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Direct identification of the fluoroaluminate and fluoroberyllate 
species responsible for inhibition of the mitochondrial F1-ATPase 
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In the presence of ADP, fluoroaluminate and fluoroberyllate inhibit irreversibly the soluble mitochondrial F 1-ATPase. 
We report here direct evidence that this inhibition is related to the tight binding of pH]ADP, beryllium and fluoride 
to the enzyme. In the case of beryllium-induced inhibition, the stoichiometry of bound species is 1 mol pH]ADP, I mol 
beryllium and 2 or 3 mol fluoride depending on the initial fluoride concentration used, which indicates that both the 
combinations ADP~,Bel,F 2 and ADPI,Be~,F 3 are competent for inhibition. In the case of aluminium-induced inhibition, 
the binding stoichiometry of 4 mol fluoride per mol pH]ADP favours the following combination of bound species 
ADP~,AIx,F 4. These results favour a model where fluorometals mimic phosphate and form an abortive complex with 

ADP in the catalytic site(s) of F r 

Fluoride; Beryllium; Aluminum; ATPase, F:; Nucleotide analogue 

1. INTRODUCTION 

A number of  NTP-dependent enzymes are in- 
hibited by fluoride, while G-proteins are activated 
[1,2]. A breakthrough in the understanding of  the 
mechanism of action of  fluoride was the finding, 
by Sternweis and Gilman [3], that the fluoride- 
dependent activation of  adenylate cyclase requires 
aluminium or beryllium ions. Later, Bigay et al. 
[4,5] proposed that the fluorometal complex 
AIF4- ,  as well as BeF3-, might act as a phosphate 
analogue, and that AIF4- of  BeF3, in the form of 
tetrahedral complexes structurally similar to 
phosphate, combines with GDP in the nucleotide- 
binding site of  transducin. The postulated GDP- 
AIF3 complex mimicks GTP, and promotes activa- 
tion of  transducin, as does GTP. Such a model 
predicts that enzymes with a binding site for NTP 
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would recognize NDP-AIF3 complexes as NTP 
analogues. Indeed, it was recently shown that 
phospholipase C-coupled G-protein [6], hex- 
okinase [7], tubulin [8], Na +,K+-ATPase [9], other 
P-type ATPases [10] and Fl-ATPases [11] are all 
sensitive to fluoride-aluminium cocktails. In the 
case of  the mitochondrial F rATPase ,  virtually ir- 
reversible inhibition was found to occur in the 
presence of  aluminium, fluoride and ADP,  and it 
was proposed that ADP-AIF3 acts as a nonhydro- 
lysable analogue of ATP tightly bound to a 
catalytic site [11]. 

Although the model of  NDP-AIF3 or NDP- 
BeF3_ complexes mimicking NTP ligands is attrac- 
tive, it suffers from some drawbacks. For example, 
the postulate that AIF4- or BeF3- is the inhibiting 
species is generally based on the assumption that 
they are predominant in the millimolar range of  
fluoride concentration relevant to the biological ef- 
fect. In the absence of  direct evidence for this, con- 
troversies on the validity of  the NDP-AIF3 or 
NDP-BeF3- model have arisen [12-15]. 

We have taken advantage of  the virtually irrever- 
sible nature of  the inhibition of  FI-ATPase by 
fluoroaluminate or fluoroberyllate to determine 
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d i r ec t ly  t he  r a t i o  o f  A D P ,  b e r y l l i u m / a l u m i n i u m  

a n d  f l u o r i d e  e n t r a p p e d  in F] as a f u n c t i o n  o f  t he  

o b s e r v e d  i n h i b i t i o n .  T h e s e  s tudies  a re  r e p o r t e d  in 

t h e  p r e sen t  p a p e r .  

2. M A T E R I A L S  A N D  M E T H O D S  

Beef heart mitochondriai F] purification and desalting, as 
well as spectrophotometric measurement of the ATPase activi- 
ty, were conducted as described [11]. Radioactivity was 
measured by scintillation counting with Ready Value Cocktail 
(Beckman). Protein was estimated using the Coomassie blue 
method [16]. Aluminium fluoride and beryllium fluoride species 
distributions were computerized with a TOT simulation pro- 
gram [17] using equilibrium constants compiled in [12]. 

