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ABSTRACT: The isolated /3 subunit of the Rhodospirillum rubrum Fo.F1 ATP synthase contains two nucleotide 
binding sites, a Mg-independent and a Mg-dependent site [Gromet-Elhanan, Z., & Khananshvili, D. (1984) 
Biochemistry 23, 1022-10281. Phosphate (Pi) binds only to the second site [Khananshvili, D., & Gro- 
met-Elhanan, Z. (1985) Biochemistry 24, 2482-24871, Binding of these ligands has been found to induce 
conformational changes in the /3 subunit that can be followed by their effect on trypsin sensitivity of the 
subunit. With a ratio of 1 mol of trypsin/100 mol of 0, the subunit is digested in the absence of ligands 
with a half-time of 10 min. MgC12 has no effect on the trypsin sensitivity of p, but the other ligands show 
pronounced effects. Binding of either ADP or ATP to the Mg-independent site results in partial protection 
of the ,!3 subunit against its digestion by trypsin, increasing the t l i 2  to 20 min. A further decrease in the 
sensitivity to trypsin occurs on binding of MgADP to the second Mg-dependent site, increasing the t l 1 2  to 
30 min. Binding of MgATP or MgPi to this site causes, however, an opposite effect, resulting in a decrease 
in the t l /2  to 3 and 6 min, respectively. These results indicate that ligand binding induces two distinct changes 
in the conformation of the isolated p subunit. One conformational state is obtained on occupation of the 
Mg-independent nucleotide binding site and is further stabilized by MgADP. The second conformational 
state is obtained on binding of MgATP or MgPi, suggesting that it is induced by occupation of the y- 
phosphoryl subsite in the Mg-dependent catalytic site on the /3 subunit. 

E n e r g  y-transducing membranes contain a reversible pro- 
ton-translocating ATP synthase-ATPase complex Fo.FI. It 
is comprised of two portions: an intrinsic membrane portion, 
F,, that mediates proton movement and an extrinsic membrane 
portion, F,, that is the catalytic sector (Kagawa et al., 1979; 
Penefsky, 1979; Nelson, 1981; Futai & Kanazawa, 1983; 
Senior & Wise, 1983). F, consists of five types of subunits 
(a, P,  7, 6, E )  and functions also as a soluble ATPase. It has 
been shown to contain several nucleotide binding sites that 
reside in the two major subunits, a and 6 (Harris, 1978; Baird 
& Hammes, 1979; Cross, 1981; Senior & Wise, 1983), and 
seem to include both catalytic and noncatalytic sites (Cross 
& Nalin, 1982; Grubmeyer et al., 1982; O'Neal & Boyer, 
1984). However, the subunit location of these sites as well 
as their exact role in the mechanism of ATP synthesis and 
hydrolysis is still uncertain. One possible approach to the 
elucidation of the molecular events controlled by the multi- 
subunit FI complex is the study of simpler functional systems 
such as individual subunits of F1. 

Investigations of individual subunits became possible when 
reconstitutively active a and P subunits have been purified from 
several bacterial sources (Yoshida et al., 1977; Futai, 1977; 
Dunn & Futai, 1980; Philosoph et al., 1977; Khananshvili & 
Gromet-Elhanan, 1982). Direct ligand-binding studies have 
been carried out until now on the a and @ subunits of Es- 
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cherichia coli F1 (Dunn & Futai, 1980; Issartel & Vignais, 
1984) and on the /3 subunit of Rhodospirillum rubrum F1 
(Gromet-Elhanan & Khananshvili, 1984; Khananshvili & 
Gromet-Elhanan, 1984, 1985a). These studies have established 
the presence of one Mg-independent nucleotide binding site 
on Eca,' with Kd values of 0.1 pM for ATP and 0.9 pM for 
ADP, and one on EcP that binds ADP (Kd = 25 pM) and 
possibly also ATP (Kd = 50-100 pM). On Rr@ two binding 
sites have been demonstrated: a high-affinity Mg-independent 
nucleotide binding site with Kd values of 4 pM for ATP and 
7 pM for ADP and a low-affinity Mg-dependent site that binds 

