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Conformational change in beef-heart mitochondrial F 1 ATPase to 
ATP synthesis mode induced by dimethylsulfoxide and ATP 

revealed by sulfhydryl group labeling 
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Treatment of beef-heart mitochondrial F 1 ATPase with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) results in the incorpo- 
ration of I mol DTNB/mol F 1 without loss of ATPase activity. Incorporation is not prevented by ATP. Labeling occurs 
predominantly on an ~t-subunit, but also with a significant degree of modification of y- and e-subunits. It is suggested 
that the modified sulfhydryl groups of the ct-, ~,- and e-subunits are in proximity so that only one can be modified by 
the reagent. Guanidine hydrochloride (0.3 M) dissociates F 1 into its subunits. Eight sulfhydryl groups/mol F1 can be 
modified under these conditions. Guanidine hydrochloride does not cause dissociation of F1 in the presence of 30% (v/v) 
dimethylsulfoxide (Me2SO) and 2 mM ATP. Under these conditions a second molecule of DTNB is incorporated into 
F 1 with nearly equal modification of the e-subunit and an ~t-subnnit. It is proposed that Me2SO and ATP induce a more 
stable conformation of F~, which is resistant to dissociation by guanidine hydrochloride, but in which the site of reaction 
with DTNB is made more accessible by the guanidine hydrochloride to permit the simultaneous modification of an ~t-sub- 
unit and the e-subunit. Ths conformation is probably that which occurs during ATP synthesis by Ft in the presence of 

Me2SO. 
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1. I N T R O D U C T I O N  

In oxida t ive  p h o s p h o r y l a t i o n  in m i t o c h o n d r i a  
the  F1F0 complex  synthesizes A T P  f rom A D P  and  
phospha t e ,  coup led  with p r o t o n  inf lux  across  the  
inner  m e m b r a n e .  I so la ted  FI  has A T P a s e  act ivi ty.  
Howeve r ,  it can be induced  to  fo rm A T P  in the  
presence o f  30% (v/v)  Me2SO [1-5] .  Thus ,  this 
sys tem is o f  in teres t  in studies o f  the mechan i sm of  
ox ida t ive  p h o s p h o r y l a t i o n .  

In  o rde r  to s tudy  the role o f  Me2SO in favour ing  
the f o r m a t i o n  o f  A T P  over  its hydrolys is ,  the  
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poss ib i l i ty  tha t  this c o m p o u n d  induces  a confo r -  
m a t i o n a l  change  in F1 has been examined .  W e  have 
used the degree to which MezSO changes  the ex- 
posu re  o f  su l fhydry l  g roups  to  the  su l fhydry l  
m o d i f y i n g  agent  D T N B  as an  ind ica t ion  o f  confo r -  
m a t i o n a l  change.  A l t h o u g h  prev ious  work  [6,7] 
sugges ted  tha t  twelve cysteine residues were pre-  
sent  in beef -hear t  m i t o c h o n d r i a l  F1, recent  amino  
ac id  sequence d a t a  has ind ica ted  tha t  e ight  residues 
are  present  [8]. Two cysteine residues occur  in each 
o f  the  three  oe-subunits, with one  each in the  9'- and  
e-subuni ts .  Prev ious  studies have suggested tha t  
one  su l fhydry l  g roup  is accessible to  D T N B  in 
na t ive  yeast  m i toc hond r i a l  F1 and  two su l fhydry l  
g roups  are  avai lab le  in the  m a m m a l i a n  enzyme 
[6,9,10]. The  subuni t  loca t ion  o f  the accessible 
su l fhydry l  g roups  has not  been de te rmined .  

In  the  present  pape r  we con f i rm  tha t  eight  cys- 
teine residues are  present  in bee f -hear t  mi tochon-  
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drial F1. In the absence or presence of 30070 (v/v) 
Me2SO and/or 2 mM ATP only one sulfhydryl 
group reacts with DTNB. An additional sulfhydryl 
group is revealed by guanidine hydrochloride in 
the presence of 30o7o (v/v) Me2SO and 2 mM ATP. 
One of the sulfhydryl groups reacting with DTNB 
under these conditions is on an te-subunit. The 
other reactive sulfhydryl group is on the e-subunit. 
It is proposed that Me2SO and ATP induce a more 
stable conformation of F~ which is resistant to 
dissociation by guanidine hydrochloride. This con- 
formation is probably that which occurs during 
ATP synthesis by F~ in the presence of Me2SO. 

