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SUMMARY : ATPase activity was restored to the inactive coupling factor, 
F ATPase, 
di 

of Escherichia coli strain AN120 (uncA401) by reconstitution of the 
ssociated complex with an excess of wild-type a subunit. Large excesses 

of a gave the highest levels of activity. The other subunits which are 
required for the reconstitution of ATPase activity, 8 and y, did not comple- 
ment the mutant enzyme. These results indicate that the a polypeptide of 
the AN120 ATPase is defective. 

The coupling factor, FIATPase, catalyzes the synthesis and hydrolysis 

of ATP in reactions coupled to the electrochemical proton gradient (for re- 

views, see l-3). Study of the FIATPase (ECFl) of Escherichia coli, which is 

similar in structure to those of mitochondria and chloroplasts, has the 

distinct advantage that c. - coli is amenable to genetic analysis. 

In 1971, Butlin and coworkers (4) described a mutant strain, AN120 

(uncA401), which is incapable of oxidative phosphorylation and lacks ATPase 

activity. Since then, many other ATPase mutants have been isolated (5-8). 

Bragg and Hou (9) purified the inactive ECFl of strain AN120 and found that 

it was similar to the parental complex in subunit composition and bound 

nucleotide content. However, the identity of the altered polypeptide has 

not been reported previously. 

Methods for the cold-dissociation of ECFl and the reconstitution of 

ATPase activity from the dissociated subunits have been described (10,ll). 

In addition, a method for the isolation of pure active subunits has been 

described by Futai (12), and an alternate procedure has been developed (S.D. 

Dunn, unpublished results). The three major subunits, a, $ and y, are all 

required for the reconstitution of ATPase activity (12). These developments 

permit the identification of the altered subunit in a mutant ATPaae by 
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determining which pure wild-type subunit will complement the mutant ATPase 

to produce activity. a is shown in this paper to be the altered polypeptide 

in the inactive ECFl of strain AN120. 

MATERIALS AND METHODS 

Preparation of active subunits. Pure ECF was prepared from E. coli K12(X) 
by the method of Futai et al. ti (13) with e modification of SGith and 
Sternweis (14). The complex was dissociated by the procedure of Futai (12) 
with the exception that sodium salts were used in place of potassium salts, 
and the NaNO 

2 
concentration was 250 mM. Active subunits were isolated by 

chromatograp y  on hydroxyapatite (Bio-Gel HTP, Bio-Rad Laboratories) and 
DEAE-Sepharose (Pharmacia Co.); the procedure will be published in detail 
elsewhere. 

Preparation of inactive ECF1. g. coli strain AN120 (uncA401), kindly pro- 
vided by Dr. Frank Gibson, was grown in the basic salts medium of Tanaka et 
al. (15) supplemented with 0.5% glucose, 
in ug/ml; L-arginine, 

5% (V/V) L broth and the following, 
3.4; L-histidine, 5.0; L-proline, 5.0; thiamine, 0.1; 

L-isoleucine, 5.0; L-valine, 5.0; L-methionine, 5.0; and casamino acids, 15.0. 

The preparation of membranes and extraction of the inactive ATPase were 
as described for strain Kl2(A). The complex was partially purified from the 
membrane extract by the following procedure, which is a modification of the 
method of Vogel and Steinhart (lo& devised by L. Heppel. The extract (27 
ml, 0.63 mg/ml) was cooled to -10 as methanol was added to 20% (V/V). Then 
1 M MgCl 

ii 
was added to a final concentration of 50 mM and a precipitate 

develope . After 5 min the suspension was centrifuged at -10' for 5 min at 
20,000 x g. The precipitate was extracted with 3.75 ml of buffer containing 
1 mM Tris-Cl, pH 8.0, 0.5 mM EDTA, 0.5 mM dithiothreitol and 10% glycerol. 
After 10 min an equal volume of water was added. Five min later the suspen- 
sion was centrifuged (30 min at 100,000 x g) and the supernatant fraction 
contained ECFl (7.5 ml, 0.82 mg/ml). The inactive ATPase was dissociated 
by the same procedure used for K12(X) ATPase except that the dialysis was 
omitted. 

Reconstitution of ATPase activity. Pure subunits were added to the prepara- 
tion of dissociated ECFl from AN120 and the mixtures were dialyzed overnight 
at 22-25' C against reconstitution buffer containing 50 mM succinate-Tris, 
pH 6.0, 5 mM ATP (Sigma, Grade II), 5 mM MgC12, 0.5 mM EDTA, 1 mM dithio- 
threitol and 10% glycerol. ATPase activity was assayed by the calorimetric 
method of Futai et al. (13); -- one unit of activity hydrolyzes 1 umol ATP/min. 
Protein was assayed by the method of Bradford (16) using bovine serum albumin 
as a standard. 
of 110-120 U/mg. 

Pure ECFl isolated from strain K12(X) had a specific activity 

RESULTS 

Preparation of ECFl from strain AN120. The inactive ECFl of strain AN120 

behaved similarly to the wild-type complex in its release from membranes by 

the low ionic strength extraction buffer. From densitometer scans at 590 

nm of 10% polyacrylamide gels run in the presence of sodium dodecyl sulfate 

(17) and stained with Coomassie blue R-250, it was estimated that the major 
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subunits of ECF,, a,B and y, account for 30% of the protein in the crude 

membrane extract and 60% of the prot 

tion. Thus the methanol-MgC12 step 

recovery. The mutant ECFl preparati 

activity (CO.1 U/mg of protein). 

ein in the partially purified prepara- 

gave a 2-fold purification with 73% 

on contained essentially no ATPase 

Restoration of ATPase activity by added a subunit. The ability of the 

subunits prepared from strain K12(h) to restore ATPase activity to the 

cold-dissociated mutant ECF 1 was tested at several subunit concentrations 

(Table I). Pure ci subunit restored significant activity at all concentra- 

tions tested while ,f3 and y  were ineffective. This complementation indicates 

that the a subunit of the mutant complex is defective. Dissociation of the 

mutant complex was essential for the complementation by a. Repeated freezing 

and thawing of the mutant preparation did not alter the extent of reconsti- 

tution. 