pM). Ligand-induced conformational changes have also been 
investigated, mainly with T a  and TP (Ohta et al., 1980a,b) 
and Eca (Dunn, 1980; Senda et al., 1983). But only in the 
case of Eca have the ATP-induced conformational changes 
been correlated with its high-affinity binding site that has been 
characterized by direct binding studies. With Eco, in contrast 
to Eca, addition of ATP has not been found to induce any 
change in the trypsin sensitivity (Senda et al., 1983), although 
it has been found to induce some conformational change that 
could be detected as a quenching of 8-anilinonaphthalene 

ATP (& = 200 pM), ADP (Kd = 80 p M ) ,  and Pi (Kd = 270 

I Abbreviations: Eca, Ta ,  Ec& RrP, and TP, isolated reconstitutively 
active a and 0 subunits of the F,.F, complex of E .  coli, R. rubrum, and 
the thermophilic bacterium PS3; Tricine, N-[tris(hydroxymethyl)- 
methyl]glycine; EDTA, ethylenediaminetetraacetic acid; SDS, sodium 
dodecyl sulfate. 
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fluorescence (Hirano et al., 1984). 
In this investigation we have found ligand-induced changes 

in trypsin digestion of Rr@, which indicate that it undergoes 
large conformational changes on binding of ATP, ADP, and 
Pi. A clear-cut correlation has been established between the 
different types of the detected conformational states and the 
occupation of each of the two binding sites by either ATP, 
ADP, or Pi. 

MATERIALS AND METHODS 
Preparation of the @ Subunit. R .  rubrum cells were grown 

and chromatophores prepared as previously described (Gro- 
met-Elhanan, 1970, 1974; Philosoph et al., 1977; Khananshvili 
& Gromet-Elhanan, 1982). Electrophoretically pure and 
reconstitutively active Rr@ was isolated, purified, and stored 
as described by Gromet-Elhanan & Khananshvili (1986). 
Three different batches of Rr@ were used in this work. Their 
specific activity for reconstitution (Philosoph et al., 1977) 
ranged between 45 and 58 units, and they restored 80-90% 
of the photophosphorylation and Mg2+-ATPase activities of 
@-less chromatophores. Before each experiment the Rr@ was 
freed from the ATP and MgClz present in the storage buffer 
as described by Khananshvili & Gromet-Elhanan (1983, 
1985a), using three successive elution-centrifugation steps 
through Sephadex G-50 columns (Penefsky, 1977). In the first 
two elution-centrifugation steps the columns were preequi- 
librated with buffer containing 50 mM Tricine-NaOH, pH 
8.0, 20% glycerol, 2 m M  EDTA, and 50 m M  NaCl. In the 
third step EDTA was omitted in order to avoid interference 
with MgCI2 during ligand binding. 

Ligand Binding and Trypsin Digestion. Rr@ (0.5 mg/mL) 
was first preincubated a t  room temperature (23 "C) in TN 
buffer containing 50 m M  Tricine-NaOH, pH 8.0, and 200 
mM NaCl with or without various ligands. After 1 h, trypsin 
was added at  a ratio of 1 mol of trypsin/100 mol of Rrp. 
Proteolysis with trypsin was terminated by fast mixing with 
an equal volume of TN buffer containing soybean trypsin 
inhibitor at a 5-fold excess over trypsin (mol/mol). Samples 
containing 8C-100 pg of trypsinized Rr@ were lyophilized and 
stored at  -20 OC. Before SDS-polyacrylamide gel electro- 
phoresis was performed, the lyophilized samples were dissolved 
in 120-1 50 pL of buffer containing 0.1 M sodium phosphate, 
pH 7.0, 1% SDS, 20% glycerol, and 0.05% bromphenol blue. 
After 5-min incubation at 80 "C 30-50 pL of each sample was 
immediately applied on the gel. The remaining aliquot could 
be stored in liquid nitrogen for a few months without any 
change in its electrophoretic properties. 

