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ABSTRACT: The possibility that 4-azido-2-nitrophenyl phosphate (ANPP), a photoreactive derivative of 
inorganic phosphate (Pi) [Lauquin, G., Pougeois, R., & Vignais, P. V. (1980) Biochemistry 19,4620-46261, 
could mimic ATP was investigated. ANPP was hydrolyzed in the dark by sarcoplasmic reticulum 
Ca2+-ATPase in the presence of Ca2+ but not in the presence of ethylene glycol bis(P-aminoethyl eth- 
er)-N,N,N’,N’-tetraacetic acid. ANPP was not hydrolyzed by purified mitochondrial Fl-ATPase; however, 
ADP and ATP protected F1-ATPase against ANPP photoinactivation. On the other hand, the trinitrophenyl 
nucleotide analogues (TNP-ADP, TNP-ATP, and TNP-AMP-PNP), which bind specifically a t  the two 
catalytic sites of Fl-ATPase [Grubmeyer, C., & Penefsky, H. (1981) J. Biol. Chem. 256, 3718-37271, 
abolished Pi binding on F1-ATPase; they do not protect Fl-ATPase against ANPP photoinactivation. 
Furthermore, ANPP-photoinactivated Fl-ATPase binds the TNP analogues in the same way as the native 
enzyme. The Pi binding site of Fl-ATPase, which is shown to be photolabeled by ANPP, does not appear 
to be at  the y-phosphate position of the catalytic sites. 

Purified beef heart mitochondrial F,-ATPase is a cold-labile 
enzyme that contains five distinct subunits [for a review, see 
Penefsky (1979) and Senior (1979)]. F,-ATPase’ exhibits a 
single binding site for Pi (Penefsky, 1977; Kasahara & Pe- 

nefsky, 1978). In an attempt to photolabel the Pi binding site 
of F,-ATPase, ANPP, an azido derivative of Pi, was prepared; 
its binding properties were described in a preceding paper 
(Lauquin et al., 1980). The criteria for the binding of ANPP 
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Abbreviations: F,-ATPase, mitochondrial F,-ATPase; Pi, inorganic 
phosphate; ANPP, 4-azido-2-nitrophenyl phosphate; ANP, 4-azido-2- 
nitrophenol; AMP-PNP, adenyl-5’-yl imidodiphosphate; TNP-ADP, 
TNP-ATP, and TNP-AMP-PNP, the 2’,3’-0-(2,4,6-trinitrocyclo- 
hexadienylidene) derivatives of ADP, ATP, and AMP-PNP (at neutral 
or basic pH); EGTA, ethylene glycol bis(0-aminoethyl ether)-N,N,N’,- 
”-tetraacetic acid; EDTA, ethylenediaminetetraacetic acid; MES, 2- 
(N-morpho1ino)ethanesulfonic acid. 
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to the Pi binding site of Fl-ATPase were as the follows: (1) 
in the dark ANPP behaved as a competitive inhibitor of Pi 
binding; (2) Pi added prior to photoirradiation protected the 
enzyme against photoinactivation and it prevented the covalent 
binding of [32P]ANPP (3) ANP, the precursor of ANPP, had 
no effect on Pi or ADP binding; (4) no photoinactivation was 
found when ANP was used instead of ANPP. 

On the other hand, on the basis of the following findings, 
our attention was directed to the fact that ANPP could also 
behave as an ADP or ATP analogue. (1) ANPP was hy- 
drolyzed to give Pi and ANP by sarcoplasmic reticulum 
Ca2+-ATPase; (2) ADP or ATP protected F,-ATPase against 
photoinactivation by ANPP. A number of complementary 
experiments dealing with ANPP and F,-ATPase were there- 
fore carried out. They are described in the present paper. For 
the sake of clarity, the results are presented in three parts. Part 
1 consists of experiments in which ANPP was found to mimic 
ATP; part 2 shows that ANPP is indeed a Pi analogue for 
Fl-ATPase. Finally, in part 3, we consider the possibility that 
the phosphate residue of ANPP might be equivalent to the 
y-phosphate moiety of ATP at the catalytic sites of the en- 
zyme. 

