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AT(D)PMg induces dtssociatton of the a, Pi complex of F,-ATPase from a thermophtlic BacrNus stram. PS3, mto the a, bI heterodtmers [( 1991) 
Btochim. Biophys Acta 1056.279-7841 but the location of the AT(D)PMg bindmg site responstble IS not known From the analysis of AT(D)PMg 
bmding properttes of the tsolated mutant /I subumt, p(\ 331~). and the stabthty of the a 1 ,&> ~JIC)? complex m the presence of AT(D)PMg. we conclude 
that bmding of AT(D)PMg to the Tyr-341 sate of the p subunit(s) m the a i PI complex trtggers the dtssociatton of the a ,/I1 complex mto the a$, 

hetrrodtmers. 

Fr-ATPdse: a ,pq complex of F,; z,p, heterodtmer of F,: ATP-Induced dissoctatton 

1. INTRODUCTION 

F,-ATPase. a peripheral sector of H’-ATP synthase, 
has a subunit structure of OI~/QGE [lit]. Reconstitu- 
tion of active F,-ATPase from isolated subunits has 
been demonstrated for F,-ATPases from a thermophilic 
Bacilltn strain, PS3 (TF,) [5,6], and Eschrrichirr coli 

(EF,) [7,8]. Isolated a and p subunits can bind adenine 
nucleotides individually but both have only a trace 
amount of ATP hydrolyzing activity [B-l I]. The a , /?, 
heterodimer was recently isolated from Rf~odospirillw~ 

mbrunz chromatophore membranes as the minimum 
unit of a subunit complex that has ATPase activity [12]. 
In the case of TF,, the ATPase activity appears when 
the c1 and /? subunits are assembled into the cx 3/?i com- 
plex [6], however, the c1 3,B3 complex is not stable during 
ATP hydrolysis; it tends to dissociate into three pairs of 
a,/?, heterodimers [13]. The dissociation is reversible 
and dependent on AT(D)PMg. ATPMg is more effec- 
tive than ADPMg in causing dissociation, and non- 
hydrolyzable ATP analogs are not effective [13,14]. Co- 
valent binding of 3’-O-(4-benzoyl)benzoyl ATP to the 
p subunits in the a 3p3 complex results in the dissocia- 
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tion of the complex [9], but covalent binding of 3’-O-(4- 
benzoyl)benzoyl ADP does not [ 151. The implication of 
this dissociation could be important since it may reflect 
the AT(D)PMg-triggered conformational change oc- 
curring to H’-ATPase during the catalytic cycle, and the 
effect of AT(D)PMg on the interconversion of a: 3p3 to 
a,P, should be understood with more clarity. For ex- 
ample. the location of the AT(D)PMg binding site re- 
sponsible for the dissociation should be identified. 

In a previous report, we showed that the 01 3p3 com- 
plexes of TF, containing mutant p subunits, in which 
Tyr-341 was replaced by Cys @(Y.J~Ic)), retained signif- 
icant ATPase activity [16]. This was an unexpected re- 
sult because, based on chemical modification of F,- 
ATPases with affinity analogs of nucleotides and other 
inactivating reagents, this tyrosine residue in the /3 sub- 
unit had been thought to be essential for catalysis [17- 
221. We concluded that a tyrosine residue at this posi- 
tion is not involved in bond making-breaking steps of 
catalysis. Wise and his colleagues carried out more ex- 
tensive studies on EF, containing p subunits with vari- 
ous mutations at Tyr-331 (a corresponding residue to 
TF,p Tyr-341) and reached the same conclusion. In 
addition, they indicated that the residue p33 1 is part of 
the rather non-polar adenine binding sub-domain 
[23,24]. Here we report that the binding affinity of the 
isolated p(u341c) to AT(D)PMg is very weak and that 
the CI 1p(~341c)3 complex does not dissociate into 
a,/?(~341c), heterodimers, even in the presence 
of rather high concentrations of AT(D)PMg. The indi- 
cation of this result is that the AT(D)PMg binding site 
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at /3fyr- 341 is responsible for dissociation of the com- 
plex. 

