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ABSTRACT: A novel, simple, and rapid preparative method for purification of rat liver H+-ATP synthase 
by anion-exchange HPLC was developed. The H+-ATP synthase purified had higher ATPase activity in 
the absence of added phospholipids than any preparation reported previously, and this activity was completely 
inhibited by oligomycin. When reconstituted into proteoliposomes, the H+-ATP synthase showed an 
ATP-dependent 8-anilinonaphthalene- 1 -sulfonate response and ATP-Pi exchange activity, both of which 
were also completely inhibited by oligomycin and an uncoupler, indicating the intactness of the H+-ATP 
synthase. An immunochemical study and a labeling experiment with N,N'- [ 14C]dicyclohexylcarbiimide 
([14C]DCCD) demonstrated the presence of chargerin I1 (a product of mitochondrial A6L DNA) and 
DCCD-binding protein (subunit c) in the complex. The subunits of the complex were separated into 11 
main fractions by reverse-phase HPLC, and 3 of them and the 6 subunit in F1 were partially sequenced. 
A search for sequence homologies indicated that these components were subunit b, coupling factor 6, subunit 
6, and subunit E. This is the first report of the existence of subunit b, factor 6, and chargerin I1 in H+-ATP 
synthase purified from rat liver mitochondria. 

H + - A T P a s e  synthase, which is also called F,FIATPase, 
H+-ATPase, ATP synthase, or complex V, is a multisubunit 
complex that utilizes a transmembrane proton gradient (ApH+) 
to form ATP (Mitchell, 1961; Kagawa, 1978). H+-ATP 
synthase is composed of two domains: a hydrophilic part called 
F1, which is the catalytic site of ATP synthesis, and a mem- 
branous domain called F,, which is responsible for energy 
transduction (Fillingame, 1980; Cross, 1981; Hatefi, 1985; 
Futai et al., 1989). However, it is still unknown how this 
enzyme converts ApH+ into energy for ATP synthesis. 

Previously we proposed a charge movement coupling 
mechanism for the action of H+-ATP synthase (Higuti, 
1984a,b; Higuti et al., 1989). According to this hypothesis, 
one or two of the subunits of F,, which has an unbalanced 
charge(s) in its hydrophobic sequence, may have an essential 
role in energy transduction between F, and F1. We suppose 
that ApH+ causes cyclic movement of the unbalanced charge(s) 
in F,. The resulting conformational change of the protein in 
turn causes a conformational change of the 0 subunit of F, 
and a decrease in its binding constant for ATP, which is 
formed from ADP and Pi bound to the 0 subunit without the 
input of energy [cf. review by Slater (1987)l. Consequently, 
F, releases the bound ATP into the medium, completing the 
energy transduction from ApH+ to the phosphate potential. 

To obtain direct evidence for this model, it is essential to 
develop a simple and rapid method for purification of H+-ATP 
synthase with activity for energy transduction. Therefore, in 
the present work, we developed a simple, rapid method for 
purification of H+-ATP synthase from rat liver mitochondria 
by anion-exchange high-performance liquid chromatography 
(HPLC).' 

A preliminary account of this work has appeared (Higuti 
et al., 1988b). 
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EXPERIMENTAL PROCEDURES 
Materials. HTG and HFBA were purchased from Wako 

Chemicals, Osaka, Japan. Oligomycin was obtained from 
Sigma Chemical Co., St. Louis, MO. Digitonin was obtained 
from Wako Chemicals and purified as described (Higuti et 
al., 1980b). A Bio-Rad silver stain kit was used. ['TIDCCD 
was purchased from Amersham Japan. Soybean asolectin (a 
product of Associate Concentrates, Woodside, NY) was a gift 
from Dr. Hajime Hirata (Jichi Medical School) and was 
partially purified as described (Kagawa & Racker, 1966). 

Rat liver mitochondria, mitoplasts, and submitochondrial 
particles were isolated by the method of Pedersen and co- 
workers (Cham et al., 1970; Williams et al., 1984) except that 
mitochondria were treated with digitonin at a concentration 
of 0.04 mg/mg of protein during the preparation of mitoplasts. 