2. MATERIALS AND METHODS 

2.1. Preparation of  beef heart mitochondrial FI-A TPase and 
assays 

The beef heart mitochondria were a generous gift from Dr Y. 
Hatefi (Research Institute of Scripps Clinic, La Jolla, CA). The 
preparation of beef heart mitochondrial adenosine 
triphosphatase, coupled assay system of FrATPase activity and 
determination of protein concentration were carried out as 
described previously [11]. 

2.2. Sulfhydryl group determination 
The sulfhydryl groups of the FrATPase were measured with 

5,5'-dithiobis(2-nitrobenzoic acid) using the spectrophoto- 
metric assay [12] as described by Adade et al. [13], except that 
no sucrose was used in the buffer mentioned. The absorption 
coefficient of the compound formed between DTNB and cys- 
teine.HCl was found to be 9466M-~'cm -I in 30% (v/v) 
Me2SO compared with 13600M-~.cm -~ for the aqueous 
system. 

2.3. Inhibition studies 
Inhibition studies of ATPase activity by DTNB were carried 

out using the coupled assay system of Penefsky [14]. The F~ was 
incubated with DTNB (0.3 raM) in a buffer of 10 mM Tris- 
sulphate and 1 mM EDTA, pH 7.5 [13], with and without 30°70 
(v/v) Me2SO. After the indicated times (usually 30 min), 
guanidine hydrochloride (0.3 M, final concentration) was add- 
ed to the incubation mixture. Samples were taken from each 
reaction mixture and assayed for ATPase activity in the ap- 
propriate buffer system. F~ from the aqueous reaction mixtures 
was assayed in the aqueous buffer system, whereas F~ from 
30% Me2SO reaction mixtures was assayed in the 30% Me2SO 
buffer assay system. Under our experimental conditions 30°70 
Me,SO did not affect the coupled assay system provided that 
the amount of pyruvate kinase was increased three-fold. For in- 
vestigations with ATP, the enzyme was incubated with ATP 
(2 raM, final concentration) for 2 min before addition of 
DTNB (0.3 mM, final concentration). 

2.4. Gel electrophoresis 
SDS-polyacrylamide gel electrophoresis was performed as 

described by Laemmli [15]. Non-denaturing polyacrylamide gel 

electrophoresis studies were carried out with a 4°70 stacking gel 
on a 15% separating slab gel by the method of Davis [16]. Pro- 
teins were stained with Coomassie blue [16]. 

2.5. Radiolabeling 
Fl (0.8-1.0 mg/ml) was reacted with [14C]DTNB (Research 

Products International Corp., IL, USA) in the presence or 
absence of 30o70 (v/v) Me2SO in the appropriate buffer with and 
without 2 mM ATP. After 20 min a portion (125 #l) of the 
reaction mixture was desalted through a centrifuged 1 ml col- 
umn of Sephadex G-50 in the appropriate buffer with and 
without Me2SO [18]. This was done in triplicate and the samples 
combined. Guanidine - HCI was added to the remaining reaction 
mixture to a final concentration of 0.3 M. This reaction mixture 
was allowed to stand for 60 min before desalting. Samples were 
run on SDS-polyacrylamide gels without 2-mercaptoethanol. 
After staining and drying, the gels were placed against X-ray 
film (XAR-5). The intensity of the bands on the radioautograph 
were scanned using a laser densitometer. The area under the 
peaks was measured and the relative ratios of the labeling 
calculated. 

3. RESULTS 

The effect of Me2SO on the conformation of F1 
was examined by determining the exposure of the 
sulfhydryl groups to the aqueous medium. 
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Fig. 1. Assay of sulfhydryl groups of Fl following exposure of 
the enzyme to 0.3 M guanidine hydrochloride in the absence 
(A,B) and in the presence of 30o70 (v/v) Me2SO (C,D). In B and 
D, 2 mM ATP was present. Sulfhydryl groups were assayed 
with 0.3 M DTNB. The concentration of F1 was 0.32 mg 
protein/ml. Open points, without guanidine hydrochloride. 

Closed points, guanidine hydrochloride present. 