Analytical Procedures. Protein was determined according 
to Lowry et al. (195 1). SDS-polyacrylamide gel electropho- 
resis was carried out according to Weber & Osborn (1969) 
using an 11% separating gel covered by 2 cm of a 5% stacking 
gel. Gels were run for about 5 h a t  100 V and then fixed in 
12% TCA for 1 h and stained overnight a t  23 "C in 0.2% 
Coomassie Brilliant Blue R-250 dissolved in water-ethanol- 
acetic acid (2:25:10 v/v). Destaining was carried out a t  37 
OC by continuous shaking in water-ethanol-acetic acid 
(65:25:8 v/v). The destained gels were stored in 12% TCA 
a t  4 O C .  

Gel scanning was carried out at 540 nm in a Beckman DU-8 
spectrophotometer equipped with a linear transport module, 
using a full-scale absorbance of 2.0 0.d. units a t  a slit width 
of 0.05 mm. Gels were scanned from top to bottom at a speed 
of 5 cm/min, and the peak areas were measured with a 
maximal sensitivity of 1 using the "lowest valley" program. 
With 5-50 pg of protein a linear relationship was obtained 
between the peak area corresponding to Rr@ and the amount 

I I I ' I !  I '  I I  

0 IO 20 30 40 
T ime (rnin) 

FIGURE 1: Time course of tryptic digestion of Rro. RrP was prein- 
cubated in 50 mM Tricine-NaOH, pH 8.0, without (0) or with (A) 
25 mM MgClz or 400 mM NaCl(0). After 1 h, trypsin was added, 
and at the time indicated 50-fiL aliquots were removed from each 
incubation mixture, their proteolytic digestion was stopped, and they 
were subjected to SDS-polyacrylamide gel electrophoresis as described 
under Materials and Methods. The amount of RrP remaining after 
trypsinization was determined by measuring the peak area corre- 
sponding to RrP as outlined under Materials and Methods, using as 
the control value the peak area of an identical amount of untrypsinized 
RrB. 

of Rr@ protein applied on the gel. This peak area, which was 
used for the quantitative determination of the amount of Rr@ 
remaining after trypsinization, was independent of the mi- 
grating distance in the gel and stayed constant during storage 
in 12% TCA at  4 O C  for at least 4-5 days. The peak area 
of untrypsinized Rr@, which was subjected to the same 
treatment as the trypsinized Rr@ but without trypsin, was taken 
as the 100% control value. 

Materials. ADP, ATP, type XI trypsin (treated with di- 
phenylcarbamoyl chloride), and type 1 -S soybean trypsin in- 
hibitor were purchased from Sigma. The electrophoresis 
LMW calibration kit of Pharmacia was used as molecular 
weight markers. 

RESULTS 
Tryptic Digestion of Ligand-Free Rr@. In all experiments 

reported below only ligand-free Rr@ was used, so the specific 
effect of various ligands on the rate and pattern of tryptic 
digestion could be followed. Trypsinization was carried out 
a t  pH 8.0 and 23 OC, since under these conditions Rr@ has 
been shown to retain all its reconstitutive activity for a t  least 
2 h (Khananshvili & Gromet-Elhanan, 1983) and to bind 
ATP, ADP, and Pi (Gromet-Elhanan & Khananshvili, 1984; 
Khananshvili & Gromet-Elhanan, 1984, 1985a). With a 
molar ratio of trypsin to RrP of 1:100, ligand-free Rr@ was 
completely digested after 1 h, with a half-time of about 10 min 
(Figure 1). Under the above described conditions tryptic 
digestion was found to yield a very specific and reproducible 
pattern of cleaved peptides. During the first few minutes of 
proteolysis two intermediate peptides (30 000 and 20 000 Da) 
appear simultaneously (not shown but see Figure 4A), and 
these are further digested to smaller peptides, so that after 30 
min the electrophoretic pattern shown in Figure 2b is obtained. 