Bound ligands (metals, fluoride and nucleotide) were 
measured after release from carefully desalted F1 (see section 3) 
by two different methods: (i) beryllium was quantitatively 
released by precipitation of the enzyme with perchloric acid 
(final concentration 6%, w/v); the supernatant was neutralized 
by KOH and potassium perchlorate was removed by centrifuga- 
tion; (ii) fluoride extraction by thermal denaturation [18] was 
preferred to acid precipitation to avoid any release of volatile 
HF. Both procedures proved to be quantitative, as no beryllium 
or fluoride was recovered by a second extraction. Furthermore, 
full recovery was found with internal controls containing known 
amounts of fluoride and beryllium. [3H]ADP radioactivity was 
measured on the same extract obtained by termai denaturation 
as that used for fluoride determination. Beryllium was measured 
as in [19] using a standard solution of beryllium nitrate (Merck) 
as reference. This assay was not influenced by a number of com- 
ponents, including ADP, ATP, Mg 2+, etc. used at the same con- 
centrations as in the presence of F]. In the case of aluminium 
measurements, all techniques tested proved to be inadequate 
due to excessively high sensitivity to nucleotides and phosphate. 
Fluoride determinations were conducted with a combined 
fluoride electrode (Orion model 96-09) connected to an Orion 
Research 901 microprocessor ionialyzer with fluoride standards 
as references (Orion, Boston, Ma). Masking buffer (pH = 6.5) 
was added to the samples to yield final concentrations of 125 
mM NH, NO3, 136 mM Na citrate and 6 mM CDTA [20]. For 
beryllium and fluoride assays, parallel measurements with and 
without an internal standard were run for each sample. Good 
agreements (within < 5%) was found between external and in- 
ternal standards. 

Chemicals were of reagent grade from various sources [11]. 
[3H]ADP was purchased from Amersham. Ultrapure water was 
produced by a MilliQ apparatus (Millipore). All experiments 
were conducted in plastic vessels. 

3. R E S U L T S  

T h e  i n h i b i t o r y  e f fec t s  o f  a l u m i n i u m  o r  b e r y l l i u m  
o n  F ] - A T P a s e  ac t iv i ty  a r e  c r i t ica l ly  d e p e n d e n t  o n  

f l u o r i d e  c o n c e n t r a t i o n .  I t  was  p r e v i o u s l y  r e p o r t e d  
t h a t  t he  b e l l - s h a p e d  d o s e - e f f e c t  c u r v e  fo r  a lu-  
m i n i u m  i n h i b i t i o n  o f  F 1 - A T P a s e  c o u l d  be  f i t t ed  

w i t h  t he  d i s t r i b u t i o n  c u r v e  fo r  t he  A I F 4 -  species  

p r e s e n t  in s o l u t i o n  [11]. H o w e v e r ,  t he  d i s t r i b u t i o n  

o f  f l u o r i n a t e d  species  in s o l u t i o n  at a p H  o f  7.5 has  

b e e n  r ecen t l y  reassessed  [12] to  t a k e  in to  a c c o u n t  
t h e  p r e sence  o f  m i x e d  f l u o r i d e  a n d  h y d r o x i d e  c o m -  

p lexes  o f  a l u m i n i u m ,  w h i c h  were  n o t  p r e v i o u s l y  

c o n s i d e r e d .  W e  h a v e  t h e r e f o r e  used  these  d a t a  a n d  

h a v e  r eca l cu l a t ed  the  c o r r e s p o n d i n g  f l u o r o m e t a l  

species  d i s t r i b u t i o n  cu rves  at  p H  8, at  wh ich  o u r  ex- 

p e r i m e n t s  were  p e r f o r m e d .  T h e  i n h i b i t i o n  c u r v e  o f  