2. EXPERIMENTAL 

2.1. Materials 
TF, was prepared as descrtbed previously [25]. The a. ~(WILD). and 

/3(~341c) subunits of TF, were indtvidually expressed in E colr and 
purified as described [16,26]. Purified preparations were stored m 75% 
ammomum sulfate suspension at 4°C. Prior to use, precipitated 
/I(y341c) was solubilized in a minimum volume of 20 mM Trlcme 
NaOH (pH 8.0) containing 1 mM dithiothreitol. and apphed onto a 
centrifuge-gel filtration column equtlibrated with an appropriate 
buffer. 

2.2. Difference spectra 
Circular dichroism (CD) spectra were measured at 25°C with a 

J-600 CD spectrophotometer (JASCO, Tokyo) equipped with a com- 
puterized data processor using a quartz cuvette with a 2-mm light 
path. CD spectra were measured after a 5 min preincubatton, and 10 
scans at wavelengths from 250 to 300 nm were averaged. The sample 
solution contained ~O~MB(WILD) orB(vs4rc) m 20 mM Tricme NaOH 
buffer (pH 8.0), 100 PM cyclohexyl diammetetraacettc acid and, when 
indicated. 250 PM AT(D)P and 5 mM MgSO,. In each case, the CD 
spectra of protein solutton, adenine nucleotide solution. and protein- 
ademne nucleotide solution were measured and stored in the data 
processor and the difference spectrum was computed as follows: f.0 
subunit + adenine nucleotide) - @ subunit) - (adenme nucleottde). 
Difference absorbance spectra were measured with a Double beam 
spectrophotometer UV-2200 (Shtmazu. Kyoto) using a pair of 
matched double cells with a light path length of 4 mm for each corn 
partment. as described [27]. The sample solution contained 5 PM of 
the isolated ~(WILD) or p(y341c) in the 20 mM Trtcme NaOH buffer 
(pH 8.0). 100 PM cyclohexyl diaminetetraacetic acid and indicated 
amounts of AT(D)P and MgSO,. Spectra were measured after a 5 mm 
incubation at 25°C and three scans were averaged. 

2.3. Equdibrwn dialvsls 
Equilibrium dialysis was performed in luctte cells (3 x 100 ~1) using 

a dialysis membrane (cutoff molecular weight 12,000~14.000 Da. 
Hoefer Scientific Instruments), as described previously [28] Briefly. 
the solution containing 40 mM Tricme NaOH (pH 8.0), 2.5 mM 
MgSO,, 0.5 mM dtthiothreitol. 100 mM NaCl, and 10. 20.40, 60, 80, 
100, 150. or 300 PM ATP was placed in a control cell and the solution 
containing 12 ,uM /$WILD) or 19 PM p(u341c) in the above solution 
without ATP was placed m a sample cell. After dialysis for 6 h at 25” C 
with gentle agitation, the dialyzed solution was removed from each cell 

and a l/50 volume of 24% perchloric acid was added. The precipitated 
proteins were removed by centrifugatton at 4°C. and a l/2 volume of 
1 M Tricme-NaOH (pH 8 0) containing 2 M KC1 was added to the 
supernatant fractton. After brief centrtfugatton at 4°C. the adenine 
nucleotide content in supernatant fractions was analyzed by HPLC 
with a reverse-phase column (Cosmosil SC,,-AR. Nakarai, Kyoto) 
equilibrated and eluted with 100 mM sodturn phosphate (pH 6.9) (291. 
When the molar ratio of added ATP per ,B subunit was higher than 
one, almost all ATP added initially was recovered without decay after 
dialysis. When the ratto was 1:3 and 1:2. about 25% and 10% of added 
ATP was hydrolyzed during dialysis due to trace ATPase acttvity of 
the isolated /? subunit [6]. Attainment of equihbrrum under the above 
conditions was confirmed in a parallel experiment by equal dtstrtbu- 
tion of AMP between two cells which was added m a control cell at 
the start of dialysis. 