EXPERIMENTAL PROCEDURES 
Materials 

ADP, ATP, AMP-PNP, phosphoenolpyruvate, 3-phospho- 
glyceric acid, pyruvate kinase, glyceraldehyde-3-phosphate 
dehydrogenase, and phosphoglycerate kinase were obtained 
from Boehringer Mannheim. Charcoal was purchased from 
Sigma and picrylsulfonic acid from Aldrich. Carrier-free 
[32P]Pi was purchased from the Commissariat a 1'Energie 
Atomique (Saclay, France). All other chemicals were of 
reagent-grade quality. ANP and ANPP were synthesized and 
purified as previously described (Lauquin et al., 1980). 
TNP-ATP was synthesized and purified as described by 
Hiratsuka & Uchida (1973). TNP-ADP was obtained via 
TNP-ATP hydrolysis by Fl-ATPase, and TNP- [ T - ~ ~ P I A T P  
was synthesized according to Grubmeyer & Penefsky (1981a). 
TNP-AMP-PNP was synthesized and purified as described 
for TNP-ATP (Hiratsuka & Uchida, 1973). However, be- 
cause of the presence of contaminants, TNP-AMP-PNP was 
further purified by descending chromatography on Whatman 
No. 3 paper in l-butanol/acetic acid/H20 (5/2/3 v/v/v). The 
purity of the TNP derivatives was monitored by analytical 
thin-layer chromatography on polyethylenimine-cellulose 
plates developed with 2 M formic acid and 0.5 M LiCl. Their 
concentrations were determined at pH 8.0 from the molar 
absorption coefficient ern = 26400 M-l cm-l. When examined 
at 470 nm, they had an €470 equal to 18 500 M-' cm-l, in 
agreement with Hiratsuka & Uchida (1973). 

Methods 
Preparation of F1-ATPase. Fl-ATPase was prepared and 

stored as an ammonium sulfate suspension (Knowles & Pe- 
nefsky, 1972). Before use, an aliquot was centrifuged, the 
pellet was dissolved in 0.25 M sucrose/50 mM Tris-acetate, 
pH 7.5, and desalted by centrifugation through Sephadex 
(G-50, fine) columns equilibrated in the same buffer (Penefsky, 
1977). The concentration of Fl-ATPase was calculated by 
using a molecular mass of 360000 (Lambeth et al., 1971). The 
protein concentration was determined by the dye-binding 
method using Coomassie blue G-250 as described by Bradford 
(1976). Bovine serum albumin was used as a standard. 

Preparation of Ca2+-ATPase. Sarcoplasmic reticulum 
vesicles were prepared from rabbit muscles as described by 
Dupont et al. (1982). 
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Table I: Effect of ADP and ATP on Photoinactivation of F,-ATPase 
by ANPP" 

F,-ATPase F,-ATPase 
remaining act. remaining act. 

additions (% of control) additions (% of control) 
~~ ~ 

none 48 0.2 mM ATP 53 
0.2 mM ADP 51 0.5 mM ATP 63 
0.5 mM ADP 61 1 mM ATP I1 
1 mM ADP 65 5 mM ATP 79 
F,-ATPase (0.8 mg/mL) was preincubated in the dark at 20 O C  in 

EDTA buffer (cf. Methods) containing 150 pM ANPP in the presence 
of ADP and ATP as indicated. After 25 min, the samples were pho- 
toirradiated for 30 min at 20 OC and then the ATPase activity was 
determined as described under Methods. 