277 



Volume 253, number 1,2 FEBS LETTERS August 1989 

Sulfhydryl groups were determined by reaction 
with DTNB. It was found that  the absorption coef- 
ficient of  the sulfhydryl adduct with this reagent 
was diminished in Me2SO. The absorption coeffi- 
cient in 30°70 Me2SO was determined using cysteine 
as the sulfhydryl compound.  A value of  
9466 M -~. cm - t  was found in this solvent com- 
pared with 13 600 M - l -  cm-~ for the entirely 
aqueous system. 

As shown in fig. 1, only one sulfhydryl/mol F1 
was available for  reaction in the native F~ both in 
the absence and presence of  MezSO. Full exposure 
of  the eight sulfhydryl groups present in Ft [9] was 
produced by treatment of  the enzyme with 0.3 M 
guanidine hydrochloride. ATP  (2 mM) or the 
presence of 30070 Me2SO slowed the rate of  ex- 
posure of  sulfhydryl groups. A combination of 
ATP  and MeESO stabilized the F~, permitting the 
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Fig.2. Inhibition of ATPase activity of F~ by DTNB following 
exposure of the enzyme to 0.3 M guanidine hydrochloride in the 
absence (A,B) and in the presence of 30°7o (v/v) Me2SO (C,D). 
In B and D, F~ was incubated with ATP (2 mM) for 2 min 
before addition of DTNB. The concentration of F1 was 0.23 mg 
protein/ml. Open points, without guanidine hydrochloride. 

Closed points, guanidine hydrochloride present. 

reaction of  only one additional sulfhydryl group 
with the sulfhydryl reagent (fig.lD). 

The reaction of  one sulfhydryl group with 
DTNB had little effect on enzyme activity, at least 
initially (fig.2). Addition of  ATP  to the entirely 
aqueous system increased the stability of  the en- 
zyme since the slow loss of  activity observed in its 
absence was prevented (fig.2A,B). Addition of  
0.3 M guanidine hydrochloride resulted in im- 
mediate loss of  enzyme activity. This was not 
prevented by ATP and /o r  MezSO. However,  a 
significant difference was observed between the 
samples treated with guanidine hydrochloride. As 
shown by electrophoresis in non-denaturing 
polyacrylamide gels, the presence of ATP or 
Me2SO alone did not prevent dissociation of  the 
enzyme into subunits. The F~ did not dissociate 
when both Me2SO and ATP were present (data not 
shown). 

The subunit location of the sulfhydryl groups 
reacting with DTNB under the conditions of  figs 1 
and 2 was examined using [t4C]DTNB (fig.3). In 

S 

Fig.3. Radiolabeling of subunits of F~ by [14C]DTNB. The 
experiment was carried out as described in section 2. Lanes: 1, 
F~ reacted with [I*C]DTNB in the presence of 0.3 M guanidine 
hydrochloride; 2, F, reacted with DTNB; 3, F1 reacted with 
DTNB in the presence of 30070 (v/v) Me2SO; 4, F~ reacted with 
DTNB in the presence of 2 mM ATP; 5, F~ reacted with DTNB 
in the presence of 30070 (v/v) Me2SO, 2 mM ATP and 0.3 M 
guanidine hydrochloride. The positions of migration of the 

subunits of Ft on SDS gel electrophoresis are indicated. 
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Table 1 

Extent of labeling of sulfhydryl groups of F1 by [t4C]DTNB 

Reaction conditions mol SH Distribution of 
labeled/ label on subunits 

Me2SO ATP Guanidine. mol Fl 
HC1 oe 7 e 

- - - 0.95 0.52 0 .27  0.16 
- - + 8.0 6.4 0.6 1.1 
- + - 0.95 0.52 0 .21  0.21 
+ - - 0.60 0.42 0 .11  0.06 
+ + - 0.90 0.66 0 .01  0.22 
+ + + 2.0 1.2 0.09 0.70 

This experiment was carried out as described in section 2. 
Labeling by [14C]DTNB was performed in a buffer with or 
without 30% (v/v) Me2SO and/or 2 mM ATP as indicated in 
the table. Guanidine. HC1 (0.3 M) was added to the reaction 
mixtures, where indicated, and labeling allowed to proceed for 
a further 60 rain. - ,  absent; +,  present. The extent of labeling 
of F1 was determined spectrophotometrically (see fig.I). The 
distribution of radiolabeling on the subunits was measured by 

