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The binding of five monocional antibodies to mitochondrial FI-ATPase has been studied. Competition 
experiments between monocional antibodies demonstrate that these antibodies recognize four different 
antigenic sites and provide information on the proximity of these sites. The accessibility of the epitopes has 
been compared for F t integrated in the mitochondrial membrane, for purified I~-subunit and for purified F l 
maintained in its active form by the presence of nucleotides or inactivated either by dilution in the absence 
of ATP or by urea treatment. The three anti-~ monocional antibodies bound more easily to the ~subunit 
than to active FI, and recognized equally active F t and F t integrated in the membrane, indicating that their 
antigenic sites are partly buried similarly in purified or membrane-bound F t and better exposed in the 
isolated ~-subunit. In addition, unfolding F t by urea strongly increased the binding of one anti-13 monoclonai 
antibody (14 Ds) indicating that this domain is at least partly shielded inside the ~-subunit. One anti-a 
monoclonal antibody (20 D 6) bound poorly to F t integrated in the membrane, while the other (7 B 3) had a 
higher affinity for F t integrated in the membrane than for soluble F t. Therefore, 20 D 6 recognizes an 
epitope of the ct-subunit buried inside F 1 integrated in the membrane, while 7 1~ binds to a domain of the 
ct-subunit well exposed at the surface of the inner face of the mitochondrial membrane. 

Introduction 

The ATPase-ATPsynthase (F0-F1) is essential 
for ATP synthesis in energy-transducing mem- 
branes, such as bacteria, chloroplasts and mito- 
chondria. This complex contains two distinct parts: 
the F 0 part channelling the transfer of protons 
across the membrane, and the F 1 part containing 

Abbreviations: F1, mitochondrial F1-ATPase; mAb, mono- 
clonal antibody; ELISA, enzyme-linked immunosorbent assay; 
RIA, radioimmunoassay. 
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the catalytic sites for ATP synthesis and ATP 
hydrolysis (for recent reviews, see Refs. 1-6). 

F 1 can be solubilized and is made of five sub- 
units organized according to a stoichiometry 
a3~3")(~E. The mechanism of ATP synthesis, al- 
though studied extensively by many laboratories, 
is still controversial. A better understanding of the 
F0-F 1 structure and of the fine changes o f  this 
structure occurring during catalysis is a require- 
ment in order to elucidate this mechanism. Mono- 
clonal antibodies (mAbs) may be powerful tools 
to reach this goal. 

MAbs specific to the or- and [3-subunits of F 1 
were prepared for the first time in our laboratory 
for pig heart mitochondria [7,8]. These antibodies, 
as well as mAbs raised against the oligomycin- 
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sensitivity-conferring protein [9], have been used: 
(i) to determine an a3B 3 stoichiometry in F 1 [7] 
and a ratio of two oligomycin-sensitivity-confer- 
ring proteins per F1 in mitochondria (10); (ii) to 
identify essential epitopes on the B-subunit by 
studying interspecies cross-reactivity [9]; and (iii) 
to analyze the topography of the oligomycin-sensi- 
tivity-conferring protein in the mitochondrial 
membrane [11]. Other mAbs have been raised 
against ~, [3 and a peptide of 25 kDa of the yeast 
mitochondrial F0-F 1 complex [12], against the a 
and [3 subunits of Escherichia coli F 1 [13], against 
the ~ [14], B and V subunits [15] of chloroplast F 1, 
against the coupling factor B of mitochondria [16], 
and against all subunits of E. coli F 1 [17]. 
Stoichiometries of 3~x and 3~ subunits have also 
been found for all species with these mAbs. More- 
over, a correlation between inhibitory effects of 
mAbs and conservation of epitopes along the 
phylogenic scale has been stressed [17]. 

In the present paper, the binding of anti-a and 
anti-B mAbs to F 1 is used as a probe of the 
availability of domains of ~x- and [3-subunits of F 1. 
It is shown that the accessibility of four distinct 
antigenic determinants to mAbs can be modulated 
by unfolding the protein, by integration of F 1 in 
the membrane or by the addition of nucleotides to 
soluble F 1. In addition, the binding curves of 
anti-et mAbs to soluble or membrane-bound F a 
suggest an asymmetry of the e~-subunits. 

Materials and Methods 

Materials 
[125I]NaI was obtained from the Commissariat 

l'Energie Atomique, France. Specific chemicals 
were purchased from the following sources: pro- 
tein A-Sepharose; Pharmacia; protein A: I.B.F.; 
horseradish-peroxidase conjugated antimouse im- 
munoglobulin sheep antibody; Biosys; IODO- 
GEN; Pierce. All other chemicals were of the 
highest purity available. 

Methods 
Biological preparations. Previously described 

procedures were used to obtain: pig-heart 
mitochondria [18]; F 1 [19]; purified B-subunit [20]; 
and electron-transport particles prepared accord- 
ing to Penin et al. [21], which are essentially 

inverted submitochondrial particles as checked 
according to Ref. 22. MAbs prepared according to 
Kohler and Milstein [23] have been previously 
characterized: 14 Ds, 19 D 3 and 5 G n were specific 
of the B-subunit and 20 D 6 of the ct-subunit [7]; 7 
B 3 obtained from another fusion was specific of 
the et-subunit [8]. The monoclonal antibodies were 
purified from ascitic or culture supernatant fluid 
by affinity chromatography on protein A-Sep- 
harose [24]. Purified mAbs or protein A were 
iodinated with a25I in the presence of IODO-GEN 
[25], as described previously [7]. Protein con- 
centration was estimated by the method of Lowry 
et al. [26]. The ATPase activity was measured as in 
Ref. 19. 

