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The CFl(~t/3)-core complex previously isolated from the spinach chloroplast CFoFt-ATP synthasc contains equal amounts of 
CFla-  and fl-subunits, functions as a soluble Mg2~-ATPase and forms a hybrid F~FI-ATPase when incorporated into fl-less 
Rhodospirillum rubrum membrane-bound F0F I (Avital, S. and Gromet-Elhanan, Z. (1991)J. Biol. Chem. 266, 7067-7072). Here, 
we demonstrate that this soluble spinach CF,(otfl)-Mg2+-ATPase, unlike its latent parent CFrATPase.  does not respond to 
activation by octyl glucoside, is only slightly stimulated by sulfite and not inhibited by free Mg 2~, azide or tentoxin. The 
CFt(a/3)-ATPase does however bind tentoxin rather tightly and is stimulated by it at concentrations that inhibit the parent 
CFI-ATPase. Unlike this soluble CFl(afl)-ATPase, the hybrid Mg2+-ATPase formed by incorporation of the same CFl(a fl) 
preparation into /3-less R. rubrum FoFn, is markedly stimulated by sulfite and completely inhibited by azide and tentoxin. These 
results indicate that (a), for s~imulation by tentoxin the presence of a-  and /~-subunits from a sensitive CFt is enough, whereas 
for inhibition by it other Ft-subunits are required and these can come from a tentoxin ~e~:iotant Ft-species, such as R. rubrum and 
(b), although the single-copy subunits are not required for F~-ATPase activity, their presence results in increased rates and large 
changes in the catalytic properties. 

Introduction 

All living cells con ta in  a m e m b r a n e  e m b e d d e d  FoF ,- 
A T P  syn thase -ATPase  complex tha t  couples  pro ton-  
t rans ioca t ion  to A T P  synthesis  and  hydrolysis. The  
catalytic F I c o m p o n e n t  can be  readily solubil ized as a 
funct ional  ATPase ,  t ha t  consists  of  five d i f ferent  
po lypept ide  subuni t s  with a s to ichiometry  of  O~3~3~'¢~e. 
It has  up to six catalytic a n d  regula tory  nucleot ide  
b ind ing  s i tes  residing on  the  large a -  and  / / - subuni ts  
[1,2]. T h e s e  large subuni t s  form a symmetr ic  hexamer ,  
bu t  the  p resence  of  single copies  o f  the smal ler  3', 
and  ~-subunits  b reaks  this  symmetry  [3-6].  T he  result-  
ing compl ica ted  asymmetr ic  s t ruc tu re  leads also to an  
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asymmetry  in the  nucleot ide  b inding-s i tes  tha t  gives 
rise to a funct ional  asymmetry  [74-9]. 

Ear l ie r  exper imen t s  seemed  to indicate  tha t  an 
asymmetr ic  s t ruc ture  is a prerequis i te  for F , -ATPase  
activity, since the  minimal  combina t ion  of subuni ts  
r epo r t ed  to form an  active ATPase  was e i the r  a3/[~3" Y 
or  c¢3fl3/L A n  a3/~33,-ATPase complex was reconst i-  
t u t ed  f rom puri f ied subuni ts  of EcF  I [10], TF  I [11] and  
StF  I [12]. A similar complex was also ob ta ined  by a 
stepwise removal  of  the  ~ and  ~-subunits  f rom CF~ 
[13]. An  a 3 / 3 ~ - A T P a s e  ~vas assembled  up  to now only 
f rom puri f ied subuni t s  of  T F  n [11], but  its proper t ies  
have b e e n  repor ted  as significantly di f ferent  from those  
of  T F  I [14]. 

Recent ly ,  however,  various active F i -ATPase  com- 
plexes con ta in ing  only a -  and  /3-subunits have been  
r epo r t ed  for T F  1 [15-17]  and  CF n [18]. The  TFl (a l3 )  
complexes  havt. b e e n  p repa red  f rom a 1:1  mixture of  
isolated a -  and  ,b ~ubunits ob t a ined  by over  express ion 
of  the i r  genes.  They i,ave been  shown to assemble  in 
the  absence  of  nucleot ides  and  Mg z+ into a n  a 3 ~  3 