Enzymatic Assays. Measurement of F,-ATPase activity 
was carried out at 30 OC. The reaction medium contained 
40 mM Tris-HC1, 10 mM ATP, 5 mM MgCl,, 20 pg of 
pyruvate kinase, and 2 mM phosphoenolpyruvate, final pH 
8.0, final volume 0.5 mL. The reaction was started by addition 
of an aliquot fraction of the Fl-ATPase (5 pL) and stopped 
after 2 min by addition of 0.2 mL of ice-cold trichloroacetic 
acid, 50% (w/v). The released Pi was determined by the Fiske 
& SubbaRow (1 925) method. Measurement of TNP-ATPase 
activity was carried out at room temperature. The reaction 
mixture contained 40 mM Tris-HC1, 10 pM TNP- [Y-~~P] -  
ATP, and 10 mM MgC12, final volume 1 mL, final pH 8.0. 
The reaction was started by addition of 10 pg of Fl-ATPase 
and stopped after 30 s by addition of 0.4 mL of ice-cold tri- 
chloroacetic acid, 50% (w/v). The released [32P]Pi was de- 
termined as described by Grubmeyer & Penefsky (1981a). 
Incubation of [32P]ANPP with sarcoplasmic reticulum ATPase 
was carried out at 20 OC in the dark. The medium contained 
50 mM Mops, 50 mM KCl, 5 mM MgC12, 50 pM CaCl,, 100 
pM [32P]ANPP, and vesicles (0.9 mg/mL). After 10 min, 
the suspension was centrifuged and an aliquot of the super- 
natant was analyzed by ascending chromatography on 
Whatman No. 1 paper, in diisopropyl ether/98% formic 
acid/H20 (90/60/3 v/v/v), followed by autoradiography. 

Photoinactivation of F,-ATPase by [32P] ANPP. The re- 
action mixture, in stoppered glass tubes, contained 80 pL of 
[32P]ANPP, 50 mM Tris, 50 mM MES and 1 mM MgS04 
(or 1 mM EDTA when ATP was present; Table I), final pH 
7.5; the reaction was initiated by 20 pL of Fl-ATPase (about 
100 pg), desalted as described above. After 25-min preincu- 
bation in the dark at room temperature, the samples were 
photoirradiated for 30 min. The light source was a 250-W 
Osram halogen lamp. The tubes, partially immersed in a water 
bath maintained at 20-25 OC, were rotated nearly horizontally. 
A glass plate was placed between the light source and the glass 
tubes to eliminate ultraviolet light, which is deleterious for the 
enzyme (data not shown). Under the above conditions F,- 
ATPase photoirradiated alone (without ANPP) remained fully 
active. After photoirradiation the ATPase activity was 
measured; the samples were either left for 20 min or incubated 
with 10 mM Pi for 20 min (cf. Results); then they were applied 
to the top of a centrifuge column equilibrated with the same 
buffer, and after centrifugation, the protein content and the 
radioactivity were determined. 

TNP Derivative Binding Measurements. Binding of TNP 
derivatives was measured at room temperature by absorbance 
difference spectra taken in a Perkin-Elmer double-beam 
spectrophotometer with l-mL samples in cuvettes of l-cm light 
path. The reference cell contained 0.25 M sucrose, 50 mM 
Tris-HC1, 1 mM KPi, and 10 mM MgSO,, pH 7.5, and the 
sample cell F,-ATPase in the same buffer. Reagents were 
added with Hamilton syringes and allowed to be in contact 
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for 5 min for stabilization. Then the spectrum was taken 
between 350 and 500 nm. The difference in absorbance be- 
tween the peak at 425 nm and the trough at 390 nm was used 
[cf. Grubmeyer & Penefsky (198 la)]. 

RESULTS 
Is ANPP an ATP Analogue? The following data indicate 

that ANPP is a substrate for the sarcoplasmic reticulum 
Ca2+-ATPase in contrast to F,-ATPase (Lauquin et al., 1980). 
ANPP was hydrolyzed by the sarcoplasmic reticulum 
Ca2+-ATPase in the hydrolysis standard conditions, i.e., in the 
presence of CaZ+ (cf. Methods). A control experiment per- 
formed without Ca2+ (Le., in the presence of 1 mM EGTA) 
did not reveal significant hydrolysis of ANPP. However, when 
the Ca2+-ATPase was photoirradiated with [32P]ANPP in the 
presence of EGTA, some covalently bound radioactivity was 
recovered (data not shown). From these results, it appears 
that ANPP could mimic ATP to the Ca2+-ATPase in the dark 
and even in EGTA medium when photoirradiated. The fact 
that F,-ATPase or sarcoplasmic reticulum Ca2+-ATPase in 
EGTA medium did not hydrolyze ANPP in the dark does not 
imply that ANPP is not an ATP analogue, and more generally, 
the fact that a product might be a substrate analogue for an 
enzyme does not imply its hydrolysis. For example, TNP-ATP, 
which is specifically recognized by F,-ATPase (Grubmeyer 
& Penefsky, 198 la), sarcoplasmic reticulum CaZ+-ATPase 
(Dupont et al., 1982), and the Na+/K+-ATPase (Moczyd- 
lowski & Fortes, 1981), is hydrolyzed only by the two first 
enzymes and not by the third one. 