Purification of H+-ATP Synthase. Step 1 .  Solubilization 
of H+-ATP Synthase from Submitochondrial Particles. The 
submitochondrial particles were thawed and added at a con- 
centration of 5 mg of protein/mL with gentle stirring to PEG 
buffer [20 mM potassium phosphate, 5 mM EDTA, and 20% 
(v/v) glycerol (pH 7.4)] at 0 OC. Then 1% HTG was added, 
and the mixture was stirred gently and stood for 5 min. The 
suspension was diluted with an equal volume of PEG buffer 
and centrifuged at 105000g (Beckman 60Ti rotor, 32000 rpm) 
for 30 min. The resulting supernatant was concentrated in 
an Amicon, Model 402, Diaflo cell equipped with a YM-5 
Diaflo membrane under 3.7 kg/cm2 pressure of N2 gas, and 
then the solvent was changed by adding an equal volume of 
PEG buffer and concentrating the solution to its original 
volume in the Diaflo cell. This procedure was repeated 3 times. 
All procedures in step 1 were carried out at 0 OC. 

Abbreviations: HPLC, high-performance liquid chromatography; 
HTG, n-heptyl &thioglucoside; ANS, 8-anilinonaphthalenal-sulfonate; 
CCCP, carbonyl cyanide m-chlorophenylhydrazone; FCCP, carbonyl 
cyanide p-(trifluoromethoxy)phenylhydrazone; DCCD, N,N'-dicyclo- 
hexylcarbodiimide; TFA, trifluoroacetic acid; HFBA, heptafluorobutyric 
acid; SDS, sodium dodecyl sulfate; OSCP, oligomycin sensitivity con- 
ferring protein. 
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Purification and Characterization of Rat H+-ATP Synthase 

The use of 250 mM potassium phosphate, instead of 20 mM 
described above, increased the yield of H+-ATP synthase from 
23% (Table I) to 65%. However, this high-yield method also 
increased the contaminants. 

Step 2. Anion-Exchange HPLC. The solution from step 
1 (10 mg of protein) was applied to a column (8 mm X 7.5 
cm or 21.5 mm X 15 cm) of TSK DEAE-5PW that had been 
equilibrated with the PEG buffer. The column was attached 
to a Waters M600 multisolvent delivery system, a Waters 
7 10B sample processor, an ISCO V4 absorbance detector, an 
LKB 221 1 Superrac, and a Shimazu C-R4A Chromatopak. 
Elution was carried out with a linear gradient of 0-100% 250 
mM potassium phosphate, 5 mM EDTA, 500 mM KCl, and 
20% glycerol at pH 7.4 for 60 min as described below. The 
bottles of PEG and elution buffers were cooled to about 2 OC 
in ice-water. Fractions containing H+-ATP synthase were 
col 1 ec t ed . 

Step 3. Centrifugation in the Presence of Glycerol. The 
solution from step 2 was centrifuged at 155OOOg (Beckman 
70.1 Ti rotor, 41 000 rpm) for 2 h at 20 OC, and the pre- 
cipitate obtained was suspended in a minimum volume of PEG 
buffer. 

Purifjcation of Fl. F, of the rat liver mitochondria was also 
purified by anion-exchange HPLC. Submitochondrial particles 
were shaken with 0.5 volume of neutralized chloroform as 
described (Williams et al., 1984). The aqueous layer was 
centrifuged at 155000g for 45 min, and the resulting super- 
natant was concentrated to about 5 mg of protein/mL in an 
Amicon, Model 402, Diaflo cell equipped with a YM-5 Diaflo 
membrane under 3.7 kg/cm2 pressure of Nz gas. The con- 
centrate (10 mg of protein) was applied to a column (8 mm 
X 7.5 cm) of TSK DEAE-5PW that had been equilibrated 
with PE buffer containing 20 mM potassium phosphate and 
5 mM EDTA at pH 7.4. Elution was carried out with a linear 
gradient of 0-100% 250 mM potassium phosphate and 5 mM 
EDTA at pH 7.4 for 60 min. The fractions containing ATPase 
activity were collected. All procedures were carried out at 
room temperature (about 25 "C). 

