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SUMMARY: The Fi-ATPase of Escherichia coli contains 3 mol bound adenine
nucleotide/mol Fy. It is of the F{[2,1] type based on the ability of GTP to displace
1 mol adenine nucleotide/mol Fi (Kironde, F.A.S. and Cross, R.L. (1986) ]J. Biol.
Chem. 261, 12544-12549). A portion of the adenine nucleotide (2 mol/mol F7) is not
displaceable by GTP. F1[2,1] was converted to Fi[1,0]. This form of the enzyme
synthesized ATP from endogenous ADP and inorganic phosphate in a medium
containing 30% (v/v) dimethyl sulfoxide (Me2SO). A 8, subunit-depleted form of
the F1-ATPase was shown to be predominantly in the F1[0,1] form. ATP was not
synthesized from endogenous ADP by the subunit-depleted enzyme in Me;SO
unless additional molecules of ADP were bound. It is concluded that ATP synthesis
from endogenous ADP in Me;SO occurs at GTP-nondisplaceable adenine nucleotide
binding sites. 1993 Academic Press, Inc.

Escherichia coli F1F,, the proton-translocating ATP synthase, is the terminal
enzyme of oxidative phosphorylation, in which process it synthesizes ATP from
ADP and inorganic phosphate. F; may be separated from F; as a soluble enzyme
consisting of five different subunits (a-g) in a stoichiometry (a3f3yde) (1-3). Fp is
able to hydrolyse ATP to ADP and phosphate. It can be induced to reverse this
process in a medium containing 30-40% (v/v) dimethyl sulfoxide (Me;SO) (4-16).

Normally an isolated, F; contains three mol bound adenine nucleotide/mol of
Fy (17-18). Three other binding sites for adenine nucleotide can be filled by
incubation with ATP (19-21). Of these six sites present on Fj, three are specific for
adenine nucleotide while the remaining three sites can bind guanine and inosine
nucleotides also (22). Incubation of Fy (preloaded with adenine nucleotide by
incubation with ATP) with GTP will displace the adenine nucleotides from the
adenine nucleotide non-specific sites. This observation permitted Kironde and
Cross (23,24) to show that isolated F; contains two mol adenine nucleotide bound at
specific (i.e., GTP-nondisplaceable) sites and one mol adenine nucleotide/mol Fi at a
nonspecific (i.e., GTP-displaceable) site. They introduced the symbol F1[2,1] to
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describe this state of site occupancy. We have recently shown that the E. coli F; has a
similar site occupancy (16).

Previous studies have led to the assumption that in the ATP synthase ATP
synthesis occurs at the nonspecific sites on Fi and that the specific sites are
catalytically inert (22-28). Recently, we have shown that F;[3,0] and F1[2,0] in a
Me;SO medium can synthesize ATP from endogenous ADP bound at adenine

nucleotide-specific sites (16). These results suggest that equating nucleotide-
nonspecific sites with catalytic sites for ATP synthesis is not correct under all
circumstances.

In the present paper we show that F1[1,0] can form ATP from endogenous ADP
in the presence of 30% (v/v) Me2SO. We extend this observation to demonstrate
that Fy lacking the § and € subunits is predominantly in the F1[0,1] form and cannot
make ATP from endogenous ADP until further sites are filled with adenine

nucleotide. These results support our proposal (16) that the GTP-nondisplaceable
adenine nucleotide-binding sites of Fy are the sites of ATP synthesis in Me3SO.

MATERIALS AND METHODS

The F1-ATPase of E. coli CM2786 was prepared as described previously (29). Fj
lacking & and € subunits was purified from strain ML308-225 as before (30,31).
ATPase assays, ATP synthesis on Fj, measurements of bound ATP and ADP, and of
protein concentration were performed as described previously (12-14). The M; of F;
used in calculations was 381000 (1).