The kinetics of trypsin digestion as well as the electropho- 
retic pattern of the resulting peptides were identical for the 
three preparations of Rr@ used in this study. They were also 
very similar when Rr@ was preincubated in the presence of 
up to 400 mM NaCl (Figure 1) or 5-25 mM MgCl, (Figures 
1 and 2c). 
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FIGURE 2: Effect of different ligands on the extent and electrophoretic 
patterns of tryptic digestion of RrP. RrP was preincubated in the 
absence (a, b) or presence of either 5 mM MgC12 (c), 5 mM Pi (d), 
5 mM ATP (e), or 5 mM ADP (0. After 1 h trypsin was added to 
samples b-f, and all samples were further incubated for 30 min. The 
tryptic digestion was stopped, and the samples were subjected to 
SDS-polyacrylamide gel electrophoresis and scanned as described 
under Materials and Methods. 

Effect of ATP, ADP, and Pi on the Tryptic Digestion of 
RrP in the Absence of MgCI,. We have earlier reported that 
in the absence of MgClz Pi does not bind to the isolated RrP 
(Khananshvili & Gromet-Elhanan, 1985a), whereas ATP or 
ADP bind, but only to one Mg-independent, high-affinity site 
(Gromet-Elhanan & Khananshvili, 1984). In the experiments 
illustrated in Figure 2d-f RrP was preincubated with Pi, ATP, 
and ADP, respectively, in the absence of MgCl,, under con- 
ditions that are optimal for nucleotide binding to their Mg- 
independent site. It was then subjected for 30 min to our 
standard conditions of trypsinization by a 1:lOO ratio of trypsin 
to RrP at  23 "C. As expected, Pi, which even at  high con- 
centrations does not bind to RrP in the absence of MgCl,, had 
no effect on either the rate of RrP disappearance or the pattern 
of the resulting cleaved peptides (compare Figure 2, parts b 
and d; see also Figures 3C and 6C). On the other hand, 
binding of either ATP or ADP in the absence of MgC1, re- 
sulted in a marked protection of RrP against its digestion by 
trypsin (Figure 2e,f). 

The protective effect of both ATP and ADP was dependent 
on their concentration during the preincubation and trypsin- 
ization stages, reaching saturation at  about 100 pM (Figure 
3A,B). This concentration dependence is very similar to that 
recorded for their binding to the high-affinity Mg-independent 
nucleotide binding site on RrP (Gromet-Elhanan & Khan- 
anshvili, 1984). But, although the binding of ATP and ADP 
to their Mg-independent site exerted a similar effect in pro- 
tecting RrP against its digestion by trypsin (Figure 3A,B), they 
had very different effects on the pattern of the resulting cleaved 
peptides obtained during proteolysis (compare Figure 2, parts 
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FIGURE 3: Effect of increasing concentrations of ATP, ADP, and P, 
on the extent of tryptic digestion of Rrb. RrP was preincubated in 
the presence of the indicated concentrations of ATP (A), ADP (B), 
and Pi (C) ,  in the absence of (0, A, 0) or presence (0, A, W) of MgC1,. 
MgC1, was added at concentrations that maintained a ratio of Mg2+ 
to ATP or ADP of 0.5 and Mg2+ to Pi of 2.5 over the whole range 
of ligand concentrations used. After 1 h of preincubation, trypsin 
was added to all samples and they were further incubated for 30 min. 
The tryptic digestion was stopped, and the samples were further treated 
as described in Figure 1. For each experiment the amount of RrP 
remaining after trypsinization in the absence of any added ligand has 
also been determined and is indicated by *. 
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FIGURE 4: Effect of ATP and ADP in the absence of MgC1, on the 
extent and electrophoretic pattern of RrP tryptic digestion. RrP was 
preincubated with 5 mM ATP (A) or ADP (B) for 1 h followed by 
the addition of trypsin. The digestion was terminated at the time 
indicated, and the samples were subjected to gel electrophoresis and 
scanned as described in Figure 2. 

e and f ) .  Whereas binding of ATP did not change the pattern 
observed in its absence (compare Figure 2, parts b and e), the 
binding of ADP had a marked influence on the peptide pattern 
(compare Figure 2, parts b and f ) .  