Coating of F 1 to microtitration plates. The wells 
of microtest plates were coated with 50 ~1 F 1 (80 
~g /ml  in 0.1 M sodium phosphate buffer, pH 7.5) 
and air dried. The 96-wells microtest plates used 
were either flexible (Falcon 3912) for RIA or rigid 
(Nunclon Delta) for ELISA. To improve the coat- 
ing of F 1, 50 ~1 80% acetone in water (v/v) was 
added to each well. After drying, the remaining 
non-specific binding sites were saturated with 
serum albumin: three successive washings were 
made by filling the wells with 10 mM sodium 
phosphate buffer/150 mM NaC1 (pH 7.2) con- 
taining 1% bovine serum albumin, incubating the 
plates for 10 min and emptying the wells by 
flicking the plates. The plates containing solid 
phase F 1 could be kept at - 2 0 ° C  for several 
weeks before use. 

Competition among mAbs for binding to anti- 
genic determinants of F r The ability of binding of 
one a- or p-specific mAb in the presence of a 
saturating concentration of another mAb was 
tested by radioimmunoassay. In preliminary ex- 
periments the saturating amount of mAbs was 
determined as follows: serial dilutions of mAb 
(purified or 50% ammonium sulfate precipitate of 
ascitic fluid) were incubated overnight with F 1 
coated to the wells of flexible plates. After three 
washings with 10 mM sodium phosphate 
buffer/150 mM NaC1 (pH 7.2) containing 1% 
bovine serum albumin, 50 ~1 sheep antibody to 
mouse immunoglobulin (diluted 1 : 300 in 10 mM 
sodium phosphate buffer/150 mM NaCI) were 
incubated in each well for 1 h at 37 o C. After three 
more washings, 50 ~tl of 125I-labeled protein A 



(2 .105 cpm per well) were incubated for 1 h. The 
wells were washed six times, dried, cut out and 
counted in a V-counter (Packard). The dilution of 
mAb giving the maximal binding to solid phase F 1 
was used for subsequent competition studies. The 
competition between antibodies for binding to 
solid phase F 1 was then tested as described in 
Table I by first incubating one mAb at saturating 
concentration (protecting antibody) and  then mea- 
suring the binding of another mAb labeled with 
125I (tested mAb). 

Competitive ELISA .  Competit ion between 
binding of soluble antigens (F 1, [3-subunit, elec- 
tron-transport particles) and solid phase F 1 (F 1 
coated to microtitration plates) to a given mAb 
was made as follows: after preincubation of the 
studied antigen with the mAb, the mixture was 
added to microtitration wells containing solid 
phase F 1. Only the mAbs not bound to soluble 
antigen could react with coated F 1 and be titrated 
afterwards with the second antibody. For these 
experiments, limited concentrations of mAb corre- 
sponding to 60-80% of the maximal binding to 
coated F 1 were used. The mAbs were preincubated 
in the presence of various concentrations of com- 
peting antigens for 2 h at 30°C. For competitions 
with F 1 or 13, the buffer A contained 30 mM 
Tris-base/192 mM glycin/0.5 mM EDTA (pH 
8.0)/5% glycerol/0.02% Tween 20; when ATP + 
MgC12 were aded, EDTA was omitted. For com- 
petitions with electron-transport particles, the 
buffer B contained 0.25 M sucrose, 30 mM Tris- 
base, 192 mM glycin, 0.5 mM MgSO 4 (pH 8.0), 
0.02% Tween 20. The mixture of mAb and com- 
peting antigen (50 ~1) was transferred to the 96- 
wells rigid plate coated with 171. After a 3 h-in- 
cubation at 37°C, the plates were washed three 
times with 10 mM sodium phosphate buffer /150 
mM NaC1 containing 0.05% Tween 20 and in- 
cubated for 1 h at 37°C with 50 ~1 of peroxidase 
conjugated-antimouse immunoglobulin sheep anti- 
body (diluted 1 /300 in sodium phosphate 
buffer/NaC1). The plates were washed three times 
with 10 mM sodium phosphate buffer/150 mM 
NaC1/0.05% Tween 20. 

The peroxidase substrate (100 ~1 0.25 mM 
2,2'-azinobis (3-ethylbenzthiazolinesulfonic ac id) /  
0.18 mM H202/0.1 mM sodium phosphate, pH 
6.8) was then incubated for 30 rain at room tern- 
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perature with gentle shaking. The color intensity 
of the plates was measured with a Dynatech mi- 
croplate reader at 410 nm. 

When the competition was studied with dena- 
tured F 1, F 1 was pretreated with 8 M urea: the 
stock solution of F 1 (5 mg protein per ml 100 mM 
Tris-SO4/5 mM EDTA/50% glycerol, pH 8.0) 
was diluted with an equal volume of 25 mM 
Tris-base/192 mM glycin (pH 8.0). Crystals of 
urea were added to obtain a final concentration of 
8 M. The mixture was heated for 5 rain at 100°C 
and diluted 4-fold in buffer A. Verification was 
made that the presence of 2 M urea (which corre- 
sponds to the highest concentration of solutions 
tested containing F 1 unfolded by urea) did not 
significantly modify the interaction between F 1 
and the various mAbs. 