Electrophoresis. Electrophoresis was performed in a 17.5% 
polyacrylamide gel overlaid with a 1-cm stacking gel by a 
modification of a reported procedure (Laemmli, 1970) in an 
Atto Rapidus, Model AE-6200, apparatus. The separation 
gel also contained 8 M urea. After electrophoresis at 4.5 mA 
for about 17 h, proteins were stained with Coomassie Blue and 
then with Bio-Rad silver stain. 

ATPase Assay. ATPase activity was measured essentially 
as described (Stiggall et al., 1978) in a Hitachi Model 556 
dual-wavelength, double-beam spectrophotometer using a 
wavelength pair of 340 nm minus 400 nm. The reaction 
mixture contained, in a volume of 2 mL at pH 8.2, 25 mM 
KHC03-Tris, 300 mM sucrose, 2 mM MgClZ, 1.5 mM 
phosphoenolpyruvate, 0.25 mM NADH, 4 mM ATP, 5 units 
of pyruvate kinase, and 5 units of lactic acid dehydrogenase. 
The ATPase activity was calculated from the stable kinetic 
phase of ATP hydrolysis by using the absorbance change 
caused by the addition of 10 p L  of 0.665 mM ADP as a 
standard. 

Reconstitution of *-ATP Synthase into Proteoliposomes. 
H+-ATP synthase purified as described above was reconsti- 
tuted into proteoliposomes by a reported method (Muneyuki 
et al., 1987). 

ATP-Pi Exchange and ANS Response. ATP-Pi exchange 
was measured as described (Joshi et al., 1979) except that 
MgS04 was used in place of MgC12, and the reaction time was 
20 min. The ANS response was measured by a reported 
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method (Muneyuki et al., 1987). 
Detection of DCCD-Binding Protein. H+-ATP synthase 

(200 p g )  was resuspended in 10 mM Tris-HC1 buffer (pH 7.5) 
containing 250 mM sucrose and 1 mM EDTA at a concen- 
tration of 3 mg of protein/mL. Then [I4C]DCCD (Amersham 
CFA 662, 55 mCi/mmol) was added to the solution at a ratio 
of 20 nmol of [14C]DCCD/mg of protein, and the mixture was 
incubated for 1 h a t  4 OC. The resulting precipitate was 
washed twice with 30% trichloroacetic acid and subjected to 
electrophoresis as described below. The distribution of ra- 
dioactivity in the gels was monitored by fluorography (Bonner 
& Lanskey, 1974) except that DPO (2,5-diphenyloxazole) was 
used at a concentration of 20% (w/w). The gel was exposed 
to X-ray film (Kodak, XRA-5) in a Kodak X-Omatic cassette 
at -85 OC for about 24 h. 

Isolation of Subunits from @-ATP Synthase. H+-ATP 
synthase (500 pg of protein) was incubated in a solution 
containing 6 M guanidine hydrochloride and 0.1% HFBA at 
a concentration of 5 mg of protein/mL for 2 h at 4 OC. Then 
the mixture was applied to a column (6 mm X 25 cm) of 
Asahipac ODP-90 that had been equilibrated with 20% ace- 
tonitrile containing 0.1% HFBA. Elution was carried out with 
a linear gradient of 20-60% acetonitrile containing 0.1 % 
HFBA for 60 min. The absorbances of the proteins eluted 
were monitored at 214 and 280 nm. 

Other Methods. The contents of cytochrome a, b, and c + 
cI and flavins were determined as described (Chance, 1957) 
in a Hitachi, Model 556, two-wavelength, double-beam 
spectrophotometer. 