F 1 - A T P a s e  d id  n o t  fit  exac t ly  wi th  any  o f  t he  pre-  

d i c t ed  i n d i v i d u a l  f l u o r o a l u m i n i u m  species ,  a pos -  

s ib le  e x p l a n a t i o n  be ing  the  c o n t r i b u t i o n  o f  

A I F a ( O H ) -  o r  A I F 2 ( O H ) 2 -  species  to  an  i n h i b i t o r y  
c o m p l e x  (fig.  1A,B) .  O n  the  o t h e r  h a n d ,  t he  exper i -  

m e n t  c a r r i ed  o u t  w i t h  b e r y l l i u m  ( f i g . l C , D  sug-  

g e s t e d  a c o n t r i b u t i o n  o f  BeF2, B e F 2 ( O H ) -  o r  

B e F a -  to  t he  i n h i b i t o r y  s ta te  o f  F1. These  c o n -  
s i d e r a t i o n s  s h o w  tha t  t he  n a t u r e  o f  t he  i n h i b i t o r y  
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Fig. 1: Effect of fluoride concentration on the development of 
FrATPase inhibition induced by beryllium fluoridy or 
aluminium fluoride species. (A-C) Desalted FI was incubated in 
STNG buffer containing 2 mM MgCl2, 100/~M ADP, 100/~M 
AICl3 (A) or 20/zM BeCl2 (B) and increasing concentrations of 
fluoride. After 30 min at 30°C, fractions were withdrawn and 
assayed for ATPase activity. (B-D) Distribution of fluorometal 
complexes as a function of fluoride concentration. (B) 
fluoroaluminium species. Only the major species are identified 
as follows: (1): AI(OH)4_; (2): AIF(OH)3_; (3): AIF2(OH)2-; 
(4): AIF3(OH)-; (5): AIF4; (6): Alf52-. (D) Fluoroberyllium 
species: (1) Be(OH)+; (2): Be(OH)2; (3): BeF(OH); (4): BeF2; (5) 
BeF2(OH)-; (6): BeF3-; (7): BeF42- . Computerized curves at pH 

8 were obtained as described in the text. 
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Fig.2: Determination of the amount of tightly bound beryllium 
and [3H]ADP in relation with the inhibition of the FrATPase 
induced by fluoroberyllate The FrATPase (8 /~M) was 
preincubated for 15 rain in STNG buffer supplemented with 2 
mM MgCI2, 2 mM NaF and 100 /~M [3H]ADP at 25°C. 
Inhibition was then initiated by the addition of 35/~M BeCl2. 
After varying periods of incubation, fractions were withdrawn 
and the partially inhibited F1 was freed on unbound or loosely 
bound ligands as described in section 3. After this treatment, 
samples were used for measurements of enzyme activity, protein 
concentration, bound beryllium and bound [aH]ADP (cf. 

section 2). 

fluorometal species involved in the binding to the 
nucleotide site of F1 cannot be deduced from the 
simple superimposition of the inhibition curves on 
the theoretical distribution of chemical compounds 

in solution.' They clearly illustrate the necessity of 
direct measurement of bound ligands. 

Inhibition of F1 by fluoroberyllate or fluoro- 
aluminate was nearly irreversible, which led to the 
conclusion that fluoroberyllate and fluoroalumi- 
nate complexes are tightly bound to F1 [ 11]. Drastic 
depletion treatment could therefore be applied to 
F~ to remove loosely bound ligands (nucleotides, 
fluoride and metals). On this basis, the following 
procedure was devised: after incubation with ap- 
propriate concentrations of [3H]ADP, fluoride and 
metals (cf fig.2 and table 1): F~ was freed of un- 
bound ligands by filtration-centrifugation through 
a Sephadex G-50 column equilibrated in buffer 
composed of 0.15 M sucrose, 30 mM NaCl, 10% 
glycerol (w/v), 50 mM Tris-H2SO4, pH 8 (STNG 
buffer). It was then submitted to a cold chase with 
0.75 mM ATP for 15 min followed by ammonium 
sulphate precipitation. After 30 min at 4°C, the 
pellet was collected by centrifugation, redissolved 
in 10 mM Tris-H2SO4pH 8 and filtered through a 
Sephadex G-50 centrifugation column equilibrated 
with the same buffer. The eluted material was then 
used for determination of ATPase activity, pro- 
tein, beryUium and fluoride concentrations and 
measurement of bound radioactivity. The back- 
ground was negligible, even for fluoride concentra- 
tions as high as 20 raM. The amount of tightly 