Use of competitive binding curves to estimate the 
number of fl-subunits of F 1 accessible to the mono- 
clonal antibodies, using an isolated fl-subunit as a 
standard. Berzofsky and Schechter [27] have pro- 
posed a mathematical analysis for the binding of a 
ligand to an homogeneous antibody in the pres- 
ence of a competitor. For  example, for the binding 
of a protein, they have shown that, in this type of 
competition curves, the total concentration of the 
soluble protein which reduces by 50% the binding 
of the antibody to the protein bound to the solid 
support, corresponds to a value 

1 A 

where A is the concentration of antibody binding 
sites and K x the affinity of the antibody for the 
protein. In order to use this equation to compare 
the binding of one mAb to F 1 and to the isolated 
[3-subunit, it is necessary to assume that K x, the 
affinity of the mAb for the [3-subunit, is the same 
when the 13-subunit is isolated as when it is in- 
tegrated in F1. Under these conditions, the total 
soluble protein concentration ([fl] or [Ft] ), corre- 
sponding to 50% binding of the antibody, will be 
directly proportional to the concentration of anti- 
body binding sites. When a log scale is used, the 
slope of the binding curve is proportional to the 
affinity of the competitor (here soluble protein vs. 
bound protein) [27,28]. Therefore, it is reasonable 
to assume that the affinity of one mAb for F 1 and 
for the 13-subunit is identical when the curves are 
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paral le l .  In  such a case, the n u m b e r  of  a n t i b o d y  
b ind ing  sites on  F x can be  es t imated  b y  compar i -  
son of  the m i d p o i n t  of the curves ob ta ined  with  
the isola ted [3-subunit and  with F r 

Titration of F 1 present in the mitochondrial 
membrane. The tota l  amoun t  of  F 1 presen t  in 
s u b m i t o c h o n d r i a l  par t ic les  was measu red  by  
quant i t a t ive  immuno t i t r a t i on  us ing monoc lona l  
an t ibodies  as descr ibed  previous ly  [10]. I t  was 
found  that  the e lec t ron- t ranspor t  par t ic les  used in 
the  presen t  work  con ta ined  0.39 nmol  F t pe r  mg  
of  mi tochondr i a l  p ro te in  [29]. Tak ing  in to  account  
an M~ of  380000 for F 1 [1], the e lec t ron- t ranspor t  
par t ic les  conta in  15% of  F t . 

Results 

Analysis of the proximity between antigenic determi- 
nants of ct and fl in F 1. To de te rmine  whether  the 
var ious  m A b s  recognize d is t inct  or  over l app ing  
sites on F 1, the b ind ing  of  each l abe led  m A b  was 
tes ted  in the  presence of  sa tura t ing  amount s  of  
each  o ther  m A b  (pro tec t ing  mAb) .  Table  I shows 
that ,  when the l abe led  m A b  is tes ted in the pres-  
ence of  the same un labe led  m A b ,  11-18% of  the 
b i nd ing  observed  in the  absence  of  p ro tec t ing  

m A b  are measured.  Therefore,  a percentage  of 
a25I-labeled m A b  b ind ing  lower than 20% cannot  

be  cons idered  as co r re spond ing  to a di f ferent  ant i -  
genic de te rminant .  Moreover ,  a percentage  of 
b ind ing  higher  than  60% can be  considered as 
co r re spond ing  to a different  ant igenic  de t e rminan t  
[30]. The results  p resented  in Table  I can be 
ana lyzed  on the basis  of  these limits.  The  presence 
of  7 B 3 (ant i-d) ,  as the p ro tec t ing  mAb,  does  not  
s ignif icant ly  decrease  the b ind ing  of  any  o ther  
l abe led  anti-0t or anti-l~ m A b s  (63 to 82%), sug- 
gest ing that  it  recognizes a de te rminan t  dis t inct  
f rom the others.  The  presence of  20 D 6 (an t i -a )  
sl ightly h inders  the b ind ing  of bo th  the an t i - a  7 B 3 
(50 %) and the anti-13 19 D 3 (56%), but  it  does not  
s ignif icant ly  decrease  the b ind ing  of o ther  ant i-~ 
m A b s  5 G n and  14 D 5. The  presence of 14 D 5 
(anti-[~) does  not  prevent  the b ind ing  of an t i - a  
m A b s  (7 B 3, 69% and  20 D 6, 82%), while it  sl ightly 
h inders  the b ind ing  of  anti-13 m A b s  19 D 3 and  5 
G n (45% and  59% of b inding,  respectively).  The  
presence  of 19 D 3 (anti-I~) does not  s ignif icant ly  
d imin i sh  the  b ind ing  of  anti-et m A b s  and  anti-j3 14 
D 5 (70-80% of b inding) ,  bu t  i t  s t rongly decreases 
the  b ind ing  of  5 G n (only  7% of  b inding) .  The  
presence of  5 Glx (anti-~3) does not  prevent  the 