2.4. Gel permeation HPLC analysis oj‘the complex 
Reconstrtutton of the a 3 ,& complex from isolated subunits. and 

purification of the complex with a HPLC gel permeation column 
(G~OOOSWXL, Tosoh. Tokyo), were carried out as described [16] Spe- 

cific ATPase acttvtties of the purified a I/3(~~~~)1 complex and 
the a 2B(~341c)) complex were 0.71 and 0.34 U &mol ATP 
hydrolyzed/min) per mg protein at 25°C Dissociation of the a 3 ,f$ 
complex into a, p, heterodimers was measured with the same gel 
permeation HPLC system. The purified complex (4 ,BM) was pre- 
incubated for 1 min in IO@ of 10 mM NaOH piperazine-Iv’,N’-bis[2- 
ethanesulfomc acid) buffer (pH 7.0) containing 0.2 M NaSO,, and 
indtcated concentrattons of ATPMg or ADPMg. and then applied to 
a G3000SWx~ column equtlibrated wtth the same solution used for 
premcubation. The elutton was carried out with the same buffer at 
room temperature (22°C) and at a flow rate of 0.5 ml/min, and was 
monitored with absorbance at 280 nm. The a 3j?, complex and the 
a,a, heterodimer were eluted at 14.5 min and 17 5 min, 
respectively. as separated peaks. The peak areas of proteins were 
calculated wtth a computer. 

3. RESULTS 

3.1. Diffrrence spectra of the isolated p( WILD) and 
p( Y34lC) 

The binding of adenine nucleotides to TF, and to the 
isolated 01 and p subunits can be detected by CD and 
UV spectral change [ll]. The isolated ~(WILD) and 
B(y341c) showed almost the same CD spectra at 210-250 
nm (data not shown) and at 250-300 nm (Fig. lA), 
indicating that loss of an aromatic residue at position 
341 did not affect the CD spectrum itself. When 250 PM 
ATPMg was added to the solution of /3(wuo), a differ- 
ence CD spectrum with a large negative ellipticity at 267 
nm was induced (Fig. lB, left) [10,30]. However, 
p(y341c) mixed with 250 FM ATPMg did not show any 
difference CD spectrum (Fig. lB, right). Therefore, 
ATPMg cannot bind to p(y341c) with high affinity. Sim- 
ilarly. difference UV absorbance spectrum. character- 
ized by a peak at 278 nm and a trough at 254 nm, was 
induced when 250 PM ATPMg was added to P(WILD). 

In contrast, p(y341c) did not show any peak or trough 
in the difference spectrum (Fig. 1C). When 250 PM 
ADPMg was used to induce difference CD and UV 
spectrum, the results were almost the same as those 
observed for ATPMg: for ~(WILD), ADPMg induced 
difference CD and UV spectra that were indistinguisha- 
ble from those induced by ATPMg but it did not induce 
any significant difference CD and UV spectra to 
p(y341c) (data not shown). Also ATP or ADP without 
Mg’+ induced difference spectra to P(WILD) but not to 
/_?(YwIc) (data not shown). The indication of these re- 
sults is that the binding affinity of the adenine nucleo- 
tides to the isolated p(y341c) should be very weak. 

3.2. Equilibrium dialysis 
In order to eliminate the possibility that AT(D)PMg 

binds to /?(~341c) without giving difference spectrum. 
equilibrium dialysis, a direct method of measuring li- 
gand binding, was applied to the isolated p subunit. AS 
shown in Fig. 2, ~(WILD) has a single binding site for 
ATPMg. The dissociation constant (&) is roughly cal- 
culated to be 25 PM, however, under the same condi- 
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Fig. 1. Difference spectra induced when ATPMg was added to the isolated /?(WILD) and B(y341c). (A) CD spectra of the Isolated /I subumts. (B) 
Difference CD spectra observed when 250 PM ATPMg was added to ~(WILD) or p(~341c). (C) Difference UV absorbance spectra induced when 

20 PM ATPMg was added to the isolated ~(WILD) and p(y341c). Other experimental detatls are described in section 2. 

tions, p(~341c) failed to bind ATPMg and the Kd value. 
if it exists, would be larger than 500 ,uM. Similarly, 
ADPMg bound to ~(WILD) but not to p(y341c) (data not 
shown). Thus spectroscopically ‘invisible’ binding did 
not occur with jI(y341c). 