The differences in the electrophoretic pattern obtained on 
binding of ATP or ADP to RrP in the absence of MgClz were 
not dependent on the concentration of the nucleotides (not 
shown) and persisted throughout the time course of tryptic 
digestion of RrP (Figure 4A,B). Thus, after 5 min of pro- 
teolysis in the presence of ATP two intermediate peptides of 
30 000 and 20 000 Da appeared. Longer incubation resulted 
in a pronounced decrease in the amount of the remaining 
50000-Da RrP as well as in the appearance of additional 
smaller peptides (Figure 4A). On the other hand, 5 min of 
proteolysis in the presence of ADP led to the appearance of 
four peptides of 30000,23 000,21000, and 20000 Da. Longer 
incubation resulted here too in a continued decrease in the 
amount of the remaining RrP and in the appearance of ad- 
ditional smaller peptides (Figure 4B). These different effects 



6142 B I O C H E M I S T R Y  K H A N A N S H V I L I  A N D  G R O M E T - E L H A N A N  

L L ) l l l I 1 ' l I 1 l l l  ( 8 )  (C) 

30rnln 

50 30 20  I5  50 30 20 15 
M W  x ~ 0 3  MW x ~ 0 3  

FIGURE 5: Effect of ATP and ADP in the presence of MgCl, on the 
extent and electrophoretic pattern of Rr@ tryptic digestion. Rr@ was 
preincubated with 5 mM ATP (A) or ADP (B) in the presence of 
5 mM MgCI2. All other procedures were carried out as described 
in Figure 4. 

of ATP and ADP were observed with all the preparations of 
RrP used in this study. 

Effect of ATP, ADP, and Pi on the Tryptic Digestion of 
RrP in the Presence of MgC12. Our observation that MgC12 
by itself did not change the rate or electrophoretic pattern of 
RrP trypsinization (Figures 1 and 2c) enabled us to check the 
effect of ATP, ADP, and Pi in the presence of MgCI2. In- 
cubation of RrP with up to 50 or 100 pM of ATP, ADP, or 
Pi in the presence of MgCl, resulted in effects very similar to 
those observed in the absence of MgCl, (Figure 3A-C). With 
these low ligand concentrations MgC1, has indeed been shown 
to have no effect on ligand binding to RrP, so ADP and ATP 
could bind only to their Mg-independent high-affinity site 
(Gromet-Elhanan & Khananshvili, 1984) and Pi could not bind 
at all (Khananshvili & Gromet-Elhanan, 1985a). With higher 
ligand concentrations, under conditions allowing binding of 
ATP, ADP, and Pi to their Mg-dependent low-affinity site on 
RrP (Gromet-Elhanan & Khananshvili, 1984; Khananshvili 
& Gromet-Elhanan, 1984, 1985a), the presence of MgCI2 
during the preincubation had, however, a very pronounced 
effect (Figure 3A-C). Thus, increasing the MgATP con- 
centration during the preincubation from 0.1 to 2.0 mM led 
to a progressive decrease in the protecting effect, until its 
complete elimination. Higher MgATP concentrations even 
increased the extent of trypsin digestion of RrP above that 
observed with ligand-free RrP (Figure 3A). A similar increase 
in the extent of trypsin digestion was observed on preincubation 
of RrP with MgPi at concentrations above 50 pM (Figure 3C). 
On the other hand, preincubation of RrP with MgADP at 
concentrations above 50 pM yielded an opposite effect, in- 
creasing the protective effect above that observed in the ab- 
sence of MgCI2 (Figure 3B). The increased protection was 
dependent on the concentration of MgADP, reaching satu- 
ration at about 1 mM. This concentration was found to 
saturate the binding of ADP to its second, low-affinity Mg- 
dependent site on RrP (Khananshvili & Gromet-Elhanan, 
1984). 