complex [15,i6], bu t  in the p resence  of  about  30 p.M 
M g A T ( D ) P  the  Ot3~ 3 hexamer  dissociates into  a l /3  I 
dimers.  Bo th  bexamers  and  d imers  are  active ATPases  
[17,19]. 
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A direct assembly of (TF~c*- and B-subunits into 
active CFl(t~ fl) complexes is as yet impossible, since all 
attempts to isolate pure Cl:t~r in a soluble activ,~ form 
have failed [20]. An assembled active CFl(<xg) pr."para- 
tion could however bc isolated and purified from the 
spinach membrane-bound CF,)F~ by a procedure that 
involves extraction of coupled spinach thylakoids with 2 
M LiCI in prcscncc of  4 mM MgATP [21] ar'd fraction- 
ation of  the resulting extract on FPLC ion-exchange 
columns [18]. The purified C F l ( a g )  preparat ion con- 
tains an equimolar  ratio of et- and g-subunit ,  is active 
as a soluble Mg 2+-ATPase and can also form a mem- 
brane-bound hybrid FoFi-ATPasc [18], when incorpo- 
rated into B-less Rhodospirillum rubntm FoF ] [22]. Gel 
filtration of  the CF~(aB)-ATPase in presence of 
MgATP revealed a mixture of  CF~.d33 and a]/3 L 
complexes but here, unlike in the T F l ( a g ) - A T P a s e  
[17,19], removal of  MgATP resulted in complete loss of 
ATPase activity (Sokolov, Avital and Gromet-Elhanan,  
unpublished observations). 

The isolation of active F~(ag)-core complexes sug- 
gests that Ft-ATPase activity is not dependent  on the 
presence of single-copy subunits. The  propert ies of 
these complexes might however be different from those 
of the intact F~-ATPases, or their a3g3Y or a31336 
complexes and could, thus, enable us to document  
changes in both structure and function of  the core 
complex that are imposed by the presence of single 
copy subunits. 

In this report,  we describe the catalytic propert ies of 
the CF , (ag ) -ATPase ,  which in several aspects differ 
from thor ~. of  the parent  CF~-ATPase, as well as from 
those of the hybrid FoFt-ATPase formed by incorpora- 
tion of the same preparation of  CFl(otg) into /3-.less R. 
ruhrum F0F I. 

Materials  and Methods  

Preparations. The CF~(ag)-core complex was pre- 
pared from a 2 M LiCI-extract of  washed ~_pinach 
thylakoids as described by Avital and Gromet -Elbanan  
[18]. The purified complex was concentrated by ultrafil- 
tration on a YMI0  membrane (centriprep device) to 
2 -5  m g / m l  and stored in liquid nitrogen. Control  and 
g-less R. rubrum chromatophores and the RrF~B-sub- 
unit were prepared as described [23,24]. Spinach CF 1 
was a generous gift of  Dr. R.E. McCarty, The Johns 
Hopkins University, Maryland. 

Assays. Soluble ATPase  activity was assayed for 5 
rain at 35~C in a 0.3 ml reaction mixture that con- 
tained, unless otherwise stated, 50 mM Tricine (pH 
8.0), 5 mM MgCI 2, 5 mM ATP and 2 -20  # g  of protein. 
The reaction was stopped by 0.3 ml of  0.5 M trichloro- 
acetic acid and the released P~ est imated [25]. 

Reconsti tution of the /3-less R. rl;~rum chromato-  
phore F0F I by incorporation of R r F l g  or CUt(a/3) was 

carried out by incubating chromatophores  equivalent  
, )  3 Izg of baeteriochlorophyll  with 5 -10  /xg of the 
incorpola led protein for I h at 35°C, in a final volume 
of 0.2 ml containing 5(1 mM Tricine (pH 8.11). 23 mM 
MgCI 2, 4 mM ATP,  1 mM D'lq" and 7.5% glycerol. 
When stated, the same procedure  was applied on con- 
trol chrom:)tophores.  The  reconsti tuted chroma{o- 
phorcs were centr ifuged [26] and the pellets resus- 
pended in (I.22 ml of  50 mM Tricine.  Their  restored 
ATPase  activity was assayed on duplicate samples of  
0.1 ml which, unless otherwise stated, were preineu- 
bated for 10 rain at 35°C in 11.6 ml of  50 mM Trieine 
(pH 8.(I) with the inhibitors or  stimulators ment ioned  
in the text. The  reaction was then started by adding 0.1 
ml of  a solution giving a final concentrat ion of  2 m M  
MgCi 2 and 4 mM A T P  and stopped by 0.1 ml of 2 M 
trichloroacetic acid. The released Pi was measured  
after centrifugation as described in Ref. 25. 

Binding t)f tentoxin to the CFl (a f l )  complex was 
carried out by incubating 100-200 # g  of the complex 
with 1(t-211 p.M tentoxin for 10 min at room tempera-  
ture. The  unbound tentoxin was removed by elution- 
centrifugation through Sephadex G-50 columns [27] as 
outl ined in Ref. 28, In the absence of  the CFj(otg)  
complex tentoxin was fully retained on the Sephadex 
columns, since the eluant  lost completely its capacity to 
inhibit CFI -ATPase  activity. 