3.3. Effect of AT(D) PA4g on dissociation of the a 3/l3 
complex 

Consistent with the report by Harada et al. [13], the 
01 3,8(~~~~)3 complex mostly dissociated into CI l /?(wILD), 
heterodimers when exposed to 5 PM ATPMg or 100 
PM ADPMg for 1 min and eluted from a gel permeation 
HPLC with the buffer containing the same concentra- 
tion of ATPMg or ADPMg (Fig. 3). In contrast, as 
shown clearly in Fig. 3, the a: 3p(~341c)3 complex did not 
dissociate into heterodimers under the same conditions. 
The &,B(y341c), complex was resistant to ATPMg-in- 
duced dissociation even at 100 PM ATPMg. 

4. DISCUSSION 

The position corresponding to /3 Tyr-341 of TF, is 
occupied by Tyr in all F,-ATPases which have been 
sequenced to date. Although the CX~/?(Y~~IC)~ complex 
of TF, and some of the EF, mutants lacking aromatic 
side chains at this position have significant ATPase ac- 
tivity, and hence this Tyr may not be involved directly 
in catalysis [16,23], there is general agreement that this 
residue is located at the adenine nucleotide binding site. 
This report shows that the binding affinity of the iso- 
lated p(y341c) to AT(D)PMg was too weak to be detect- 
able by usual binding assays (Figs. 1 and 2) and that 
the cx 3/?(~341c)3 complex does not dissociate into c1 lp, 
heterodimers in the presence of ATPMg or ADPMg at 
concentrations where dissociation of the CL 3P(~~~~)3 
complex is readily induced (Fig. 3). The parallel loss of 
AT(D)PMg binding affinity to the isolated /?(~341c) and 
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Fig. 2. Equilibrium dralysis of the isolated ~(WILD) and p(y341c) with 
ATP. Concentratrons of free ATP in the medium (ATP concentration 
in a control cell) are indicated m abscissae. Open and closed cncles 
represent ~(WILD) and ~(YUIC), respectively. Other experimental de- 

tails are descrrbed m section 2. 

AT(D)PMg-induced dissociation of the cx. 3p(~341c)? 
complex indicates that the former is the reason of the 
latter; occupation of the adenine nucleotide binding site 
at Tyr-341 of /?(WILD) by ADPMg or ATPMg (or its 
subsequent hydrolysis) induces some conformational 
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Fig. 3. Effect of various concentrations of (A) ATPMg and (B) 
ADPMg on the dissocration of the a, b(WlLD),. and a, fi(~341c)~ com- 
plexes Dissociation of the a3 /33 complex into a&?, heterodimers was 
measured wrth gel permeatron HPLC. Open and closed circles repre- 
sent/$wrLo) and B(y341c). respectively. The detailed experimental con- 

ditions were described in sectron 2. 

change which ends up with dissociation of the CI 3 
~(WILD)~ Complex into three pairs of a,p (WILD), 

heterodimers, but. in the case of p(y341c), adenine 
nucleotides cannot bind to p(y341c) in the cl,/3 
(~341~)~ complex with enough affinity and, hence, does 
not induce subsequent conformational changes in the 
complex. The effect of chemical labeling of the a3pj 
complex on the dissociation is well interpreted in this 
context; covalent modification of PTyr-307 by 7-chloro- 
4-nitrobenzofurazan does not induce the dissociation of 
the LY 3p complex [31], but covalent binding of 3’-O-(4- 
benzoyl)benzoyl ATP results in dissociation [9]. The 
binding site of 3’-O-(bbenzoyl)benzoyl ATP in the 
CI 3 fi3 complex has not been determined but it 
is most likely to be PTyr-341 since, in the case of bovine 
mitochondrial F,-ATPase, this analog was incorpo- 
rated into the peptide segment containing the Tyr equiv- 
alent to TF,-PTyr-341 [15]. 

One can speculate that binding of AT(D)PMg to the 
site at PTyr-341 of the H’-ATPase might induce similar 
conformational change which diminishes the interac- 
tions between adjacent ~1, p, pairs in the CI 3 p3 structure 
of H’-ATPase, and then this conformational change 
may trigger the next event in the catalytic cycle. Of 
course, dissociation does not occur to H’-ATPase since 
the CI 3p3 structure is stabilized by other subunits, espe- 
cially by the y subunit [32,33]. It makes no difference 
whether the adenine nucleotide binding site at Tyr-341 
is a catalytic one as widely accepted, or a non-catalytic 
site, it now becomes clear that the binding of adenine 
nucleotides to this site triggers the significant change of 
interactions among subunits. 
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