TABLE I 

COMPETITION BETWEEN VARIOUS MONOCLONAL ANTIBODIES FOR BINDING TO ANTIGENIC SITES OF 
MITOCHONDRIAL F1-ATPase 

The wells of flat-bottom microtest flexible plates were coated with F Z and saturated with bovine serum albumin as described in 
Materials and Methods. In preliminary experiments, the dilution of purified mAb necessary to saturate the wells was tested by 
measuring the maximal amount of antibody that could be retained by F 1 coated to the wells. For competition experiments, each well 
received 50 ~1 of the saturating concentration of the protecting mAb estimated in the preliminary experiment. After overnight 
incubation, 50 ixl of the nSI-mAb under test were added to each well and incubated for 4 h at room temperature with gentle shaking. 
Each well was then emptied, washed 6 times with 10 mM sodium phosphate buffer/150 mM NaC1 containing 1% bovine serum 
albumin, cut out and counted. Five Wells were run for each mAb combination. Each value represents the average of at least two 
experiments. For each mAb, five wells were used to measure the maximal binding (i.e., without protecting mAb) and five wells to 
determine the background (i.e., without It). The counts corresponding to the maximal binding obtained for the various mAbs were 
respectively: 37700 for 7 B3, 64600 for 20 96, 46130 for 14 Ds, 19800 for 19 D 3 and 4300 cpm for 5 G n. The average value of the 
backgrounds was 150 cpm. The Greek character in parenthesis indicates the F 1 subunit recognized by the corresponding mAb. 

Protecting 
mAb 

Tested 125I-mAb 
Percentage of binding of tested labeled mAb in the presence of protecting mAb 

7 B 3 20 D 6 14 D 5 19 D 3 5 G n 

7 B 3 (a) 12 72 82 63 68 
2 0 D t ( a  ) 50 18 62 56 70 
14D5(~) 69 82 11 45 59 
19D 3 (~) 70 80 70 16 7 

= 

5 G n (~) 78 50 50 36 18 



binding of 7 B 3, while it decreases the binding of 
other mAbs, barely for 20 D 6 and 14 D S (50%) 
a n d  s ign i f i can t ly  fo r  19 D 3 (36%). 

In  conc lus ion ,  a m o n g  the  a n t i b o d y  pa i rs  tes ted,  

a s ign i f i can t  r e c ip roca l  i n h i b i t i o n  is o b s e r v e d  in  

o n l y  o n e  case:  5 G l l  a n d  19 D 3. Th is  i nd ica t e s  
c o m m o n  o r  o v e r l a p p i n g  ep i topes .  I n  add i t ion ,  a 

r ec ip roca l  i n h i b i t i o n  at the  l imi t  o f  the  signif i-  

c a n c e  is o b s e r v e d  b e t w e e n  14 D 5 and  5 G n .  
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Competition studies 

In  the  a b o v e  expe r imen t s ,  the  b i n d i n g  of  m A b s  

was  s tud ied  wi th  F t i m m o b i l i z e d  on  m i c r o t i t r a t i o n  

pla tes .  I n  such  a case,  va r i a t i ons  in  the  access ib i l -  

i ty  o f  the  ep i t opes  r e l a t ed  to  c o n f o r m a t i o n a l  

changes  o f  the  an t i gen  u n d e r  d i f f e r en t  c o n d i t i o n s  

were  unl ikely .  I n  all f u r the r  expe r imen t s ,  the  b i n d -  

i ng  o f  m A b s  to F 1 was  first  ca r r i ed  ou t  in so lu t ion  

,7 
o 
g 
c~ 

13 

o 

8 aD 

E 

0 .001  

100  

100  

75  

50  

25  

0 
0.001 

IO0 

75 

5O 

25 

0 , • , , , , , o  . . . . . . . .  I 

0.001 0.01 0.1 
Competing antigen (pM) 

0 .01  O1  1 2 3 

' ' ' , , , , , I  , , , , , , , , i  . . . . .  , , , i  I 

5G,r,r 

75 

0 .001  0 .0 !  01  1 3 

. . . . . .  , , i  . . . . .  , , , i  , , , , , , , , i  1B  ~ 19D, 3 

O.Ol o.1 1 2 3 
, , , , , , , , i  . . . . . . . .  i . . . . . . . .  ! , 

i c  

~ ' ~ x  1405 

i i i i I i i J J  J 

1 2 

0001  001  0 .1  1 2 

. . . . . . . .  ! . . . . . . . .  I . . . . . .  , ' .  

2A  

0 .01  0 .1  1 

: 3  

, • , . . . . .  a . . . . . . . . . . . . .  

0 .O01  0 .01  0 .1  1 2 

. . . . . . . .  i . . . . . . . .  i . . . . .  , , , i  I 

1 
2C 

0.001 . . . . . . . .  J . . . . . . . .  ' ' " . . . . . . .  0.01 0.1 1 2 
Competing F1 (mg/ml) 

0.001 

Fig. 1. Comparison of the binding of anti-IS subunit mAbs to purified fl-subunit, to soluble F I and to F l unfolded with urea. Limiting 
concentrations of mAb were preincubated in solution with the indicated concentrations of soluble F 1 (O), urea-treated F 1 (©) or 
purified [~-subunit (×). After a 2-h incubation at 30°C, 50 ~1 of each sample was added to the walls of microtitration plates coated 
with F t. The amounts of mAb bound to solid phase F~ was measured by ELISA as described in Materials and Methods. The results 
are expressed as percentages of the maximal amount of mAb bound to solid phase F 1 measured simultaneously under the same 
conditions, except that the competing antigen was omitted from the preincubation medium. The Mr of F1 and 13 were taken as 
3 8 0 0 0 0  [1] and 51300 [37], respectively. 