The activities of NADH and succinate dehydrogenases were 
determined by measuring the amount of reduced potassium 
ferricyanide in a Hitachi, Model 556, two-wavelength, dou- 
ble-beam spectrophotometer with a wavelength pair of 470 
nm minus 500 nm. The reaction mixture contained 2 mg of 
purified H+-ATP synthase, 20 mM potassium ferricyanide, 
10 mM NADH or 10 mM succinate, 5 mM MgCl,, 2 mM 
EDTA, 15 mM KCl, 50 mM sucrose, 25 mM Tris-HC1 buffer, 
and 20 mM KHzP04-K2HP04 at pH 7.4 in 2 mL. 

Automated sequence analyses of the subunits were per- 
formed in an Applied Biosystems Model 470A protein se- 
quencer equipped with a 120A PTH analyzer. 

Other methods were as described (Higuti et al., 1988a). 

RESULTS 
Solubilization of Rat Liver H*-ATP Synthase from Sub- 

mitochondrial Particles by HTG. HTG was developed 
(Tsuchiya & Saito, 1984; Shimamoto et al., 1985) as a mild 
detergent for solubilization of membrane proteins. It has the 
additional advantage that it can easily be removed from media 
becuase its critical micellar concentration is high (30 mM). 
Figure 1A shows that solubilizaton of H+-ATP synthase from 
submitochondrial particles increased gradually with an increase 
in the amount of HTG added, reaching a maximum with 1.5% 
HTG. The oligomycin sensitivity of the ATPase activity of 
the H+-ATP synthase solubilized from submitochondrial 
particles with 1 .O% HTG was about 95%, but gradually de- 
creased on increasing the HTG concentration above l .25%, 
as shown in Figure 1A. The sensitivity of the H+-ATP syn- 
thase to oligomycin seemed to be a good marker of its 
"intactness". On the basis of these results, we used 1% HTG 
to solubilize H+-ATP synthase from submitochondrial particles 
in as intact a form as possible. Figure 1B shows the effects 
of HTG concentration on the solubilization of cytochromes, 
flavins, and proteins. The solubilizations of all these com- 
pounds except cytochrome c oxidase increased with an increase 
in the concentration of HTG: the solubilization of cytochrome 
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FIGURE 1: Dose-response curves for the solubilization of rat liver 
H+-ATP synthase (A) and cytochromes, flavins, and proteins (B) from 
submitochondrial particles by HTG. Conditions were as described 
for step 1 of the purification of H+-ATP synthase under Experimental 
Procedures, except that 25 mg of submitochondrial particles was 
treated by HTG at the concentrations indicated in 5 mL of PEG buffer. 
The suspensions obtained were diluted with an equal volume of PEG 
buffer and centrifuged at 105000g for 30 min. The resulting su- 
pernatants were used for assay of ATPase activity and the contents 
of cytochromes, flavins, and proteins. Other conditions were as 
described under Experimental Procedures. (A) Dose-response curve 
for the solubilization of H+-ATP synthase: (0) total activity of 
solubilized H+-ATP synthase; (m) oligomycin sensitivity of ATPase 
activity of solubilized H+-ATP synthase; (0) ATPase specific activity 
of solubilized H+-ATP synthase. (B) Dose-response curves for the 
solubilization of cytochromes, flavins, and proteins: (0)  cytochrome 
c oxidase; (0) cytochrome b; (W) cytochromes c + cl; (A) flavins; (0) 
proteins. 

c oxidase was not dose-dependent. Fortunately, no cytochrome 
c oxidase was solubilized with 1% HTG in the present con- 
ditions. 

Purification of H+-A TP Synthase by Anion-Exchange 
HPLC. As shown in Figure 2, H+-ATP synthase was eluted 
from a TSK DEAE-5PW column as a main peak with a re- 
tention time of 62.5 min. The ATPase activity of this material 
was almostly completely inhibited by oligomycin. This is the 
first report of the use of HPLC for purification of H+-ATP 
synthase. The H+-ATP synthase was eluted from the column 
with medium containing chloride, but could not be eluted with 
medium containing other anions such as phosphate or sulfate. 
The fractions in the shoulder with a retention time of about 
58 min, which showed lower oligomycin sensitivity of ATPase 
activity of about 92% seem to contain a small amount of F1 
(ATPase), since F, was easily removed by subsequent cen- 
trifugation in the presence of 20% glycerol (v/v). 