Protein was de termined  by the Bradford method  
[29] using bovine serum albumin as the standard. Bac- 
teriochlorophyll  was measured according to Ref. 30. 

Results  

Various isolated 0urified Flf l-subunits  were re- 
ported to have ei ther  no measurable  [10,11,18,22,26] or  
very low ATPase  activity that required hours of  incuba- 
tion for assay [31,32]. Even the T F t a -  and g-subunits ,  
that were obtained by overexpression and found to be 
more active than those purified from dissociated TF:  
[15], were reported to have no meaningful  ATPase  
activity [16]. On the other  hand all isolated F](otg) 
complexes containing equimolar  ratios of  the c,- and 
g-subunits  were found to have easily measurable  AT-  
Pase activities [15-19]. 

The  TFI(a /3)-ATPase activities range between 4 -  
20% of  their parent  TF~-ATPase activity [15-17,19]. 
CF~ is, however, a latent ATPase  showing very low 
Ca2+-ATPase and even lower Mg2+-ATPase activities 
[33]. It can be activated by various t reatments  that have 
been correlated ei ther  with removal of  its e-subunit 
[34,35] or  with the reduction of  a disulfide bond in its 
y-subunit  [36]. It is, therefore,  not surprising that the 
CF~(a/3)-core complex, containing nei ther  y nor  E [18], 
shows with no additions a higher Mg2+-ATPase activity 
than its parent  latent CF~-ATPase (Table I). 



T h i s  C F ~ ( a / J ) - M g : * - A T P a s e  act iv i ty  is l i nea r  w i t h  
t i m e  a n d  e n z y m e  c o n c e n t r a t i o n  (no t  shown) .  O n  add i -  
t i on  o f  octyl  g l u c o s i d e  t h e  l a t en t  C F ~ - M g 2 ~ - A T P a s c  
h a s  b e e n  s h o w n  to be  a c t i v a t e d  [37] by b o t h  r e m o v a l  o f  
t h e  ~ - s u b u n i t  a n d  r e l i e f  o f  l he  i na i b i t o ry  e f fec t  o f  f rec  
M g  2÷ [35]. A s  is i l l u s t r a t cd  in T a b l e  !, t h i s  last  e f fec t  is 
o n l y  pa r t i a l ,  s i n c e  e v e n  in p r e s e n c e  o f  octyl  g luco~ide  
t h e  C F F M g ~ % A T P a s c  act ivi ty is l ower  at  a M g C I : /  
A T P  r a t i o  o f  I a s  c o m p a r e d  to 0.5. O n  t h e  o t h e r  h a n d ,  
t h e  bas i c  ac t iv i ty  o f  the  C F l ( a / j ) - M g 2 + - A T P a s e  is 
r a t h e r  h i g h e r  a t  a M g C I ~ / A T P  ra t io  o f  1 a n d  is n o t  
a f f e c t e d  by octyl  g l u c o s i d e  u n d e r  b o t h  t e s t e d  M g C I 2 /  
A T P  ra t ios .  

T a b l e  1 s h o w s  a l so  t he  d i f f e r e n t  s ens i t i v i t i e s  to  t e n -  
t ox in  o f  CF~ a n d  its i so l a t ed  ( a / j J - c o r e  c o m p l e x .  A t  3 
p ,M.  t e n t o x i n  i n h i b i t s  by 4 0 - 6 0 %  t h e  CF] l a t e n t  a n d  
o c t y l - g l u c o s i d e - a c t i v a t e d  M g ~ + - A T P a s e ,  w h e r e a s  t h e  
C F ~ ( a / J ) - M g Z + - A T P a s e  is no t  a f f e c t e d  by t e n t o x i n  in 
t h e  p r e s e n c e  o f  octyl  g l u e o s i d e  a n d  r a t h e r  s t i m u l a t e d  
by  it in t h e  a b s e n c e  o f  octyl  g l u c o s i d e .  T c n t o x i n  is a 
s p e c i e s - s p e c i f i c  e f f e c t o r  o f  C F ~ - A T P a s e  [38] w h i c h  at  
0 . 1 - 1 0  ~ M  b locks  [37,38], b u t  a b o v e  100 / , tM s t i m u -  
l a t e s ,  b o t h  its t r y p s i n - a c t i v a t e d  C a ~ + - A T P a s e  t39] a n d  
o c t y l - g l u c o s i d e - a c t i v a t e d  M g Z * - A T P a s e  [40]. F u r t h e r -  
m o r e ,  at  3(10/ . tM, t e n t o x i n  h a s  b e e n  s h o w n  to  s t i m u l a t e  
by  i tself ,  in t h e  a b s e n c e  o f  octyl  g l u e o s i d e ,  t h e  Mg- '* -  
A T P a s e  act iv i ty  o f  C F  t i so l a t ed  f r o m  v a r i o u s  s ens i t i ve  
s o u r c e s  [40]. T h e  o b s e r v e d  s t i m u l a t i o n  o f  t h e  CF~(a /3) -  
M g  2 + - A T P a s e  by  a t e n t o x i n  c o n c e n t r a t i o n  t h a t  i nh ib i t s  
t h e  C F t - M g a % A T P a s e ,  c o u l d  be  d u e  to a g e n e r a l  
d o w n s h i f t  in t h e  t e n t o x i n  c o n c e n t r a t i o n s  r e q u i r e d  to 
inh ib i t  o r  s t i m u l a t e  t h e  C F ~ ( a / J ) - A T P a s e .  Fig. 1 i l lus-  
t r a t e s  h o w e v e r  t h a t  t h i s  is n o t  t r ue ,  Since no  i nh i b i t i on  
o f  t h e  C F ~ ( a / J ) - M g 2 ~ - A T P a s e  act iv i ty  was  o b s e r v e d  