Preparation of F1[1,0]

Desalted Fq[2,1] in 100 mM Tris acetate, pH 6.8 containing 30% (v/v) Me;SO was
incubated with 4 mM MgCl, and 10 mM potassium phosphate at 30°C. ATP
synthesis was stopped after 30 min by passing the reaction mixture through
centrifuged columns of Sephadex G-50-80 equilibrated with 100 mM Tris
acetate/30% MezSO, pH 6.8. The centrifugate (containing Me2SO) was incubated
with 1T mM GTP-Mg2+ for 5 min at 30°C before application to centrifuged Sephadex
G-50-80 columns equilibrated with 100 mM Tris acetate, pH 6.8 (Note: Me250 is
absent). The centrifugates were pooled and an equal volume of saturated (NHg)2504
solution, pH 8, was added. The precipitate was stored at 4°C. Before use, the enzyme

was desalted on centrifuged columns of Sephadex G-50-80 equilibrated with 100 mM
Tris acetate, pH 6.8.

GTP-chase experiments

F1 was incubated for 5 min in 100 mM Tris acetate, pH 6.8 containing 4 mM
MgClz, 4 mM potassium phosphate and 4 mM GTP. F; was freed of released
adenine nucleotide and GTP by centrifugation through appropriate buffer-
equlilibrated columns of Sephadex G-50-80 (15).

RESULTS

ATP synthesis by F1[1,0] in Me;SO
F as isolated by our method is the [2,1] enzyme (16). It was converted to F1[1,0]
by the procedure described in Materials and Methods. Analysis of three different
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Fig. 1. Changes in the concentrations of bound adenine nucleotides in F1[1,0] during
incubation in a 10 mM phosphate buffer containing MgCl, and 30% (v/v) MeySO.
A: The buffer contains no added ADP. B: 10 uM ADP present. The experiment was
performed as described in Materials and Methods. Time is expressed in minutes.

preparations of the enzyme gave 0.13 * 0.09 mol ATP/mol F; and 1.02 + 0.16 mol
ADP/mol Fj.

Fig. 1A shows that incubation of the Fq[1,0] enzyme with Mg2+ and phosphate
in the presence of 30% (v/v) Me;SO resulted in the synthesis of ATP. The ATP, and
unconverted ADP, remained bound to the enzyme. No ATP was formed in the
absence of Me3SO (results not shown). Addition of 10 uM ADP to the incubation
mixture in MepSO did not increase the extent of formation of ATP although
additional ADP {3 mol/mol Fy) was bound by the enzyme (Fig. 1B).

ATP synthesis by subunit-depleted Fy in Me;SO

Tuttas-Dorshiig and Hanstein (31) have described a simple method to prepare
F1 of E. coli in a form lacking the 8 and € subunits. Analysis of two different
preparations of the subunit-depleted enzyme for bound adenine nucleotide gave
0.05 £ 0.04 mol ATP/mol Fy and 1.3 £ 0.1 mol ADP/mol F;. That the enzyme was
predominantly F1[0,1] was shown by treatment with GTP-Mg2+ which displaced
about 0.84 mol ADP/mol F; (Table 1).

Incubation of the subunit-depleted F; with Mg2+ and phosphate in 30% (v/v)
Me3S0 did not result in ATP synthesis (Fig. 2B). There was transient loss, followed
by rebinding, of ADP. This phenomenon has been observed previously with other
forms of Fy and has been attributed to a change in the conformation of the enzyme
on placing it in a Me;SO medium (15,16,32,33).

The subunit-depleted Fi was incubated with ATP in the absence of added Mg2+
and the unbound adenine nucleotide removed by chromatography on a centrifuged
column of Sephadex G-50. Analysis of two different preparations of the preloaded
enzyme gave 0.06 = 0.05 mol ATP/mol F; and 4.8 £ 0.2 mol ADP/mol Fj.
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TABLE 1
Adenine nucleotide content and deduced site occupancy of Fy
lacking & and € subunits

mol bound/mol Fy Deduced site
GTP chase ATP ADP Total occupancy
- 0.004 £ 0.006 1.28 £ 0.05 1.28 £ 0.05 [0,1]
+ 0.002 £ 0.001 0451 0.01 0.45 £ 0.01

The analysis of the Fy for adenine nucleotides and protein and the procedure for

performing the GTP-chase experiment are described in Materials and Methods.
Total: ATP + ADP.