The differences in the electrophoretic pattern obtained 
during proteolysis after preincubation of RrP with ATP or 
ADP in the absence of MgC12 (Figure 4A,B) persisted also 
after their preincubation in the presence of MgC12 (Figure 
5A,B). So under these conditions pronounced differences were 
observed in both the extent and the electrophoretic pattern of 
RrP trypsin digestion. Thus, 5 min of proteolysis in the 
presence of MgATP led already to the appearance of the 
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FIGURE 6:  Time dependence of Rr@ trypsinization in the presence 
of ATP, ADP, and Pi. RrP was preincubated with 5 mM ATP (A), 
ADP (B), or Pi (C) in the absence (A) or presence (0) of 5 mM 
MgC12. After 1 h trypsin was added, and at the time indicated 70-fiL 
aliquots were removed and subjected to the treatments and assays 
described in Figure 1. For each experiment the time dependence of 
ligand-free RrB trypsinization (0) has been simultaneously measured. 
smaller peptides besides the two intermediate large ones 
(Figure 5A), and after 30 min only the smaller peptides re- 
mained (compare Figures 5A and 4A). With MgADP on the 
other hand, even after 30 rnin of trypsinization only the four 
intermediate peptides could be seen (compare Figure 5, parts 
A and B). 

The effect of saturating concentrations (5 mM) of ATP, 
ADP, and Pi in the presence of MgClz on the time course of 
RrP trypsinization is summarized in Figure 6. The half-time 
of trypsinization, which is about 10 rnin for ligand-free RrP 
and increases to 20 min with ATP or ADP in the absence of 
MgC12 (Figure 6A,B), decreases to 3 rnin in the presence of 
MgATP (Figure 6A) and to 6 rnin in the presence of MgP, 
(Figure 6C). But, in the presence of MgADP it rather in- 
creases to 30 rnin (Figure 6B). These results indicate that 
binding of either ADP or ATP to their high-affinity Mg-in- 
dependent site on RrP results in a change in its conformation 
that decreases its sensitivity to trypsin. On the other hand, 
binding of MgATP or MgPi to their low-affinity Mg-de- 
pendent site on RrP induces a different conformational state, 
which is much more sensitive to trypsin. The data also dem- 
onstrate that different conformational states are induced on 
binding of either ATP or ADP to both sites on RrP. This 
difference becomes especially pronounced when the nucleotides 
bind to their Mg-dependent site, resulting in a 10-fold dif- 
ference in the t l12  of trypsin digestion as well as in a different 
electrophoretic pattern. 
DISCUSSION 

Binding of ATP to the high-affinity site on Eca has been 
shown to lead to a very large conformational change that could 
be detected by an increase in the sedimentation coefficient of 
the subunit (Dunn, 1980) or a decrease in its trypsin sensitivity 
(Senda et al., 1983). Thus, in the absence of any ligands Eca 
was cleaved by trypsin to peptides of less than 8000 Da. But 
in the presence of ATP or ADP, at concentrations sufficient 
to saturate the high-affinity Mg-independent site (Dunn & 
Futai, 1980), Eca was cleaved in the middle of the polypeptide 
chain, leaving two trypsin resistant domains (Senda et al., 
1983). Further evidence for a direct correlation between 
occupation of the nucleotide binding site and the conforma- 
tional change detected by protection against trypsin digestion 
has been obtained in studies with a mutated Em, isolated from 
the F, of E.  coli mutant Unc A401 (Stan-Lotter & Bragg, 
1984). This Eca, which has lost its capacity to bind ATP 
(Bragg et al., 1982), has also lost the protection against pro- 



L I G A N D - I N D U C E D  C O N F O R M A T I O N  C H A N G E S  I N  F1 P S U B U N I T  V O L .  2 5 ,  N O .  2 0 ,  1 9 8 6  6143 

teolysis, being completely digested even in the presence of high 
concentrations of ATP or ADP. 

