-bound F 1. 
Moreover, if added together with F 2 and F 3 (ref. 21) the labeled ATPase restored 
oxidative phosphorylation in the acceptor particles (cf. ref. 12). Finally, if "structural 
protein" from the Fl-deficient SU-particles was analyzed by acrylamide gel electro- 
phoresis, the relative intensity of the F 1 band (as revealed by staining with Coomassie 
Brilliant Blue) was greatly diminished. 

We have also considered the possibility that our results merely reflect the 
presence of radioactive impurities in our preparation of [~Hlacetyl-ATPase. Acryl- 
amide gel electrophoresis of the labeled enzyme at three different gel concentrations 
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and at different pH values did indeed reveal some labeled contaminants. However, 
these accounted for less than lO% of the total radioactivity and, therefore, do not 
significantly affect the main conclusion of this study. 

Mitochondrial "structural protein" from beef heart, as prepared by the two 
most commonly used procedures1,1° is thus chemically heterogeneous. A significant 
fraction of it must also be considered an artifact since it represents the denatured 
form of a distinct and well characterized mitochondrial enzyme. While these results 
do not exclude the existence of a specific mitochondrial "structural protein", they 
leave little doubt that such a protein has not yet been isolated in a pure state. 

Several laboratories have reported that mitochondrial "structural protein" from 
"petite" mutant yeast lacks at least one component which is present in the corre- 
sponding preparation from the wild-type strainSm, ~3. Since the "petite" mutation 
abolishes the tight linkage between ATPase and the mitochondrial inner membrane 16 
the present results support the possibility (already considered by TuPPY et al. 8) that 
this difference between the "structural proteins" merely reflects a loss of ATPase 
from the mutant mitochondria during their isolation. 

The authors are greatly indebted to Dr. E. Racker for many helpful and stimu- 
lating discussions. This study was supported by Grant GM 1632O-Ol of the U.S. Public 
Health Service. 
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