IABLE l 

Properties of  the soluble Mg 2 ~-A TPase actwtty of  CF z and tts (aft)- 
core complex 

The soluble ATPase activity was assayed as described in Materials 
and Methods, except for the stated concentration.- of MgCI e and 
ATE When stated, 40 mM octyl glucoside and/or  3 p.M tentoxin 
were added before the reaction was started by addition of either 
latent CF I or CFl(afl). 

Additions to M g  2 +-ATPase activity 
the assay (~mol Pi released 

/min  per mg protem) 
measured with 

MgCI 2 + ATP 
(2 + 4 mM) 

MgCl, -~ ATP 
(5+5 mM) 

C F  t CF l (o t / 3 )  C F  1 C F I ( ~ / ~ )  

None 0.10 0.16 
Octylglucoside 9.90 0.17 
Tentoxin 0.04 0.26 
Octylglucoside 

+ tentoxin 5.65 0.17 

@02 0.20 
7.50 0.21 
0 0.28 

4.50 0.19 

381 

r r  , ! , , , . . . . .  I . . . . . . . . .  I , T . . . . .  ,It 

'O.OI ~. I I I O 

e'° ~ I  1 . . . . . .  i , l  - - r r r - t - . , , , I  - - - r - - - - r ~ ' r r h - - ~ t  q 

B 120 ,...¢, 5 0 0  

u , B - l e s s  * Rr  B , j  
/ 

~oo f 
1 5 0  o 

5O ~ "5 
m 

T e n t o x l n  c o n c e n t r a t i o n  (/.LM) 

Fig. I .  E f f ec t  o f  t e m o x i n  on  t h e  so lub le  Mg- '  " - A T P a s e  ac t i v i t y  o f  the  
CFt (c~/~) -core  c o m p l e x  as c o m p a r e d  to  the  M g 2 % A T P a s e  ac t i v i t y  
restored lo/3-1es~, R rubrum chrnmatophores by their reconstitution 
with the same CFI(~/3) complex or with Rr/3. Soluble ATPase 
activity was assayed as described in Materials and Methods. except 
that the enzyme was preincubatcd for 10 ram. at 35°C with the stated 
concentration~ t)f tcntoxin and the assay was started by addition of a 
solution giving a final concentration of 5 mM MgC!, and ATP. The 
reconstitution and restored ATPase activity were carried out as 
described in Materials and Methods. The reconstituted chromato- 
phores were preincubaled for 10 rain at 35"C ,~,ilh the stated concen- 
trations of tentoxin and the assay was started by addition of a 
solution giving a final concentration of 2 mM MgCI z and 4 mM ATP. 
Control rates were 0.18 ~mol P, released per rain per mg protein fl~r 
the soluble ATPase ( L x - - - - - - ~ )  and 129 (e o) or 242 
(o - o )  #mol P, released per h per rag bacteriochlorophyll for 

the restored ATPase. 

e v e n  at  300- fo ld  lower  c e n c c n t r a t i o n s  o f  t en tox in .  O n  
t he  o t h e r  h a n d ,  t he  s t i m u l a t i o n  o f  C F a t a f l ) - M g  ~+- 
A T P a s e  act ivi ty  by t e n t o x i n  was  very  c lear ,  a m o u n t i n g  
a l r e a d y  to 3 0 0 %  o f  con t ro l  at  l0  # M .  