Senda et al. (1 983) have also tested the effect of ATP on 
the tryptic digestion of EcP, but unlike with h a ,  no protective 
effect has been observed. The results summarized above 
demonstrate that with RrP binding of various ligands caused 
markedly different effects on the rate as well as the electro- 
phoretic pattern of its digestion by trypsin. Thus, in the ab- 
sence of any ligands RrP was digested by trypsin (at a ratio 
of 1OO:l (mol/mol), respectively), with a t l l2  of 10 min (Figure 
1). Under these conditions a very reproducible pattern of 
cleaved peptides was observed, which after 30 min of tryp- 
sinization was composed of two intermediate large peptides 
and a number of smaller ones (Figure 2b). The presence of 
either MgC12 (Figures 1 and 2c) or Pi (Figures 2d, 3C, and 
6C) had no effect on either the rate or the electrophoretic 
pattern observed. It is interesting to note that Senda et al. 
(1983) have obtained a similar pattern of cleaved peptides on 
incubation of E@ with trypsin. But with RrP, unlike with EcP, 
preincubation with ATP resulted in partial protection against 
trypsin digestion, raising the tl12 from 10 to 20 min (Figure 
6A,B). The protective effect was obtained with both ATP and 
ADP and was saturated at nucleotide concentrations of 100 
FM in the absence or presence of MgC12 (Figure 3A,B). Such 
conditions have been shown to lead to binding of both nu- 
cleotides to a high-affinity, Mg-independent site on RrP 
(Gromet-Elhanan & Khananshvili, 1984). 

The results therefore suggest that in RrP, as in Eca, the 
partial protection against tryptic digestion is caused by con- 
formational changes occurring upon binding of the nucleotides 
to their high-affinity Mg-independent site. There are, however, 
a number of differences in the nucleotide-induced conforma- 
tional changes recorded in Eca and RrP. In Eca binding of 
either ATP or ADP to its single Mg-independent nucleotide 
binding site causes an identical large conformational change 
(Senda et al., 1983; Stan-Lotter & Bragg, 1984), whereas in 
RrP binding of ATP or ADP to their Mg-independent site 
causes a smaller, but different, conformational change (Figures 
2e,f, 4, and 5). 

The most pronounced difference between Eca and RrP is, 
however, exhibited in the capacity of RrP to bind ATP and 
ADP to a second Mg-dependent site (Gromet-Elhanan & 
Khananshvili, 1984; Khananshvili & Gromet-Elhanan, 1984), 
and occupation of this second site was found to result in 
dramatic changes in its conformation (Figures 3, 5, and 6). 
Thus, binding of MgADP led to an increase in the protective 
effect, further stabilizing the trypsin resistant conformational 
state obtained with ADP. On the other hand, binding of 
MgATP or MgPi induced a completely different conforma- 
tional state that is much more sensitive to trypsin. Since RrP 
has not been crystalized yet, it is impossible to determine 
whether these conformational changes occur locally at the 
binding site or involve a larger portion of the polypeptide 
(Steitz et al., 1982). 

There are a number of possible explanations for the 
markedly different conformational changes obtained on 
binding of MgATP, as compared to MgADP, to the Mg-de- 
pendent site on RrP. Thus, different types of metal-nucleotide 
diastereomers could be the true ligands for binding MgADP 
and MgATP to this site (Cleland & Mildvan, 1979). It has 
indeed been shown that different metal-nucleotide epimers 
of ADP and ATP are the substrates for a number of F, AT- 
Pases (Bossard & Schuster, 1981; Frash & Selman, 1982; 
Senter et al., 1984; Wieker & Hess, 1985). No such data are 
as yet available for RrF,. An additional possible explanation 