Incubation of this enzyme with Mg2+and phosphate in 30% (v/v) Me3SO resulted in
the conversion of 0.45 mol ADP/mol Fy to ATP (Fig. 2A). The newly-formed ATP
was readily displaced on incubation with exogenous Mg-ATP (4 mM) (Fig. 3).
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Fig. 2. Changes in the concentrations of bound adenine nucleotides in Fy lacking &
and € subunits during incubation in a 10 mM phosphate buffer containing MgCl>
and 30% (v/v) MezSO. A: Enzyme preloaded with nuceotide by incubation with 250
UM ATP-Mg?2+ in 100 mM Tris acetate, pH 6.8,for 5 min. Unbound nucleotide and
phosphate were removed by passage of the incubation mixture through centrifuged
columns of Sephadex G-50-80. B: Non-preloaded enzyme. Time is expressed in
minutes.
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Fig. 3. Displacement of newly synthesized [32P]ATP from Fj lacking 8 and € subunits
on incubation with non-radioactive ATP. Synthesis of ATP in 30% (v/v) Me;S0 in
the presence of [32P]phosphate was carried out for 45 min as described in reference 12
and in the legend to Fig. 2. The enzyme was preloaded with nucleotide. Unbound
nucleotide and phosphate were removed by passage of the incubation mixture
through centrifuged columns of Sephadex G-50-80. Non-radioactive ATP and
MgCl; were added to a final concentration of 4 mM in the effluent. Samples were
removed at intervals following addition of Mg-ATP and the concentration of bound
[32P]JATP determined following removal of displaced radiolabeled ATP on
centrifuged columns of Sephadex G-50-80. The concentration of remaining bound
[(32P]ATP is plotted versus time (in minutes) after addition of Mg-ATP.

DISCUSSION

The ability of F;[1,0] to form ATP in MepSO strongly supports our previous
suggestion (16) that ATP formation can occur at the adenine nucleotide-specific
binding sites of the E. coli Fj. Thus, the view that adenine nucleotide-specific
binding sites are structural not catalytic sites is no longer tenable, at least for ATP
synthesis in MepSO. The ability of GTP and ITP to bind to the nonspecific binding
sites and to be hydrolyzed (34,35) raises the possibility that F1 has two classes of sites:
adenine nucleotide-specific binding sites involved in ATP synthesis and adenine
nucleotide-nonspecific sites which carry out ATP hydrolysis. This possibility has
been proposed previously by others (36).

ATP formation in MeSO with Fy from a thermophilic bacterium containing a
single molecule of bound ADP had been demonstrated by Yoshida and Allison (10).
It is difficult to relate their work to that described here since the binding sites of the
thermophilic F; have not been characterized in the same manner as those of E. coli
or the mitochondrion. However, the stability of the bound ADP of the thermophilic
F1, and its lack of exchange with medium adenine nucleotide in the absence of
turnover, suggest that it occupies an "adenine nucleotide-specific" site.

The lack of ATP formation in MeySO by the 8,e-depleted Fq, which is
predominantly in the F1[0,1] form, agrees fully with our hypothesis that ATP
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formation occurs at adenine nucleotide-specific (GTP-nondisplaceable) sites. The
ability of the §,e-depleted F; to form ATP in MepSO after preloading with ADP is
expected since adenine nucleotide-specific sites will have been loaded with ADP
which is then available for ATP formation. The newly-formed ATP is displaceable
by exogenous Mg-ATP with a half-time for release of less than one minute. The
ready exchangeability of the newly-formed ATP suggests that nucleotide binding at
adenine nucleotide-specific sites is weaker in §,e-depleted F; than in the native
enzyme. This is consistent with the finding that the purified subunit-depleted
enzyme lacks bound nucleotide at the adenine nucleotide-specific sites. Much
remains to be learned regarding the role of the minor subunits in nucleotide-
binding and catalysis. Only a and B subunits are required for ATP hydrolysis in a
thermophilic F; ATPase (37).

In conclusion, that data above obtained from use of Fy[1,0] and F1{0,1] strongly

support the concept that adenine nucleotide-specific (GTP-nondisplaceable) sites are
catalytic sites for ATP formation in Me;SO.
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