Protective Effect of ADP and ATP on the ANPP Photoin- 
activation of F,-ATPase. As can be seen from Table I, ADP 
protected partially F,-ATPase against photoinactivation by 
ANPP, the maximal effect being obtained with about 0.5 mM 
ADP. When ATP was used, a better protection was obtained, 
and the maximal effect was at about 1 mM ATP (Table I). 
Although these results might mean that ANPP binds at the 
nucleotide site(s) of F,-ATPase, it should be remembered that 
ADP and ATP prevent Pi binding by Fl-ATPase (Penefsky, 
1977) and that they partially protect purified bacterial and 
chloroplast ATPases against photoinactivation by ANPP 
(Pougeois et al., 1983a,b). 

We have previously shown that, in the dark, there was a 
competitive inhibition of Pi binding by ANPP (Lauquin et al., 
1980); this result is consistent with the proposal that ANPP 
is a phosphate analogue; it does disprove the alternative that 
ANPP is an adenine nucleotide analogue since ADP (or ATP) 
prevents Pi binding by F,-ATPase (Penefsky, 1977). 

Direct Demonstration That ANPP Is a True Pi Analogue 
for F,-ATPase. In a previous paper concerning the interaction 
of ANPP with F,-ATPase (Lauquin et al., 1980), the "caged 
Pi" property of ANPP was shown (the term "caged" was in- 
troduced by Kaplan et al. (1978) to describe the instability 
in light of the phosphate bound in 2-nitrobenzyl phosphate). 
For this reason, when photolabeling F,-ATPase with [32P]- 
ANPP was performed, we had to incubate the reaction mix- 
ture, after photoirradiation, with 10 mM cold Pi for 20 min 
to dilute the [32P]Pi released by photohydrolysis of [32P]ANPP 
this enabled us to measure the amount of [32P]Pi covalently 
bound to the enzyme; it should be remembered that photo- 
hydrolysis of [32P]ANPP was about 50%, after 30-min pho- 
toirradiation; Le., there was 50% free [32P]Pi in the reaction 
mixture [cf. Lauquin et al. (1980)]. 

Advantage has been taken of the caged compound to dem- 
onstrate that we really photolabel the Pi binding site on F1- 
ATPase. Schematically, the principle of this experiment was 
as follows. After photoirradiation with 200 pM [32P]ANPP, 

P O U G E O I S  A N D  L A U Q U I N  

Table 11: ANPP Is a True Pi Analogue for F,-ATPase" 
photo- p2P covalently 

ANPP added inactivation bound 32P bound 
(PM) (%) (mol/mol of F,) (mol/nol of F,) 
100 47 0.44 0.84 
200 51 0.59 0.94 
250 58 0.60 0.89 
3 00 62 0.66 1.02 

F,-ATPase was photoinactivated by [32P]ANPP at increasing con- 
centrations as described under Methods. After photoirradiation, the 
extent of inactivation, the amount of 32P covalently bound, and the to- 
tal 32P bound were determined as detailed under Methods. 

T N P - A D P  ( p M )  

FIGURE 1: Binding of Pi and TNP-ADP to F,-ATPase. (0) Binding 
of Pi. F1-ATPase (1 mg/mL) was preincubated for 20 min with 60 
pM [32P]Pi as described under Methods. Then 90 pL of F,-ATPase 
was added to a series of tubes containing 10 pL of buffer supplemented 
with TNP-ADP at the final concentrations shown in the abscissa. 
After 10 min, the samples were applied to a series of centrifuge columns 
and the bound radioactivity was measured (cf. Methods). TNP-ADP 
binding (0) was measured as described under Methods. 