A MonoQ-HR column (Pharmacia) could be used in place 
of the TSK DEAE-SPW column for purification of H+-ATP 
synthase, but a higher concentration of chloride salt was re- 
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FIGURE 2: Anion-exchange HPLC on a TSK DEAE-5PW column 
of the solubilized rat liver H+-ATP synthase. The solution from step 
1 (10 mg of protein) was applied to a column (8 mm X 7.5 cm) of 
TSK DEAE-5PW (+ guard column) that had been equilibrated with 
PEG buffer. Other conditions were as described under Experimental 
Procedures. 

Table I: Summary of Purification of Rat Liver H+-ATP Synthasea 
oligomy- 

ATPase sp cin purifica- total 
act. (pmol sensitivity tion protein 

fraction mg-I min-I) (%) (x-fold) (mg) 
mitochondria 0.40 100 1 3019 
mitoplasts 0.52 100 1.3 2325 
SMP 3.00 92 7.5 600 
HTG extract 2.95 95.2 7.4 350 
HPLC 13.2 99.7 33 51.7 
centrifugation 14.5 100 36.3 29.1 

Procedures. bSubmitochondrial particles. 
"All procedures were carried out as described under Experimental 

quired for elution of the enzyme from this column. 
Centrifugation in the Presence of Glycerol. H+-ATP syn- 

thase eluted from the TSK DEAE-5PW column was easily 
precipitated by centrifugation at 155000g for 2 h in the 
presence of glycerol. 

Table I summarizes typical results obtained in the purifi- 
cation of H+-ATP synthase by the present method. As can 
be seen, the HPLC step was very effective for increasing the 
specific activity of the ATPase. The final preparation of 
H+-ATP synthase had an ATPase activity of 14.5 units/mg 
of protein in the absence of added phospholipids. This activity 
is higher than those reported previously. This activity was 
completely inhibited by oligomycin, indicating that the purified 
H+-ATP synthase was intact. The activity of the oligomy- 
cin-sensitive ATPase was stable for several days at 0-25 "C 
and for several months at -85 OC. Furthermore, in support 
of its intactness, the H+-ATP synthase showed energy-de- 
pendent responses of ANS fluorescence and ATP-Pi exchange 
activity when it was reconstituted into proteoliposomes, as 
described below. 

Reconstitution of Purified W - A T P  Synthase into Proteo- 
liposomes. The purified H+-ATP synthase was reconstituted 
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FIGURE 3: Enhancement of fluorescence intensity of ANS on addition 
of ATP to proteoliposomes containing rat liver H+-ATP synthase. 
The amounts of ATP and FCCP were 1.5 mM and 0.73 pg/mL, 
respectively. Other conditions were as described under Experimental 
Procedures. 

Table 11: ATP-PI Exchange Activity of Proteoliposomes Containing 
Purified Rat Liver H+-ATP Synthase' 

addition ATP-P, exchange act. (%) 
none 1 OOb 
oligomycin (2 p g )  0.0 
c c c p  (2 rg) 0.0 
ANS (100 pM) 60.0 
ANS (200 pM) 36.1 
ANS (300 pM) 18.4 
ethidium (500 pM) 93.5 

Conditions were as described under Experimental Procedures. 
bThe exchange activity was 87 nmol (mg of protein)-I min-'. ATPase 
activity was 13.0 pmol (mg of protein)-l min-I in reconstituted proteo- 
liposomes. 