Fig. 2. Decrease of the binding of 3 antiq3 subunit mAbs to F t upon addition of MgATP or insertion of F l in the membrane. 
Limiting concentrations of mAb (adequately diluted, see Materials and Methods) were preincubated either with ETP (ll) or with the 
indicated concentrations of F 1 in the absence (O) or presence (O) of 1 mM ATP+ 1 mM MgC12. The electron-transport particles 
contain the indicated concentration of F l, as calculated from Penin et al. [29]. Other experimental conditions as described in Fig. 1. 
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to allow for the detection of eventual conforma- 
tional changes of F r Then, the remaining free 
mAbs was titrated by their binding to an excess of 
F 1 coated to the plates (see Materials and Meth- 
ods). The concentration of competing antigen in 
solution capable of reducing by 50% the binding 
of mAbs to coated F 1 is defined as  K1/2. 

Anti-fl mAbs 
Influence of the treatment of F 1 with urea on the 

binding of mAbs. Fig. 1A shows that, when 5 Gt l  
is preincubated with F 1, the value of Kt/2 is about 
0.07 ~M. If  F 1 has been treated with 8 M urea 
before the preincubation with 5 G~I, the value of 
Kt/2 is increased to 0.8 t~M. Similar results are 
observed with 19 D 3 (Fig. 1B). Therefore, urea 
treatment of F~ decreases the binding of both  5 
Gl l  and 19 D 3. On the contrary, the K1/2 value 
for 14 D s is lower for urea-treated F 1 (0.034 ~M) 
than for F x (0.24 rLM), indicating that the unfold- 
ing of F 1 enhances the binding of 14 D 5 (Fig. 1C). 

Binding of mAbs to F 1 and to an isolated fl-sub- 
unit. Fig. 1A and B shows that both mAbs 5 Gx~ 
and 19 D 3 exhibit titration curves for the purified 
[~-subunit parallel to that of 1=:1. The experiment 
was repeated four times with 5 Gll .  The K1/2 
values obtained when soluble F 1 and [~ are used as 
competing antigen were 0.071 + 0.002 I~M and 
0.201 _+ 0.027 ~M, respectively. The ratios of K1/2 
for fl and F 1 were calculated in each experiment. 
The mean of these radios was 2.78 + 0.33 mol of [~ 
accessible to 5 G~x in each mol of F 1 (four experi- 
ments) and 3.2 tool of [~ accessible to 19 D 3 in 
each mol in F 1 (two experiments). 

When the binding of 14 D s to F~ and to puri- 
fied [~-subunit are compared (Fig. 1C), the titra- 
tion curves are not parallel. Under  these condi- 
tions, the concentrations of antibody binding sites 
in 1=1 cannot be directly calculated from the bind- 
ing curve of 14 D s to ~ (see below in Discussion). 

Changes in the binding of mAbs to F 1 in the 
presence of nucleotides. Correlation with changes of 
A TPase activity. Fig. 2 shows that the presence of 
the substrate MgATP (1 mM) during the prein- 
cubation of soluble F 1 with all anti-I~ mAbs drasti- 
cally decreases their binding to soluble F r I n d e e d ,  

a K1/2 higher than 0.23 m g / m l  is obtained for F a 
preincubated in the presence of MgATP in the 
case of either 5 G~I or 19 D 3 instead of 0.021 

m g / m l  and 0.024 mg /ml ,  respectively, for 5 Gl t  
and 19 D 3 binding to F 1 in the absence of MgATP. 
The K1/2 value for 14 D s binding to F x raises up 
to 1 m g / m l  in the presence of MgATP instead of 
0.1 m g / m l  in the absence of MgATP. Therefore, 
the presence of 1 mM MgATP decreases the bind- 
ing of all three anti-I~-mAbs. Verification was made 
that the presence of 1 mM MgATP did not change 
the binding of these mAbs to solid phase F 1 in the 
absence of any competing F t . 

F 1 is notorious for progressively falling apart 
into subunits when diluted in the absence of 
nucleotides [31]. The experiments described here 
involve incubations of F 1 lasting up to 5 h. In 
order to determine the extent of inactivation of Ft 
occurring during these incubations, the ATPase 
activity of F 1 has been measured under the condi- 
tions used for competition studies, except that the 
addition of mAb was omitted. In the absence of 
nucleotides, only about 6% of the initial ATPase 
activity of soluble F x was recovered at the end of 
the experiment. On the contrary, in the presence 
of MgATP about 80% of the initial ATPase activ- 

0.] 