The purified subunits were essentially inactive either individually or 

in pairs. Enzyme reconstituted from a mixture of the three wild-type sub- 

units had a specific activity of 76 U/mg of protein. 

Effect of a concentration on restoration of ATPase activity. The level of 

ATPase activity restored to the AN120 ECFl rose with increasing amounts of 

wild-type a (Fig. 1). It is estimated that 39 ng of AN120 protein contained 

about 11 ng of a. Therefore a large excess of added a is necessary for 

maximal reconstitution, although levels much lower than equivalence did 

produce significant activity. This suggests that the defective a subunit of 

strain AN120 competes effectively with the active subunit for the o sites 

in the complex. 

Effect of purity on reconstitution of ATPase activity. Although pure active 

ECFl which has been cold-dissociated reconstitutes essentially full activity 

(ll), a crude membrane extract of strain K12(h), with an initial specific 

activity of 31 U/mg of protein, reconstituted only 7.9 U/mg of protein. 

Other proteins in the crude extract apparently interfere with reconstitution. 
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Fig. 1. Effect of CL concentration on complementation of AN120 ECFl. Various 
amounts of a were mixed with 39 pg of cold-dissociated, partially purified AN120 
ECFl in a final volume of 0.12 ml. Reconstitution and determination of activity 
were as described for Table I. 

A similar effect was observed in the complementation of the mutant AN120 

ATPase by active CL. A mixture of a (42 ug) and crude membrane extract 

protein (78 ng, cold-dissociated) reconstituted only 3.1 U/mg of AN120 protein. 

In contrast, 16 U/mg of AN120 protein was obtained when an amount of the more 

purified preparation with about the same ATPase content was reconstituted 

with a (Table I, line 3). 

DISCUSSION 

The inactive FlATPase of strain AN120 (uncA401) was complemented by 

pure wild-type a subunit, but not by S or y. As all three subunits are 

required for the reconstitution of ATPase activity, the B and y  subunits of 

the mutant are active, and a is defective. Vogel and coworkers (18) have 

used complementation studies with partially resolved subunits to show that 

four ATPase mutants produce active S subunit, but the inactive polypeptides 

were not identified. 

The fact that the mutant complex lacks ATPase activity strongly suggests 

that the a subunit is required for catalytic activity. The low levels of 

ATPase activity reconstituted from mixtures of the isolated f3 and y  subunits 

of the ECFl of strain K12(X) reported here (Table I) and by Futai (12) may 
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TABLE I 

Restoration of ATPase Activity to the Mutant ECFl of Strain AN120 by e. 

Protein added (pg> ATPase Activity Reconstituted 
AN120 a B Y U/mg protein U/mg protein 

ECFl (total) (AN120) 

97 

39 8 - - 5.9 7.2 
39 42 - _ 7.7 16 
50* 42 - - 0.1 0.2 

39 
39 

39 2 0.1 0.1 
39 6 0.2 0.2 

7 - 
35 - 

42 - - co.1 
52 - co.1 

4 co.1 

25 21 - 
25 - 4 

21 4 

25 21 4 

co.1 

0.1 
0.1 

0.4 
co.1 

1.0 

76 

co.1 

0.1 
0.3 

The pure subunits and the cold-dissociated, partially purified AN120 ECFl 
were mixed in a total volume of 0.12 ml and dialyzed overnight against 
reconstitution buffer as described in Methods. The ATPase activity and 
protein concentration were determined. Activity per mg of AN120 protein 
was calculated from the specific activity obtained and the composition of 
the protein added initially. 

* The AN120 ECFl complex was not cold-dissociated. 

be due to slight contamination of these subunits by a. The inactive ECFl 

of strain AN120 restores respiration-dependent transhydrogenase activity 

to membranes depleted of ATPase (9) indicating that the alteration of a 

does not impair the ability of the complex to decrease the permeability of 

the membranes to protons. 

The highest activities were obtained with a large excess of active a 

subunit, suggesting that the a of strain AN120 competes with the added 

active subunit. Although there is no general agreement on the subunit 

stoichiometry of ECFl (31, th e evidence indicates that there are more than 
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one a subunits per molecule of ATPase. The linearity of Fig. 1 at low a 

concentrations suggests that complex species containing a mixture of the 

two types of a are partially active; one would expect a sigmoidal curve if 

inclusion of a single mutant a subunit inactivated an ECF 1 complex. Although 

the results are not conclusive, this interpretation is consistent with the 

observation (19) that unc+/uncA401 partial diploids produce ATPase activity -- 

equivalent to that of haploid uric + strains. 

Isolation of the subunits of the mutant ECFl is currently in progress. 

Complementation experiments using combinations of subunits from strains 

K12(X) and AN120 should provide confirmation of a as the mutant polypeptide 

and further information on the functional roles of the subunits. 

This technique of analyzing mutant enzyme complexes has been used 

successfully in the study of E. coli RNA polymerase (20). Identification 

of the altered subunits of s. coli ATPase mutants by this method does not 

require extensive purification of the mutant enzyme or isolation of its 

subunits. However, the technique is most applicable to strains with 

structurally normal ECFl complexes. 
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