for the difference between MgADP and MgATP is suggested 
by the identical effects of MgATP and MgPi on the trypsin 
sensitivity of RrP (Figure 6A,C). A number of earlier ob- 
servations led us to conclude that MgPi binds to the y-phos- 
phoryl subsite in the Mg-dependent nucleotide binding site on 
RrP, which remains empty in the presence of MgADP. So, 
the conformational state of RrP that is much more sensitive 
to trypsin could be induced by occupation of this subsite in 
the presence of MgATP and MgPi. Our earlier observations 
include (a) the fact that MgATP is 30-fold more effective than 
MgADP in competitively inhibiting the binding of Pi to RrP 
(Khananshvili & Gromet-Elhanan, 1985a) and (b) the dem- 
onstration that chemical modification of RrP by diethyl py- 
rocarbonate and Woodward’s reagent K results in elimination 
of the binding of MgATP and MgPi, but not MgADP, to their 
Mg-dependent site on Rr(3 (Khananshvili & Gromet-Elhanan, 
1985 b) . 

A number of earlier observations have also indicated that 
the y-phosphoryl subsite of the Mg-dependent binding site on 
RrP plays an important role in its reconstitutive activity. Thus, 
the presence of MgATP, but not of MgADP, has been shown 
to be essential for preservation of the reconstitutive activity 
of RrP during all stages of its isolation, purification, storage, 
and rebinding to ,&less chromatophores (Binder & Gromet- 
Elhanan, 1974; Philosoph et al., 1977; Khananshvili & Gro- 
met-Elhanan, 1982). Also, RrP modified by diethyl pyro- 
carbonate and Woodward’s reagent K has been found to retain 
its capacity to rebind to &less chromatophores but lost all its 
ability to restore their catalytic activity (Khananshvili & 
Gromet-Elhanan, 1985b). These data, together with the large 
conformational change observed here, indicate that the y- 
phosphoryl subsite of the Mg-dependent nucleotide binding 
site on RrP must be an important part of the catalytic site of 
the Fo.FI ATP synthase, being actively involved in the dis- 
crimination between MgADP and MgATP. 

Registry No. ATP, 56-65-5; ADP, 58-64-0; MgATP, 1476-84-2; 
MgADP, 7384-99-8; MgP,, 13092-66-5; Pi, 14265-44-2; ATP synthase, 
37205-63-3. 
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Anomalous Oxygen- 18 Exchange during ATP Synthesis in Oxidative 
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ABSTRACT: The synthesis of A T P  from highly enriched [ 'sO]Pi by submitochondrial particles driven by 
succinate oxidation produces distributions of 180-labeled A T P  species that deviate from the distributions 
predicted by a simple model for the exchange. Control experiments indicate no change in isotopic distribution 
when ['*O]ATP is synthesized from [ l80]ADP by adenylate kinase, which is bound to the submitochondrial 
particles. The observed deviations are in the opposite direction from that produced by heterogeneity due 
to multiple pathways for ATP synthesis. Two types of complex models can account for the observed deviations. 
One model has nonequivalence of the Pi oxygens during the exchange reaction, due to incomplete ran- 
domization of the Pi oxygens during the reversible cycles of hydrolysis and synthesis of bound ATP. The 
other model assumes that, during each turnover, a slow transition must occur between a high-exchange and 
a low-exchange pathway. 

A n a l y s i s  of the exchange reactions of labeled oxygen atoms Scheme I 
between water and phosphate has proven to be an important 
probe of the mechanisms of a number of enzymes that syn- 
thesize or hydrolyze DhosDhoesters. [See Mitchell (1984) for k- 1 k- 2 k-a 

HOH 

E t ADP t Pi E*ADP*Pi & E'ATP E t ATP 

a recent re;iew.j The simple synthesis model of Scheme I 
illustrates the probable source of the multiple water oxygens 
often observed in the products of such reactions. If ATP is 
synthesized in unenriched water from Pi that has all four 

oxygens labeled with l*O, then the product will have three 
180-labeled oxygens if k-* << k3.  However, if k-2 >> k3, then 
many reversals of step 2 will occur before product release, and 
most of the '*O label will be lost if the bound phosphate is 
capable of randomizing its oxygens between reversals. Thus, 

with a product release rate that is Slow in comparison to re- 
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D.D.H.). Preliminary wbrk has been reported (Hackney, 1983). action reversal, predicts extensive oxygen exchange. Most 
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