0,2 O 

0.1 ? 
_~ o.os 

0111 I I I I I 
20 / . 0  60  80 100 

% residual ATPase activitq 

Fig. 3. Variations of the Kt/2 values for 5 Gll binding to F t in 
the presence of different nucleotides as a function of residual 
ATPase activity after a 5-h incubation. KI/2 values expressed 
as mg F 1 per ml preincubation medium was determined as 
described in fig. 1A, except that 5 Gll was preincubated with 
F 1 either in the absence (O) or the presence of nucleotides: 1 
mM GTP (,), 5 mM GTP (v), 1 mM ATP (O) or 1 mM 
ATP + 1 mM MgCi 2 (rl). To measure the ATPase activity, F 1 
was incubated at a concentration of F 1 of 0.037 mg per ml in 
buffer A (see Materials and Methods) supplemented with 
nucleotides. The residual activity was estimated by comparing 
the ATPase activity at the beginning and at the end of a 5-h 
incubation. 



ity was remaining. These percentages were similar 
whatever Fx concentration (within the range tested 
for competition experiments). The inactivation of 
F t could also be partly slowed down by the pres- 
ence of either ATP in the absence of Mg 2+, or 
ADP or else GTP, although GTP was less effi- 
cient. Fig. 3 shows that the residual ATPase activ- 
ity measured at the end of the incubation is roughly 
proportional to the K1/2 value measured for the 
binding of 5 G l l  t o  El ,  indicating that the value of 
K~/2 increases with the percentage of active F r 

Binding of mAbs to F I integrated in the mem- 
brane. When F1 is integrated in the membrane 
(electron-transport particles), the total amount of 
membrane bound F 1 necessary to bind 50% of 
each anti-13 mAb is the same as that observed with 
active F x preincubated with mgATP (Fig. 2A, B 
and C). This indicates that membrane-bound F, is 
as accessible to the three anti-13 mAbs as active F r 
The ATPase activity of membrane-bound F 1 was 
also checked during the competition experiments, 
it was slightly increased from 3 to 4 ~mol ATP 
hydrolyzed per min per mg protein. 
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Anti-a mAbs 
Influence of the treatment of F 1 with urea on the 

binding of mAbs. Fig. 4A shows that the 1(1/2 
value of 7 B 3 is slightly higher for urea-treated F 1 
(0.17 ~M) than for untreated F 1 (0.076 ~tM), sug- 
gesting a diminution of the binding of 7 B 3 to urea 
treated F t. On the contrary, for 20 D6, the treat- 
ment of F 1 with urea decreases the value of K1/2 
by about 5-fold (0.0024 ~tM instead of 0.013 ~tM 
for untreated F1) (Fig. 4B). This means that the 
unfolding of F 1 increases the binding of 20 D 6. 
Besides, when 20 D 6 is preincubated with un- 
treated F1, a plateau corresponding to about 25% 
of mAb bound to solid-phase F t is observed. In 
contrast, the binding of 20 D 6 to solid phase F x 
can be completely inhibited by urea-treated Fx at 
concentrations as low as 0.02 I~ M. 

Binding of mAbs to F 1 integrated in the mem- 
brane. Fig. 5B shows that the Kt/2 value for 20 D 6 
binding of membrane bound F 1 (electron-trans- 
port particles) is about 50-times higher than the 
value observed with soluble F 1 (0.28 m g /m l  in- 
stead of 0.006 mg/ml).  On the contrary, this value 

10C 

75 

E 50 

~ 2s 

- 0 

7 lOO 

B 
.2. 50 
o 

o,o01 oD1 o.1 
, ' , , , , I  . . . . . .  , ' r  . . . . . . . .  I • , , . . . . .  

. , . . . .  I i . + , . . . .  I , . . . . . . .  I , , + , , . ,  

0.001 0.01 0.1 
. . . .  ' ' ' I  . . . . . . .  ' I  . . . . . . . .  I . . . . .  , ~ ,  

. 4 1 ~ ,  

0 L 
0.0003 0.001 0.01 0.1 

Competing F-1 (.pM) 

' " f  . . . . . . . .  l , ' . . . . . . .  I . . . . . . . . .  ! 

7B 3 

i 
- 

0.001 0.01 0.1 1 
i ' ' ' l  ' ' ' ' . . . .  I ' . . . . . . .  I " ' ' ' ' ' , , I  

5B 

0.001 0.01 0.1 ! 
Competing F1 (mg/ml )  

Fig. 4. Effects of  unfolding of F 1 with urea on the binding of 2 anti-or subunit  mAbs.  Conditions as described in Fig. 1. Active Ft, O; 
urea-treated F1, O. 

Fig. 5. Modifications of the binding of two anti-a subunit  mAb to F 1 upon addition of MgATP or insertion of F 1 in the membrane.  
Conditions are the same as in Fig. 2. Electron-transport particles, II; soluble F 1 preincubated in the absence (e) or presence (O)  of 1 
,mM A T P + I  m M  MgCl 2. 
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for 7 B 3 binding to F 1 present in the electron- 
transport particles (0.004 mg/ml)  is much lower 
than that observed for soluble F 1 (0.027 mg/ml) ,  
as shown in Fig. 5A. These results indicate that, 
while the epitope recognized by 20 D 6 is less 
accessible in the membrane than in soluble F 1, the 
epitope of 7 B 3 is better exposed in the membrane 
than in soluble F 1. However, in spite of the higher 
reactivity of 7 B 3 with the electron-transport par- 
ticles, a plateau corresponding to about 20% of 
mAb bound to solid phase F 1 is observed even for 
very high concentrations of membrane bound F 1 
as competing antigen (Fig. 5A). 