B e s i d e s  its act ivi ty a s  a so lub l e  M g Z + - A T P a s e ,  t he  
i so l a t ed  C F l ( a  f l )  c o m p l e x  c a n  a lso  f o r m  a m e m b r a n e -  
b o u n d  hyb r id  F ~ F F A T P a s e  w h e n  i n c o r p o r a t e d  in to  
inac t ive  f l - l ess  R. r u b r u m  FoF ] [18]. W h e n  t he  s a m e  
p r e p a r a t i o n  o f  C F l ( a / 3 ) ,  w h o s e  so lub l e  M g  2 L A T P a s e  
act ivi ty  w a s  on ly  s t i m u l a t e d  by t en tox in ,  w a s  i nco rpo -  
r a t e d  in to  / J - less  F0F  I a t e n t o x i n  sens i t ive  hybr id  
M g 2 ÷ - A T P a s e  act ivi ty  was  r e s t o r e d  (Fig.  i). O n  t h e  
o t h e r  h a n d ,  r e i n c o r p o r a t i o n  o f  t h e  na t ive  RrF l /3  in to  
t h e  f l - less  R. rubn~m FoFi r e s t o r e a  t he  na t ive  M g  2÷- 
A T P a s e  act ivi ty  t h a t  is c o m p l e t e l y  r e s i s t a n t  to  t en tox in .  
T h e s e  r e s u l t s  d e m o n s t r a t e  t h a t  t h e  C F ~ ( a / j ) - c o r e  c o m -  
p lex  is r e s p o n s i b l e  for  c o n f e r r i n g  t e n t o x i n  sens i t iv i ty  to  
t h e  hyb r id  F o F F M g 2 * - A T P a s e .  H o w e v e r ,  s i nce  t he  
CFI ( a /3 )  s o l u b l e  M g 2 ÷ - A T P a s e  act ivi ty is s t i m u l a t e d ,  
bu t  no t  i nh ib i t ed ,  by t e n t o x i n  it is c l e a r  tha t  i nh ib i t i on  
by t e n t o x i n  r e q u i r e s  t he  p r e s e n c e  o f  o t h e r  F i - s u b u n i t s .  
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T A B L E  II 

~,if[~'('! ({~' ICntO~'lrl [)!'C~'CfICC dllri?lq" r tco t t~ t i t l t l i~ / l  (~r ¢IA.~tlV oi l  / h e  

re~tort'd Mg " "-ATPa~e a( ti~'itv 

The  res tored  M g : ' - A T P a s c  acti~it~ wa~ assayed as desc r ihed  in 
Mater ia ls  and Methods ,  except  that 20 mM N a : S O a  was  added  to 
the  preineubati~m ,;lep. 

Sys tem 
tested 

Mg  2 ' - A T P a s e  activity 
( ~ m o l  Pf r e l e a s e d / h  pe r  mg Bchl)  

ch roma-  added  w;thout  with tentoxin p resen t  
tophores  subt;nit t enmxin  only dur ing  

reeonst i tu t ion " assay b 

Control  none 730 750 720 
13-1css none 20 17 19 
B-less Rr/3 511 490 52(1 
/3-less CFI (a  f l  ) 500 2 v, 40 

" Reconst i tu t ion  of  CFl(oz/~) into ¢3-1ess c h r o m a t o p h o r e s  was  car r ied  
out  in prescncc  of  3 # M  tcntoxin. The  recons t i lu tcd  ch romato -  
phores  were  cent r i fuged,  r e suspcnded  in buf fe r  wi thout  tenh;xin 
and assayed for res tored  A T P a s e  activity. 

h Reconsh tu t ion  was car r ied  out in the absence  of  tentoxin which 
was added ,  to a final concent ra t ion  of  3 # M ,  only to the  assay of  
res tored A T P a s e  activily. 

In the hybrid these subunits are provided by the ten- 
toxin resistant R. rubrum F . F  I. Their  effect must 
therefore bc indirect, probably via changes in confor- 
mation induced in CFl(al3) upon its interaction with 
one or more of the single-copy subunits. 

Table I1 illustrates that tentoxin inhibition is irre- 
versible, since the same degree of  inhibition of the 
CF~(aI3) containing hybrid Mg2÷-ATPase was obtained 
when tentoxin was present  only during the reconstitu- 
tion and washed out before the assay, or only during 
the assay. Table 1I also demonstrates  that under  all 
tested conditions control R. rubrum chromatophores ,  
as well as /3-less chromatophorcs  reconsti tuted with 
RrFt~ ,  are completely resistant to tentoxin. Indeed, 
ATP  syt~thesis and hydrolysis by R. tubrum chromato-  
phorcs and the soluble ATPase activity of  isolated 
RrF~ are unaffected by tcntoxin concentrat ions ranging 

T A B L E  III  

between 0.01 # M  to 1 mM (Weiss, S. and Gromet -  
Elhanan, Z., unpublished results). 