the reaction mixture contained about 100 pM [32P]Pi, which 
is a nearly saturating concentration for the Pi binding site of 
F,-ATPase (Penefsky, 1977; Lauquin et al., 1980), and 0.5 
mol of covalent bound [32P]ANPP/mol of F,-ATPase. Thus, 
two situations may occur: (1) if ANPP is indeed located at 
the Pi binding site, after centrifugtion-elution of the mixture 
(cf. Methods), we should find 1 mol of [32P]Pi/mol of Fl- 
ATPase, as in the case of incubation of F,-ATPase with 100 
pM [32P]Pi; (2) if ANPP labels a different site, then we should 
find 1.5 mol of [32P]Pi bound/mol of F,-ATPase, Le., 0.5 mol 
of [32P]ANPP, covalently bound, plus 1 mol of [32P]Pi cor- 
responding to the specific Pi binding site described by Penefsky 
(1977). As shown in Table 11, there was no more than 1 mol 
of [32P]Pi bound/mol of Fl-ATPase. This is the direct proof 
that ANPP is a true Pi analogue for Fl-ATPase. Therefore, 
ANPP appears to be an appropriate probe to investigate the 
role of the Pi binding site on F,-ATPase. 

Are the Catalytic Sites on F,-ATPase ASfected by ANPP? 
In this part of the work, we used the TNP derivatives of ADP, 
ATP, and AMP-PNP in order to study their possible inter- 
actions with the Pi or ANPP binding site on F,-ATPase. 
Grubmeyer & Penefsky (1981a) recently showed that F1- 
ATPase contains two hydrolytic sites for TNP-ATP these two 
high-affinity binding sites are also probed by TNP-ADP. 

As shown in Figure 1, upon binding of 1 mol of TNP- 
ADP/mol of F,-ATPase, Pi binding was inhibited to about 
50%; for 2 mol of TNP-ADP bound to 1 mol of F1-ATPase, 
Pi binding was nearly abolished. Similar results were obtained 
when using TNP-ATP instead of TNP-ADP (data not shown). 
However, since these experiments were carried out in Mg2+ 
medium [Pi binds to F,-ATPase only in the presence of MgZ+; 
cf. Penefsky (1977)], TNP-ATP was at least partially hy- 
drolyzed during the course of the incubation (Grubmeyer & 
Penefsky, 1981a). Thus, the fact that TNP-ATP abolished 



V O L .  2 4 ,  N O .  4 ,  1 9 8 5  1023 Pi B I N D I N G  BY F 1 - A T P A S E  

, 

TNP-AMP-PNP (pM1 

FIGURE 2: TNP-AMP-PNP binding to native F1-ATPase and 
ANPP-photoinactivated Fl-ATPase. TNP-AMP-PNP binding was 
measured as described under Methods with native F1-ATPase pho- 
toirradiated alone without ANPP (A) and with F,-ATPase photo- 
inactivated by ANPP to an extent of 50% (B). The same results were 
obtained when 1 mM Pi was omitted from the reaction mixture. 

Table 111: Photoinactivation of F,-ATPase by ANPP in the Presence 
of TNP-ADP, TNP-ATP, and TNP-AMP-PNP 

F,-ATPase remaining act. 
additions (% of control) 

none 48 
20 pM TNP-ADP 50 
20 pM TNP-ATP 50 
20 UM TNP-AMP-PNP 45 

OF,-ATPase (0.9 mg/mL, Le., 2.5 pM) was preincubated with 150 
r M  ANPP, in the presence or absence of TNP nucleotide analogues, 
for 25 min, at room temperature in the dark. After 30-min photoirra- 
diation, TNP-ATPase activity was measured (cf. Methods). FI-AT- 
Pase preincubated with 150 pM ANPP in the absence of TNP ana- 
logues was 50% photoinactivated when the ATPase activity was deter- 
mined with ATP as a substrate. 

the Pi binding may mean that either TNP-ATP mimics 
TNP-ADP or TNP-ATP hydrolysis promotes the release of 
previously bound Pi. Consequently, we synthesized the TNP 
derivative of AMP-PNP, a nonhydrolyzable analogue of ATP 
(Yount et al., 1971; Philo & Selwyn, 1974; Penefsky, 1974). 
As expected, binding of TNP-AMP-PNP to F,-ATPase 
(Figure 2) was identical with the binding of TNP-ADP or 
TNP-ATP; furthermore, Pi binding was prevented by TNP- 
AMP-PNP (not shown) as it was by TNP-ADP or TNP-ATP. 