into proteoliposomes. Figure 3 shows the energy-dependent 
response of ANS fluorescence in the reconstituted proteoli- 
posomes. Addition of ATP increased the ANS fluorescence, 
and this effect was completely reversed by an uncoupler 
(FCCP) or oligomycin (data not shown), indicating that the 
sidedness of the reconstituted vesicles was the same as that 
of submitochondrial particles, in which F1 is located on the 
outside of the membrane. Table I1 also shows that the re- 
constituted vesicles showed ATP-Pi exchange activity and that 
this activity was completely inhibited by oligomycin or the 
uncoupler. This indicates that the purified preparation of 
H+-ATP synthase retained its intactness as a H+-ATP syn- 
thase complex. The exchange activity was also inhibited by 
ANS, which is an anisotropic inhibitor of energy transduction 
in rat liver submitochondrial particles and spinach chloroplasts 
by acting from the Fl side of F,, presumably by inhibiting 
charge movement in F, (Higuti, 1984a,b; Higuti et al., 1989). 
However, ethidium (500 pM), which is a positively charged 
anisotropic inhibitor of energy transduction, caused only slight 
decrease in ATP-Pi exchange activity in the vesicles as ex- 
pected (Higuti et al., 1978a,b, 1979, 1980, 1983, 1984). 

Composition. The preparation was essentially devoid of 
cytochrome c oxidase, cytochrome c, and the cytochrome b-cl 
complex, but contained 0.2 nmol of cytochrome b-559 (Higuti 
et al., 1975) per milligram of protein. However, this con- 
taminating cytochrome b-559 gave only a faint band at an 
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FIGURE 4: SDS/urea gel electrophoresis on a polyacrylamide gel of 
purified rat liver H+-ATP synthase and FI. Conditions were as 
described under Experimental Procedures. The molecular mass 
standards used were prestained standards from Bio-Rad (50.0 kDa, 
ovalbumin; 39.0 kDa, carbonic anhydrase; 27.0 kDa, soybean trypsin 
inhibitor; 17.0 kDa, lysozyme) and standards from Sigma [14.4 kDa, 
myoglobin (fragment I + 11); 8.2 kDa, myoglobin (fragment I); 6.2 
kDa, myoglobin (fragment 11); 2.5 kDa, myoglobin (fragment III)]. 
(A) SDS/urea-polyacrylamide gel electrophoretograms of purified 
rat liver H+-ATP synthase (30 pug) and FI (20 p g ) ,  stained with 
Coomassie Blue only, were scanned with a Shimazu, model CS-9OO0, 
two-wavelength flying-spot scanner at  540 nm. (B) SDS/urea- 
polyacrylamide gel electrophoretogram of purified rat liver H+-ATP 
synthase (30 p g )  stained with Coomassie Blue and then with a BieRad 
silver staining kit was scanned at 700 nm. 

apparent molecular weight of 28 800 on SDS-polyacrylamide 
gel electrophoresis (Figure 4). The activity of succinate 
dehydrogenase was 0.008 pmol (mg of protein)-' m i d ,  in- 
dicating that contamination with the dehydrogenase was less 
than 1%. No NADH dehydrogenase activity was detected in 
the preparation. 

Subunit Composition of Purified H+-ATP Synthase. 
Figure 4 shows densitometric traces of the SDS/urea-poly- 
acrylamide gel electrophoretograms of purified H+-ATP 
synthase and F1. In the present work, rat liver F1 was also 
purified by anion-exchange HPLC as described under Ex- 
perimental Procedures. F1 was eluted as a single peak on 
HPLC (data not shown) and was composed of five poly- 
peptides named subunits a, /3, y, 6, and E (Figure 4A). 

For estimation of contamination of purified H+-ATP syn- 
thase, the bands were doubly stained with Coomassie Blue and 
silver. (Silver staining is known to be a more sensitive method 
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Table 111: Polypeptide Composition of H+-ATP Synthases Purified from Rat Liver and Bovine Hearta 
rat liver H+-ATP synthase 

according to Pedersen's group 
app molecular mass (kDa) polypeptides 

62.5 ab 
57.0 Bb 
33.8 Y b  
28 ( 1 ' ) C J  

23 (]IC 
20 (2IC 

<20 (3IC 
13.5 6C 
13.5 (4IC 
1 1  (4')CJ 
8-1 0 subunit c (5)c 
7 C b  

7 (5')CJ 

present work bovine heart H+-ATP synthase 
app molecular mass (kDa) 