The  stimulatory effect of  low tentoxin concentra-  
tions on the soluble spinach CFt(a /3)-Mg2*-ATPase  
suggest thai  this CFI (a  ~)  complex must bind tentoxin 
as tightly as its parent  spinach CF~. In the absence o f  
labeled tcntoxin direct binding tests could not be car- 
ried out. But, as can be seen in Table  III, e lut ion-een- 
trifugation through a S.~phadex G-50 column [26] was 
found to serve as an indirect but  sensitive assay for 
demonstrat ing that tentoxin does indeed bind tightly to 
the CF((a/3) complex. CFt(a/3) was not retained on 
this Sephadex column and after column-centr i fugat ion 
its full capacity to reconsti tute /3-less chromatophores  
and restore a hybrid FoF~ Mg2+-ATPase appeared in 
the eluant  (Table III, Expt. 1). Tentoxin,  on the  o ther  
hand, was fully retained on the Sephadex and after  
column-centr i fugat ion of tentoxin by itself or  in the 
presence of  BSA, its inhibitory effect d isappeared from 
the cluant  (Table 11I, Expts. 2 and 3). But when ten- 
toxin was applied to the Sephadex after incubation in 
presence of  CFt(a/3)  most of  its inhibitory effect  ap- 
peared in the eluant  (Table I!I, Expt. 4). These  results 
demonstra te  that tentoxin binds to CFt(otl3) in a tight 
enough manner  so that most o f  it remains bound 
during elut ion-centr i fugat ion.  Indeed  the soluble 
MgZ+-ATPase activity of  the CFt(~ fl) + tentoxin used 
in Expt. 4 of  Table  111 was 3-4- fo ld  higher  than that o f  
the CF((a/3) used in Expt. 1-3  of  Table  III, due to 
stimulation by the bound tentoxin and this st imulation 
was retained after  column centrifugation (not shown). 

Fur ther  characterization of  the soluble CFl(a/3)-  
Mg2~-ATPase as cempared  to the membrane-bound  
restored hybrid FnF ~ Mg2+-ATPase activity obtained 
with the same CF((a/3) preparation,  revealed addi- 
tional differences in their  response to various effectors,  
such as sulfite (Fig. 2) and azide (Fig. 3). Suifite has 
been reported to stimulate by several-fold the Mg 2+- 
ATPase  activity of  membrane-bound and isolated F t- 
complexes from mitochondria [41], chloroplasts [42] 

Demonstration Of the tight binding o[ ~et:toxin to the" ('F I (c~D)-core complex by tts inhibition o f  re.~tored hybrid Mg ~- ~-A TPase actit'ity in reconstituted 
[3-less chromatophores 

The  c o m p o u n d s  listed unde r  A and B we t ,  ~ - i ncuba ted  separatcl~ for 10 mi~ at room t e m p e r a t u r e  and  e i ther  used direct ly fear recons t i tu t ion  
with /3-less R. rubrum ch roma tophore s  ( " n o  t~ ~, ,aent"),  o r  cen t r i fuged  through a G-5() Scphadex  co lumn and the  e lua te  used for reconst i tu t ion .  

Expl .  
No. 

Addi t ions  to g- less  c h r o m a t o p h . -  
dur ing  reconst i tu t ion 

A t. 

M g :  + -ATPase  activity 
( t tmo l  P, r e l e a s c d / h  p e r  m g  Bchl)  

no t rea t -  co lumn-  
me.nt cen t r i fuga t ion  

1 CFt(otfl) none 579 544 
2 CFt(a /3  ) tentoxin 107 542 
3 CFI(c~/J ) BSA + tea . t , .  ,: ~' 116 584 
4 CFI(txt3 ) + tentoxin " none 81 189 

Tentoxin  at 10 p.M was p re incuba ted  alone (Expt .  2), or  with B S A  (Exl,, i) ' f  'n Expt. 4 with CFl(ot/3) and  its final concen t ra t ion  w h e n  a d d e d  
directly to the reeonst i tu t ion mixture  was  0.4 g M .  
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Fig. 2. Effect of sulfite on the soluble Mg ~ '-ATPase activity of the 
CFt(a~/~)-core complex as compared to the MgZ~-ATPase activity 
restored to /3-less chromatophores by the same CFl(c~/~) complex 
and by Rr/~. Conditions of reeonslitution, preincubation and assays 

of soluble and restored ATPase were as de~ribed in Fig. 1. 