We next performed ANPP photoinactivation experiments 
in the presence of TNP-ADP, TNP-ATP, and TNP-AMP- 
PNP. As shown in Table 111, occupation of the two catalytic 
sites of Fl-ATPase by theTNP nucleotide analogues did not 
protect against photoinactivation by ANPP. The ATPase 
activities shown in Table I11 were measured with [ Y - ~ ~ P ] -  
TNP-ATP as substrate since the TNP analogues are strong 
inhibitors of FI-ATPase activity when the enzymatic activity 
is tested with ATP as the substrate (Grubmeyer & Penefsky, 
1981a). I t  is noteworthy that in the same experiment, pho- 
toinactivation of the sample photoirradiated with ANPP but 
without TNP analogues (corresponding to line 1 of Table 111) 
was 50% when tested with ATP as the substrate. 

TNP-ADP binding assays performed on the ANPP-pho- 
toinactivated Fl-ATPase and on the native enzyme did not 
show any difference in TNP-ADP binding (data not shown). 
The experiment, however, did not answer the question whether 

or not the ANPP binding site is located at  the y-phosphate 
position of the catalytic sites. For this purpose TNP-AMP- 
PNP binding assays were carried out on the native F1-ATPase 
(photoirradiated coni@) and on the ANPP-photoinactivated 
Fl-ATPase (50% photoinactivated). In both cases, 2 mol of 
TNP-AMP-PNP was fdund to bind per mol of Fl-ATPase 
(Figure 2). Should the conformation of the catalytic site 
probed by TNP-AMP-PNP be modified by ANPP at the 
y-phosphate position, 1.5 mol of TNP-AMP-PNP only would 
have bound to 1 mol of Fl-ATPase instead of 2 mol since 0.5 
mol of ANPP covalently binds per mol of F1-ATPase (see 
above). 

These data taken together strongly suggest that ANPP and 
therefore Pi do not interfere with the TNP nucleotides that 
are recognized by the catalytic sites of F1-ATPase. 

DISCUSSION 
Data from this paper and from earlier studies (Lauquin et 

al., 1980) clearly demonstrate that ANPP reacts with a Pi 
binding site on Fl-ATPase. This is based on the following lines 
of evidence: (1) extrapolation to zero activity corresponds to 
the covalent binding of 1 mol of ANPP to 1 mol of F,-ATPase 
(Lauquinet al., 1980) in accordance with the presence of a 
single reversible Pi binding site (Penefsky, 1977); (2) 
ANPP-modified Fl-ATPase binds at maximum 1 mol of PI, 
the bound species being either ANPP (covalent binding) or 
Pi released from ANPP (noncovalent binding) (Table 11). 
Thus, ANPP mimics Pi for binding to FI-ATPase and the PI 
site is located on the @-subunit (Lauquin et al., 1980). 

What is the role of this Pi binding site? Penefsky (1977) 
had suggested that it may well bind to a site equivalent to the 
y-phosphate position of ATP. This hypothesis has, however, 
to be accepted with reservation for the following reasons. (1) 
If Pi did bind to the catalytic site, then it would be recognized 
immediately by the enzyme as a substrate; in contrast, the 
binding plateau is attained in about 15 min (Penefsky, 1977). 
Furthermore, concerning the interaction of ANPP with FI- 
ATPase, in the absence of the 20-min preincubation step in 
the dark, the above correlation between photoinactivation and 
incorporation of ANPP did not hold (data not shown). (2) 
Whereas there are at least two catalytic sites on Fl-ATPase 
(Grubmeyer & Penefsky, 1981a) or possibly three (Cross & 
Nalin, 1982; Gresser et al., 1982; Grubmeyer et al., 1982), 
it is strange that only one high-affinity Pi binding site (Pe- 
nefsky, 1977) or one ANPP binding site (Lauquin et al., 1980) 
per F1-ATPase can be demonstrated. It must, however, be 
added that a second nonsaturable Pi binding site has been 
reported (Kasahara & Penefsky, 1978). (3) P,, as a product 
of ATP hydrolysis, does not inhibit the enzymatic activity of 
F,-ATF’ase. (4) ATP and ADP prevent equally well Pi binding 
to the enzyme (Penefsky, 1977). 