Changes in the binding of mAbs to F t in the 
presence ofMgA TP. The presence of 1 mM MgATP 
decreases the binding of anti-a 20 D 6 to soluble F 1 
as in the case of the anti-l] mAbs: the K1/2 value 
is about 0.045 m g /ml  of active soluble F 1 in the 
presence of MgATP, while 0.006 mg /ml  was suffi- 
cient in the absence of Mg ATP (Fig. 5B). In the 
case of 7 B 3 (Fig. 5A), the addition of 1 mM 
MgATP barely decreases the K1/2 value of solu- 
ble F r However, the presence of MgATP com- 
pletely inhibits the binding of 7 B 3 to solid phase 
F 1 at a F 1 concentration of 0.035 mg/ml ,  while in 
the absence of MgATP this total inhibition is not 
yet reached at 0.3 mg F1/ml. The curve obtained 
with 7 B 3 in the absence of MgATP is biphasic. 

Discussion 

Proximity of antigenic sites 
In experiments where the binding of two mAbs 

to a protein are compared pairwise, the antigenic 
determinants recognized by these mAbs can be 
considered as identical or overlapping when the 
presence of one of them prevents the binding of 
the other and vice-versa. The results presented 
here show that two anti-~ mAbs (5 Glx and 19 
D 3) recognize identical or overlapping epitopes on 
F r In addition, the other anti-I] mAb (14 Ds) 
occupies a site different from the two others, but 
closer to the site of 5 GII than that of 19 D 3. The 
sites of the two anti-et mAbs are not close to each 
other. Indeed, although 20 D 6 inhibits 50% of the 
binding of 7 B 3, there is no reciprocity. 

In conclusion, at least four distinct antigenic 
determinants can be detected with these mAbs on 
F l, two on et-subunits (20 D 6 and 7 B3) and two 

on [3-subunits (14 D 5 and 5 Glx or 19 D3). The 
close proximity between the epitopes of 5 Gll  and 
19 D 3 demonstrated by the experiments made with 
immobilized F~ is further supported by the experi- 
ments made with soluble F x, Indeed, both mAbs 
behave in a similar manner in all experiments 
performed. This conclusion is further supported 
by recent studies on the localization of the anti- 
genic sites of the anti,l] mAbs on the I]-subunit 
[32]. These experiments have shown that 14 D 5 
recognizes the large N-terminal formic acid clea- 
vage product of the l]-subunit and the cyanogen 
bromide cleavage product corresponding to the 
sequence spanning Glu 168 to Met 200 in the 
bovine heart enzyme. On the contrary, both 5 GI~ 
and 19 D 3 recognize a 12 kDa, C-terminal acid 
formic cleavage product of the l]-subunit [32]. 

Availability of antigenic sites on the fl-subunit and 
on F~ 

The titration curves obtained for 5 Gll  and 19 
D 3 using F 1 as a competing antigen are parallel to 
those obtained with the ~-subunit. According to 
Berzofsky and Schechter [27] allows this behavior 
us to calculate that about 2.8 and 3.2 mol of 
[~-subunit per tool of F 1 are accessible to 5 Gl l  
and 19 D 3, respectively. Since F 1 contains 3 [3-sub- 
units [1,7], it means that 5 G u and 19 D 3 can bind 
as well to all three l]-subunits of purified F 1 as to 
the isolated l]-subunit. However, since these ex- 
periments were performed in the absence of 
MgATP, the ATPase activity of F x was drastically 
reduced during the incubation. This is very likely 
due to a dissociation of F 1 into subunits [31]. On 
the contrary, in the presence of MgATP, the 
ATPase activity of F 1 was essentially preserved 
and the availability of the epitopes was much 
lower as shown by the increase in K1/2-values. 
This availability is inversely proportional to the 
percentage of F1 maintained in an active confor- 
mation. All these results indicate that the epitope 
corresponding to 5 Gll  and 19 D 3 is available at 
the surface of the l]-subunit, but becomes at least 
partly buried when the ~-subunits are complexed 
with the other subunits to form an active F 1. 

In a previous work [9], we have shown that 5 
Glx and 19 D 3 recognize the l]-subunits of all 
tested species including bacteria, chloroplasts, 
yeast and mammalian rnitochondria. In addition, 



both mAbs can, under specific conditions, inhibit 
ATP hydrolysis or ATP synthesis [9,33]. Dunn et 
al. [17] have suggested that the most conserved 
regions of the ATPase lie in the interior rather 
than on the surface of F x. Our results show that at 
least one well-conserved epitope located on the 
C-terminal sequence of 13 and related~to the en- 
zyme activity lies on the surface of the 13-subunit 
and becomes buried in active F 1. 

The effects induced by unfolding of F 1 with 
urea provide other information on the topology of 
the antibody binding sites. Urea treatment in- 
creases by more than one order of magnitude the 
concentration of soluble F 1 necessary to bind 50% 
of the mAbs 5 Gll  and 19 D 3. Similarly, it has 
been shown previously [7] that a treatment of F~ 
with SDS decreased the reactivity of these two 
antibodies. This experiment suggested that 5 G H 
and 19 D 3 were mainly conformational antibodies. 
Urea a n d / o r  SDS destroy the secondary and ter- 
tiary structure of F 1, which is necessary to observe 
an optimal binding of 5 G~I and 19 D 3. It can be 
concluded that these structures are sufficiently 
maintained in the isolated 13-subunit to preserve 
the binding capacity of 5 G~I and 19 D 3. The 
higher affinity of 5 Gxl and 19 D 3 for F 1 as 
compared to F 1 denatured by SDS and urea can 
be explained by a distortion of the linear sequence 
epitope by unfolding. If the epitopes comprise 
amino-acid residues very distant in the sequence, 
but juxtaposed only on the protein surface by 
folding, urea or SDS treatments would completely 
destroy the epitopes. Therefore, 5 G H and 19 D 3 
recognize a fragment of the primary sequence of 13 
able to change its conformation by folding. 