Table l 

Determination of the ratio of fluoride to [3H]ADP bound to F~ 

Metal pF Majority Ratio of bound Composition 
species fluoride to bound of bound 
in medium (a) ADP (mol/mol) °') species 

Be 1.7 BeF3- 2.8 :t= 0.2 (7) ADP1,BeI,F3 

BeF2 
3.0 + 1.8 + 0,1 (5) ADP~,BebF2 

BeF2(OH) - 

A1 1.7 AIF3(OH)- 4.0 x 0.1 (4) ADPhAIbF4 

2.3 AIF2(OH)2_ 4.1 x 0.1 (4) ADPbAlbF4 

(a) Major fluoromethal species present in the solution deduced from 
fig.lB and D 

co) Number of independent measurements in parentheses 
Experiments were conducted essentially as described in fig.2. The 
concentrations of beryllium and chlorides were 35 and 100 tzM, 
respectively, and the free fluoride was as reported in the table (pF). At 
the end of the experiment, aliquots were withdrawn for determination 
of protein concentration. ATPase activity, bound fluoride and bound 
[3H]ADP (see section 2). 
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Fig.3: Schematic representation of  the nucleotide complexes bound of  the FI. Nucleotide, phosphate and fluorometals are drawn bound 
in a schematic catalytic site. The first row symbolizes the different stages of  the F~ catalytic pathway and the second row, the 

corresponding inhibitory complexes. 

bound beryllium and [3H]ADP was first determin- 
ed. As expected from the postulated model, AT- 
Pase inhibition develops concomitantly with the 
very tight binding of  beryllium and [3H]ADP to the 
enzyme. The data in fig.2 indicate a stoichiometric 
ratio of  bound beryllium to bound [3H]ADP of 1. 
This relationship holds at concentrations of  free 
fluoride ranging between 1 mM (pF = 3) and 20 
mM (pF = 1.7). A similar stoichiometry most pro- 
bably holds for tightly bound aluminium and 
ADP. Based on this assumption, the amounts of 
bound fluoride per inhibitory complex were 
calculated, taking bound [3H]ADP as reference. 

The fluoride contents in the aluminium and 
beryllium inhibitory species are listed in table 1. 
The determinations of  F1 bound fluoride were car- 
ried out at two different fluoride concentrations 
for each metal. This procedure was adopted to 
check the possibility of  the enzyme binding to dif- 
ferent fluorometal species potentially involved in 
the inhibitory process, as suggested by the curves in 
fig. 1. The fluoride concentrations were chosen to 
give FI inhibition values close to the maximum on 
either side of  the inhibition peak. 

In the case of  beryllium, experiments were per- 

formed at free fluoride concentrations of  1 mM 
(pF = 3) and 20 mM (pF = 1.7). In solution, these 
p F  values favour the formation of the BeF2 (or 
BeF2OH-) and BeF3- species, respectively (cf. 
fig.lD). The ratios of  bound fluoride per bound 
ADP observed under these conditions were 1.8 
F - / A D P  at pF  3.0, and 2.8 F - / A D P  at pF  1.7 
(table 1). These results were independent of  the ex- 
tent of  inhibition, as similar values were obtained 
when FIATPase was inhibited at levels of  either 55 
or 90 %. From this, it can be concluded that, 
depending on the fluoride concentration, either 
ADP1BelF2 or ADPIBelF3 complexes may be 
bound at the nucleotide-binding site of  F~. 