and  R. rubrum c h r o m a t o p h o r e s  [43]. As  can be  seen in 
Fig. 2, sulfi te s t imula tes  the MgZ*-ATPase  activity 
res tored  to fl-less FoF I by incorpora t ion  of CFl (a /3)  or 
RrFt /~ by 4- and  2-fold, respectively,  w he r ea s  the solu- 
ble MgZ+-ATPase  shows only a 50% s t imula t ion  by 20 
m M  sulfite. The  p resence  of sulfi te did not  change  the  
effect  of  tentoxin  on  these  A T P a s e  activities. As  is 
shown in Tab le  I t ,  addi t ion of  3 m M  tentoxin  in 
p re sence  of  20 m M  sulfite has  n o  effect  on the  Mg e*- 
A T P a s e  activity res to red  to fl-less F .F ,  by incorpora-  
t ion of  RrF~/3 but  fully inhibi ts  thc  activity res tored  by 
incorpora t ion  of  CF~(a/~). The  soluble CF~(t~/3)-Mg -'+- 

0 --I~l|I , i I , I '~'I I --- I i I 

. I ° 
IOOk-4~ . . . . . . . . . . . . . . .  ~- . . . .  a - - ~ a - - -  ~- . . . . .  I00 

8 0  ~ - 8 0  

less  + R r ~  . ~ 

4O 4O 
e E 
! 20 / 

O.OI O ~  OI 0.2 t 2 

NoN a concentmt~n (raM) 

Fig. 3. Effect of azide on the soluble Mg-'~-ATPase activity of the 
CFl(afl)-core complex as compared to the MgZ*-ATPase activity 
restored to fl-less chromatophores by the same CFl(a/3) complex 
and by Rr/3' Conditions of reconstitution, preincubation and assays 

of soluble and restored ATPase were as described in Fig. 1. 

ATPase  tha t  was s t imulated in presence  of e i ther  ten- 
toxin (Fig. 1) or  sulfite (Fig. 2) was s t imula ted  in 
presence  o f  both reagents  to a somewhat  higher,  al- 
though  not completely additive,  extent  (not shown). 

Azide,  unlike tentoxin,  is a r a the r  general  potent  
inhibi tor  of  the merab rane -bound  and  soluble F t- 
Mg~+-ATPases  f rom all tested sources  [44-J,7]. As  is 
i l lustrated in Fig. 3, azide inhibits  to  about  the same 
extent  the Mg2*-ATPase  rcst,~red to /3-less F0F ~ by 
incorpora t ion  of e i ther  RrFI/3 or CFl(a/3) ,  But  the 
soluole M g ' ~ - A T P a s e  activity of the  same C F l ( a  fl) 
p repa ra t ion  is comple te ly  resis tant  to  azide. The  re- 
cently isolated T F t ( a f l ) - A T P a s e  has  also been  de- 
mr ibed  as insensit ive to  azide [15,16] and  much less 
sensitive to  sulfite [16] than its pa ren t  TF~-ATPase.  
Thus ,  all the  resul ts  ob ta ined  up to now with the  
var ious isolated Fl(t~fl)-core complexes  indicate  that ,  
a l lhough  the  single-copy subuni ts  are not  requi red  for 
F t -ATPase  activity, the i r  presence  change  dramatical ly  
not only its s t ructure  but  also its catalytic proper t ies .  

D i s c u s s i o n  

Fi-a3fl  3 and  crlfl I complexes,  tha t  funct ion as the 
catalytic core  of FI-ATPase,  have first been  repor ted  
for the  thermophi l i c  TFI -ATPase  [15-!7] .  The  enzymic 
proper t i es  of  these  TFl(a /3)-core  complexes  were  in 
some respects  similar to thei r  native TFt ,  as in sub- 
s t ra te  specificity for nueleot ide  t r iphospha tes  [16] and  
sensitivity to A M P - P N P  [15], but  in o thers  d i f ferent  
f rom those  of  TF],  as in a less s t r ingent  divalent  cat ion 
specificity [16] and  insensitivity to azide [15,16]. 

W e  have recently succeeded in isolating the  first 
mesophi l ic  CFI(a /3) -ATPase  as well as a pure  CF,/3 
f rom a 2 M LiCI extract  of sp inach chloroplas ts  [18]. 
The  CF~(afl) is composed  of equivalent  amount s  of  a -  
and  /3-subunits. funct ions  as a .soluble MgZ*-ATPase  
and  also forms a m e m b r a n e - 0 o u n d  hybrid F o F F A T P a s e  
when  incorpora ted  into fl-less R. rubrum F ,F , ,  whereas  
the  pure  CFl f l  has ne i the r  of these  activities [18]. 
F u r t h e r  exper iments  have d e m o n s t r a t e d  that  only 
CFl(a /3)  p r epa ra t i ons  conta in ing equ imola r  amount s  
of CFI~  and  f l -subuni ts  show soluble ATPase  activity, 
since several  o the r  prepara t ions ,  con ta in ing  only 0.2 or  
0.5 mol of  C F l a  per  mol of CFI/3, tha t  were isolated 
from tobacco or  le t tuce chloroplasts,  could form hybrid 
F,~FI-ATPases when  incorpora ted  in to /3- less  F0F j. but  
showed no  soluble  ATPase  activity [48]. 