53.0 
49.0 
34.7 
22.4 
19.5 
19.5 
11.7 
7.9 
7.1 
6.1 
5.3 
4.4 
3.6 

polypeptides 
a 
B 
Y 
subunit b (1) 
(2) 
6 
(3) 
(4) 
factor 6 (5) 
chargerin I1 (6) 
subunit c (7) 

(8) 
C 

app molecular mass (kDa) polypeptides 
53.0 
50.0 
33.0 
24.0 
21.0 
19.0 
19.0 
17.0 
10.0 
9.0 

<9.0 
8 
7.5 

ab 
ad 
Yd 
subunit be 
OSCPf 
subunit ag 
subunit de 
6d 
inhibitor g 

factor 6f 
A6Lg 
subunit cLJ 
Ed . .  . .  

a Apparent molecular masses of polypeptides were estimated from the SDS-polyacrylamide gel electrophoretograms of H+-ATP synthases. * Soper 
et al. (1979). CMcEnery et al. (1989). dWalker et al. (1985). 'Walker et al. (1987b). /Walker et al. (1987a). gFearnley and Walker (1986). 
"Garf and Sebald (1978). 'Sebald and Hoppe (1981). 'Faint bands. 

TOP - 
SDSIUREA-PAGE FLUOROGRAM 

FIGURE 5: Fluorogram of H+-ATP synthase labeled with [*%]DCCD. 
Purified rat liver H+-ATP synthase [30 pg (lane B)] labeled with 
[14C] DCCD was subjected to electrophoresis and fluorography as 
described under Experimental Procedures. Lane A, SDS/urea- 
polyacrylamide gel electrophoretogram of purified rat liver H+-ATP 
synthase (30 pg) doubly stained with Coomassie Blue and a Bio-Rad 
silver staining kit. 

for detecting polypeptides in the gel.) Seven main bands and 
one minor band of DCCD-binding protein (subunit c) (Figure 
5 )  are seen in addition to five bands of F, subunits. Since only 
band 7 was labeled with [I4C]DCCD (Figure 5 ) ,  this band 
was considered to be subunit c. Subunit c (band 7) was faintly 
stained with Coomassie Blue but not stained with silver (Figure 
4 B). Band 6 was chargerin 11, which is encoded by the 
mitochondrial A6L gene (Uchida et al., 1987; Higuti et al., 
1981, 1985, 1988a; Oda et al., 1989; Muraguchi et al., 1990), 
that was determined from a radioimmunogram of a Western 
blot (Muraguchi et al., 1990). As seen in Figure 4A,B, the 
band of chargerin I1 was hardly stained with Coomassie Blue, 
but it was clearly stained with silver, in good accord with our 
previous finding (Higuti et al., 1988a). The addition of urea 
was helpful for obtaining sharp bands in the gel, especially 
of molecules of lower molecular weight, as reported (Merle 
& Kadenbach, 1980). 

Faint bands were detected between 0 and y, between y and 
band 1, and between bands 2 and 3 (Figure 4). The thickness 
of a stained band does not always reflect the amount of po- 
lypeptide, but from their apparent molecular weights and 
thicknesses relative to those of the bands of F, subunits close 
to them, we concluded that these faint bands were those of 
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Bovine 6 subunit 

Rat band E 

Bovine E subunit 

Rat band 5 
Bovine factor 6 

Rat band 1 
Bovine subunit b 
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FIGURE 6: Partial amino acid sequences of subunits 6 and e, factor 
6, and subunit b purified from rat liver H+-ATP synthase and their 
homologous sequences of bovine H+-ATP synthase. Conditions were 
as described under Experimental Procedures and also in the text. 

contaminants. Thus, the Fo of H+-ATP synthase purified in 
the present work could be composed of eight different poly- 
peptides. 