In the case of the anti-13 mAb, 14 D s, the 
binding curves of F 1 incubated in the absence of 
nucleotide and of the isolated 13-subunit are not 
parallel, indicating that the epitopes are not ex- 
posed in the same way. This might indicate that F 1 
incompletely dissociated is still interacting with 
some subunits, rendering the epitope less accessi- 
ble to 14 D 5 than in the case of the isolated 
13-subunit. Contrary to what is observed for 19 D 3 
and 5 G~l, urea treatment of F 1 increases the 
binding of 14 D 5. This means that the epitope 
recognized by 14 D s must be at least partially 
buried in the 13-subunit. 

Active F~ in the presence of ATP and F 1 
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integrated in the membrane give similar binding 
curves for the 3 anti-13 mAbs. This indicates that 
the epitopes exposed at the surface of F~ in the 
presence of ATP and on the electron-transport 
particles have the same affinity for the anti-13 
mAbs. Therefore, the conformation of [3 in active 
electron-transport particles is similar to that of Ft 
maintained in its active form by preincubation 
with MgATP. 

Availability of the antigenic sites of the a-subunit m 
soluble or membrane-bound F 1 

The epitope corresponding to the anti-c~ 20 D 6 
is optimally exposed when F 1 is completely disso- 
ciated by urea treatment, less accessible in F 1 
incubated in the absence of nucleotide and even 
less in active F 1. Therefore, this epitope must be at 
least partly located on the surface of a-subunit in 
an area interacting with other subunits. This area 
is not as easily accessible when F l is maintained in 
its active form by the presence of nucleotide as in 
inactive F 1. 

When F 1 is integrated in the mitochondrial 
membrane the accessibility of the epitope recog- 
nized by 20 D 6 is further decreased by a factor of 
6 in comparison to active F~. This epitope either 
lies on the surface of F 1 which is in contact with 
the membrane, or is further masked inside F 1 due 
to a conformational change occurring when F1 
binds to the membrane. 

The only mAb which binds to a very-well-ex- 
posed antigenic site of F x is the anti-or 7 B 3. 
Contrarily to all other mAbs tested, the affinity of 
this antibody becomes higher and higher when the 
conformation of Fa becomes closer to the ' in situ' 
conformation, that is in membrane-bound F 1. 

The behavior of these mAbs recognizing two 
distinct sites suggests a conformation of ct differ- 
ent in electron-transport particles and in active F~. 

Apparent heterogeneity of the a-subunits in soluble 
or membrane-bound F 1 

The binding curves of 20 D 6 to untreated F~ in 
the presence or absence of ATP show plateau 
values at significantly less than 100% binding of 
these antibodies. The presence of such plateaus 
indicates a heterogeneity of either the antibody or 
the antigen [27,34]. Since the antibodies are mono- 
clonal [8], the heterogeneity must be due to the 



64 

ant igen.  Af te r  urea  t r ea tment  of  F 1, the p la t eau  
observed  for 20 D 6 d isappears .  This  result  suggests 
that  there is a he terogenei ty  be tween  the three 
et-subunits of  soluble  F~, and  that,  upon  urea  
t rea tment ,  these three c~-subunits become equiv- 
alent.  However ,  it  cannot  be  excluded that  this 
he te rogenei ty  might  be induced  b y  the b ind ing  of  
a first m A b  to F 1 which might  decrease  the aff ini ty  
of  a second m A b  to another  a - subun i t  of the same 
F 1 molecule.  F o r  the an t i - a  7 Bj,  a l though very 
low concen t ra t ions  of  e lec t ron- t ranspor t  par t ic les  
can decrease  by  50% the b ind ing  of the an t ibody ,  
a comple te  inh ib i t ion  of  the b ind ing  is never 
reached (p la teau  at  less than  100%) even when the 
e lec t ron- t ranspor t  par t ic les  concen t ra t ion  is in- 
creased by  more  than 100 times. As  discussed 
above,  this type  of  behavior  is character is t ic  of a 
he terogenei ty  in the molecular  s t ructure  of  the 
b i nd i ng  sites. This  indica tes  tha t  the et-subunits 
p resen t  at  the surface of the e lec t ron- t ranspor t  
par t ic les  appea r  heterogeneous.  On  the cont ra ry ,  
the et-subunits accessible  at  the surface of active 
F 1 appea r  homogeneous  for the b ind ing  of 7 B 3, 
since no  p la t eau  is observed.  

The  appa ren t  he terogenei ty  of  the et-subunits is 
in agreement  with the conclus ions  of  Amze l  and  
Pedersen  [1], who  have shown by  single crysta l  
X-ray  d i f f rac t ion  studies that  the three <x- and  
13-subunits are no t  s t ructura l ly  equivalent .  The  
he te rogeneous  behav ior  of  the ct-subunits has  also 
been recent ly  p r o p o s e d  in  the case of ch lorop las t  
F 1 [35] and of  yeas t  F 1 [36] to expla in  heteroge-  
neous  modi f i ca t ion  of  the et-subunits by  chemical  
reagents .  Our  results  suggest that  the heterogene-  
i ty of  the tx-subunits also exist in m e m b r a n e - b o u n d  

F 1 . 
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