As in the  case of the  TFl (~f l ) -core  complex,  the  
enzymic p roper t i e s  of  the sp inach CFI(~t/J)-Mg 2÷- 
ATPase  p r e sen t ed  here  were in some respects  s imilar  
to, but  in o the r s  different  from. those  of  its pa ren t  
sp inach  C F c A T P a s e  as well as of the  m e m b r a n e - b o u n d  
hybrid it forms with /3-less R. rubrum FoF]. Thas ,  the 
basic proper ty  of  b inding  tentoxin,  a specific effector  of 
CF~-ATPases  f rom sensitive p lants  such as sp inach or  
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lettuce [38], was retained by the isolated spinach 
CF~(aff)-core complex (Tablc I111. However,  the solu- 
ble CFI(a / J ) -MgZ' -ATPase  was stimulated, but ncvcr 
inhibited, cvcn by relatively low tentoxin concentra-  
tions that inhibit all sensitive C F r A T P a s c s  (Table ; 
and Fig. 1). These results suggest that for inhibition by 
tentoxin the presence of  one or more of  the single copy 
F~ subunits is required. An indication that the F r sub-  
unit responsible for the appearance of tentoxin inhibi- 
tion is y came from recent observations that spinach 
CFj nearly completely devoid of its 6 and e-subunits is 
inhibited by tentoxin as the whole native spinach CF~ 
(McCarty, R.E., personal communication).  Fur ther  ex- 
periments have now identified CFI/3 as the tentoxin 
sensitive subunit [49]. 

The soluble CF~(a/~)-Mg-'+-ATPase differed from 
both the membrane-bound hybrid it forms with /3-1css 
R. m b m m  FoF~ and its parent, latent CF~-Mg 2-- 
ATPase also in its much lower stimulation by sulfite 
(Fig. 2) and resistm~ce to inhibition by azide (Fig. 3). 
The insensitivity to azide, which has also been ob- 
scrved in the "l'Fl(a/3)-corc complex [15,16] is espe- 
cially interesting. Azide was reported to inhibit multi- 
site, but not unisite catalysis of  EcFj [511] and mito- 
chondrial F 1 [51] and wa:L therefore,  suggested to block 
catalytic eoopc-ativity, qhus,  the observation that all 
isolated F~(al3) core comp!excs are insensitive to azidc, 
could indicate the absence of cooperat ive interactions. 
But, although the TFta3133-ATPase was not inhibited 
by azide [15,16], it was reported to exhibit cooperat ive 
kinetics as a function of  ATP eoncentrati,~n [16]. These 
results were, however, obtained under co~ditions that 
are now known to induce a quick dissociation of the 
TFiot3/33 hexamer into a l ~  ! dimers [17,19]. Sincc both 
complexes are active ATPases,  their MgATP-depen-  
dent intereonversion complicates the interpretat ion of  
kinetic measurements  under catalytic conditions. Two 
reports have recently established the presence of  a 
one-hit one-kill phenomenon in T F j a ~  inactivated 
by 7-chloro-4-nitrobenzofurazan [52] or  3 '-O-(4-ben- 
zoyl)benzoyl adenosine 5'-d~phosphate [53]. These re- 
sults suggest thc possible prescncc of  functional hct- 
erogcneity in TFiot3fl 3. but direct measurements  of 
MgATP induced three-site cooperativity are not avail- 
able as yet for this hexamer. 

Unfortunately,  it is also as yet impossible to search 
directly for cooperative kinetics in the CFtad3 s- 
ATPase.  Although all our preparat ions of  CFj(a/3)  
exhibit similar rates of ATP hydrolysis and identical 
responses to tentoxin, sulfitc and azidc, they elute from 
gel filtration columns in presence of  MgATP as mix- 
tures of :,~/33 and a l l 3  ~ in changing ratios (Sokolov. 
Avital and Gromet-Elhanan,  unpublished observa- 
tions). This behavior could either result from enhanced 
dissociation of  CF~a3¢~ 3 due to dilution, or indicate the 
presence of discrete aft33 and a~/3~ complexes, in 

varying amounts,  in ~hc different preparations.  Our  
attempts to separate these complexes and stabilize the  
('I:lee~/3, b'. removal of  MgATP led to loss of  ATPase  
activity. We are now searching for conditions that will 
~,tabilizc the CF~ad33-complex in an active state and, 
thus. er~able direct measurements  of  its kinetic param- 
eters, 
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