In the case of  aluminium, experiments were per- 
formed at free fluoride concentrations of  5 mM 
( p F =  2.3) and 20 mM ( p F =  1.7). In solution, 
these p F  values favour the formation of  the 
AIF2(OH)2- and AIF3(OH)- species, respectively 
(cf. fig. 1B). A similar ratio of  4 mol fluoride bound 
per mol or tightly bound ADP was found at the 
two different fluoride concentrations (table 1), in- 
dicating that the bound inhibiting species has a 
stoichiometry of  association of  the type 
ADPIAI1F4. 
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4. DISCUSSION 

It has been proposed previously that the biologi- 
cal effects of fluoride on NTP-dependent proteins 
in the presence of aluminium or beryllium reflect 
the binding of tetrahedral fluorometal complexes 
mimicking Pi at the level of the nucleotide-binding 
site [4,5]. The data of fig.1 show that the nature of 
the inhibitory complexes cannot readily be iden- 
tified by comparing inhibition curves with the 
predicted fluorinated species in solution. The only 
conclusion that can be drawn from the bell-shaped 
inhibition curves shown in fig. 1 is that the inhibi- 
tion process is indeed mediated by the binding of a 
fluorometal complex to the enzyme. Thus, if 
fluoride and the metal were bound to different 
sites, as proposed in [15], then the fluoride site 
would have become saturated with increasing con- 
centrations of fluoride. Thus, the inhibition curves 
for aluminium and for beryllium in fig.1 would 
have reached a plateau and this plateau would most 
probably have been attained at the same pF value 
for both metals. 

Direct determination of bound fluoride and 
metals was clearly needed to define the structure of 
the actual inhibitory species bound to F1. The tight 
binding of ADP and beryllium to F~ in equis- 
toichiometric amounts (fig.2) suggest that the two 
ligands are entrapped in the same site, resulting in 
the inhibition of F1. Irrespective of the metal used, 
the inhibited F~ retained fluoride (table 1). Our 
results provide the first demonstration of simul- 
taneous binding of beryllium (or aluminium), 
fluoride and ADP to F~. This result confirms the 
hypothesis of the formation of an abortive com- 
plex composed of ADP and fluorometal in the 
catalytic site of F~. 

Let us now discuss the structure of the ADP- 
fluorometal complexes deduced from our results 
and the similarities they share with the structure of 
ADP and Pi bound in the catalytic site of F~ at 
three different steps of the catalytic pathway for 
ATP synthesis (fig.3). In the case of the inhibition 
of F~-ATPase by aluminium, the amount of bound 
fluoride indicates the presence of AIF4- together 
with ADP in the nucleotide-binding site of the en- 
zyme. It does not favour the existence of a bound 
ADP-AIF3 complex mimicking ATP, which was 
postulated in a preceding model [11]. A more likely 
hypothesis is that AIF4- behaves as a high-affinity 

phosphate analogue but does not condense with 
ADP at the catalytic site of FI. Along this line, the 
inhibited F1 would be blocked in a 'precondensed 
state' of catalysis, analogous to 
(ADP + phosphate) entrapped in a closed catalytic 
site as illustrated in fig.3A. On the other hand, bas- 
ed on the necissity for phosphate to pass transiently 
through a pentacoordinated state in the in- 
termediate step of the condensation of ADP and Pi  

in Fi, and the ability of aluminium to adopt a pen- 
tacoordinated geometry, one may hypothesize that 
the ADP-AIF4_ complex mimicks the pentacoor- 
dinated 'intermediate state' in the catalytic sites of 
F~ (fig.3B). 

The stoichiometries of bound fluoride and 
bound beryllium are in agreement with the fact that 
BeF2 or BeF2(OH)-, and BeF3-, would show 
similar efficiencies for F1 inhibition. They are also 
consistent with the possibility that BeFx forms 
complexes of the type ADP-BeF2 or ADP-BeF3-, 
thus mimicking the condensed state in the pathway 
of ATP synthesis (fig.3C). In other words, 
fluorometals would block the F~ in different 
catalytic states of the enzyme. Complementary ex- 
periments are in progress to test these hypotheses. 
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