In this paper, it is shown that Pi binding is nearly abolished 
by TNP analogues, whether the analogue is hydrolyzed (for 
example, TNP-ATP) or not hydrolyzed (for example, TNP- 
ADP and TNP-AMP-PNP). It should be noted that two 
catalytic sites in Fl-ATPase must be occupied in order to 
virtually completely abolish P, binding, the occupancy of one 
catalytic site resulting in half-inhibition (Figure 1). Strong 
inhibition of Pi binding by the TNP analogues may be ex- 
plained on the basis of a large difference in affinity between 
PI (Kd = 37 pM; Penefsky, 1977) and TNP nucleotides (Kd 
too low to be measured for the first site and Kd = 20 nM for 
the second site) (Grubmeyer & Penefsky, 1981a). The TNP 
nucleotides would induce a conformational change in the en- 
zyme that causes the release of the previously bound PI. This 
interpretation is corroborated by the absence of protection by 
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TNP-ADP, TNP-ATP, or TNP-AMP-PNP against ANPP 
photoinactivation (Table 111). Furthermore, direct TNP- 
AMP-PNP (or TNP-ADP) binding assays showed that the 
two catalytic sites of Fl-ATPase are unmodified in ANPP- 
photoinactivated Fl-ATPase (Figure 2). 

Grubmeyer & Penefsky (1981a,b) have clearly demon- 
strated that F,-ATPase contains two cooperative catalytic sites. 
Although a third binding site on Fl-ATPase for TNP ana- 
logues can be filled, they have found that during the steady- 
state period of TNP-ATP hydrolysis, only two binding sites 
were occupied by the TNP analogues. It is noteworthy that 
the third binding site can be filled only after prolonged (30-60 
min) incubation with high concentrations of TNP analogues 
and only in the presence of Mg2+, which reminds the binding 
properties of Pi. Consequently, this third binding site does not 
seem to function as a catalytic site. In the presence of EDTA 
the third site is not filled by TNP-ATP (Grubmeyer & Pe- 
nefsky, 198 l a), and yet F,-ATPase does hydrolyze TNP-ATP 
(Pougeois, 1983). We propose that this site is a regulatory 
one for F,-ATPase and that it could be the same binding site 
for Pi, since Pi binding occurs only in the presence of Mg2+ 
and after similar prolonged incubation (Penefsky, 1977). 
Unfortunately, this hypothesis cannot be experimentally tested 
with ANPP-modified F,-ATPase; such an experiment would 
theoretically distinguish between 100% (Le., 3 mol of TNP 
analogue/mol of F,-ATPase) and 83% (i.e., 2.5 mol of TNP 
analogue/mol of ANPP-modified F,-ATPase) for maximum 
photoinactivation by ANPP. In practice this is more com- 
plicated. Two methods may be used: (1) radioactive TNP 
analogue binding measured by centrifugation-elution and (2) 
TNP analogue binding measured by the difference spectrum. 
In the first case, inaccuracy arises from the strong interaction 
that occurs between phenol derivatives and Sephadex gel 
(Determan & Walter, 1968; Lauquin et al., 1980 Grubmeyer 
& Penefsky, 1981a). In the second case, the method is ac- 
curate only when the affinity is very high; otherwise, a slight 
difference in the TNP analogue addition into the two cuvettes 
(cf. Methods) is sufficient to give rise to an artifactual ab- 
sorbance difference. 

In conclusion, we suggest that the putative regulatory site 
proposed above in isolated Fl-ATPase might be directly in- 
volved in ATP synthesis in the membrane-bound enzyme. 

ACKNOWLEDGMENTS 
We thank Y. Dupont for providing us with sarcoplasmic 

reticulum vesicles. We are also grateful to P. V. Vignais for 
advice and support. Thanks are due to J. Bournet for typing 
the manuscript. 

Registry No. ATPase, 9000-83-3; ANPP, 74784-75-1; ATP, 56- 
65-5; ADP, 58-64-0; Pi, 14265-44-2; TNP-ATP, 84412-19-1; TNP- 