densitometry of radioautographs 

ag reemen t  with the  a m i n o  acid  sequence d a t a  o f  
W a l k e r  et al.  [8] only  a - ,  7- and  e-subuni ts  were 
l abe led  by  the reagent .  U n d e r  the  r eac t ion  condi -  
t ions  which  gave 1 mol  D T N B  reac t i ng / t oo l  FI ,  the  
cr-subunit  was p r e d o m i n a n t l y  labe led  by  
[~4C]DTNB, a l though  s igni f icant  labe l ing  o f  7- 
a n d  e-subuni ts  also occur red  ( table  1). In  the  
presence  o f  Me2SO, A T P  and  guan id ine  
hyd roch lo r ide ,  cond i t ions  which led to  the  reac t ion  
o f  2 mol  D T N B / m o l  F~, s ignif icant  ex t ra  label ing 
o f  b o t h  oe- and  e-subuni ts  was observed .  D T N B  
unde r  these reac t ion  cond i t ions  labe led  a 
su l fhydry l  g roup  on  one o f  the  t r -subuni ts ,  and  the 
su l fhydry l  g r o u p  o f  the  e-subuni t .  

l abe l ing  stabi l izes the  i n c o r p o r a t i o n  o f  a single 
molecu le  o f  the  reagent ,  This  suggests tha t  reac t ion  
o f  one  molecu le  in the  na t ive  enzyme effect ively 
prevents  r eac t ion  o f  a second  molecule  o f  DTNB,  
poss ib ly  for  steric reasons .  

Cross l ink ing  has revealed tha t  or- and  7-, and  7- 
and  e-subuni ts  are  in p r o x i m i t y  [19,20]. Su l fhydry l  
g roups  on the or- and  7-subuni t s  a re  close enough  
for  a d isul f ide  br idge  to  be f o r m e d  under  oxidiz ing 
cond i t ions .  Pe rha ps  D T N B  reacts a t  an  in ter face  
be tween  a - ,  7- and  e-subuni ts .  M o d i f i c a t i o n  o f  this 
site does  no t  affect  enzyme act ivi ty .  

G u a n i d i n e  hyd roc h lo r i de  (0.3 M) in the  presence 
o f  2 m M  A T P  and  30% Me2SO does no t  af fec t  the  
in tac tness  o f  the  enzyme.  A T P a s e  ac t iv i ty  is in- 
h ib i ted  and  a second  molecu le  o f  D T N B  can react .  
The  i n c o r p o r a t i o n  o f  label  f rom [X4C]DTNB oc- 
curs  equa l ly  at  ce- and  e-subuni ts .  These  results  are  
cons is ten t  wi th  a r e l axa t ion  o f  the  prev ious  site o f  
m o d i f i c a t i o n  to  pe rmi t  s imul t aneous  reac t ion  o f  
two  su l fhydry l  g roups  one on  an ce-subunit and  the 
o the r  on  the e-subuni t .  This  site is no t  p ro tec t ed  by  
A T P  f rom m o d i f i c a t i o n  by  D T N B .  

Since there  are  three  a - subun i t s  in F~, the label-  
ing o f  on ly  one subuni t  by  D T N B  under  these con-  
d i t ions  implies  tha t  there  is a degree o f  a s y m m e t r y  
a m o n g  the te-subunits .  This cou ld  be p e r m a n e n t  or  
be induced  by  the act o f  mod i f i ca t ion .  The  confo r -  
m a t i o n  occur r ing  with A T P  and  Me2SO is p ro -  
b a b l y  tha t  o f  F1 when it is in the  A T P  synthesis  
m o d e .  
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4. D I S C U S S I O N  

In  ag reemen t  with the  a m i n o  acid  sequence d a t a  
o f  W a l k e r  et al.  [8], eight  su l fhydry l  g roups  were 
de tec ted  by  D T N B  in ful ly  dena tu red  bee f -hear t  
m i t o c h o n d r i a l  F~. These  were present  in the  or-, 7- 
a n d  e-subuni ts  only .  In  the  absence  o f  the  
d e n a t u r a n t  in ent i re ly  aqueous  media ,  with and  
wi thou t  2 m M  A T P  a n d / o r  30% (v /v)  Me2SO, on-  
ly 1 mo l  D T N B  reac ted  per  mol  F1. I n c o r p o r a t i o n  
o f  label  f rom [14C]DTNB was p r e d o m i n a n t l y  in 
the  oe-subunit, a l though  s ignif icant  label ing o f  7- 
and  e-subuni ts  was observed .  I t  is in teres t ing  tha t  
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