Subunit Separation and Partial Sequence. The components 
of purified H+-ATP synthase were separated into 11 main 
peaks on a reverse-phase column of Asahipak ODP-90 (data 
not shown). The partial sequences of peaks 1,2, and 10 were 
determined in an Applied Biosystems sequenator (Figure 6). 
A search for sequence homologies showed that the sequence 
of the 35 N-terminal amino acids of peak 1 was also highly 
homologous with that of the bovine E subunit (Vinas et al., 
1990), 33 of 35 amino acids being identical. On automated 
Edman degradation of the intact E subunit, no PTH-amino acid 
was detected at cycle 18. However, from cycle 19, PTH-amino 
acids were consistently detected. The amino acid at position 
18 could be cysteine, because cysteine is the only amino acid 
decomposed during Edman degradation, and position 18 of 
the bovine E subunit was deduced to be cysteine from its cDNA 
sequence. The sequence of the 34 N-terminal amino acids of 
peak 2 (band 5 in Figure 4) was highly homologous with that 
of bovine coupling factor 6 (Fang et al., 1984; Walker et al., 
1987a), 29 of 34 amino acids being identical. The sequence 
of the 27 N-terminal amino acids of peak 10 (band 1 in Figure 
4) was highly homologous with that of subunit b of bovine 
heart deduced from the sequence of its cDNA (Walker et al., 
1987b), 24 of 27 residues being identical. The sequence of 
the nine N-terminal amino acids of band 6, which was re- 
covered electrophoretically from the gel after SDS/urea- 
polyacrylamide gel electrophoresis of F,, was also highly ho- 
mologous with the amino acid sequence of the bovine 6 subunit 
of F,, showing identity of six of nine residues (Walker et al., 
1985). 



Purification and Characterization of Rat H+-ATP Synthase 

This is the first report of the presence of subunit b, factor 
6, and chargerin I1 in H+-ATP synthase of rat liver mito- 
chondria. 

DISCUSSION 

In the present work, we developed a simple and rapid me- 
thod for purification of H+-ATP synthase from rat liver mi- 
tochondria by HPLC. H+-ATP synthase could be purified 
from submitochondrial particles in a single day. This method 
was confirmed to be reproducible by repeated trials by several 
of us. For obtaining highly active H+-ATP synthase, it was 
essential to prepare active submitochondrial particles from 
intact mitoplasts. To prepare intact mitoplasts, we used pu- 
rified digitonin and decreased the amount of digitonin used 
for the treatment of mitochondria to 0.04 mg/mg of protein, 
which did not affect the yield of mitoplasts appreciably. 

The ATPase activity of the purified H+-ATP synthase was 
12-1 5 units/mg of protein in the absence of phospholipids, 
which was higher than the activities reported previously 
(Serrano et al., 1976; Rott & Nelson, 1981; Galante et al., 
1981; Hughes et al., 1982, 1983; Penin et al., 1982; McEnery 
et al., 1983, 1989), and this activity was completely inhibited 
by oligomycin. On reconstitution of the H+-ATP synthase into 
proteoliposomes, an ATP-Pi exchange activity of 70-90 nmol 
(mg of protein)-' min-I, which was completely inhibited by 
oligomycin or an uncoupler, was observed in repeated exper- 
iments. This exchange rate is comparable with the ATP-Pi 
exchange activities of other detergent-solubilized preparations 
of H+-ATP synthase (Serrano et al., 1976; Galante et al., 1979; 
Rott & Nelson, 1981; McEnery et al., 1983, 1989), but lower 
than that of H+-ATP synthase purified using lysolecithin 
(Hughes et al., 1982, 1983; Penin et al., 1982). Further studies 
are required to clarify the reason for this discrepancy between 
detergent-solubilized and lysolecithin-solubilized preparations. 

The preparation of H+-ATP synthase purified in the present 
work seemed to contain eight different polypeptides as Fa 
subunits beside the five subunits of FI (Table 111). Subunit 
b, factor 6, chargerin 11, and subunit c were identified as 
subunits of F,, from rat H+-ATP synthase in the present work. 
Further studies are required to identify the other possible 
constituents of Fa. Table I11 also shows the polypeptides of 
H+-ATP synthase purified from rat liver mitochondria by 
Pedersen and his colleague and those of H+-ATP synthase 
purified from bovine heart mitochondria. The discrepancies 
in apparent molecular masses of polypeptides in these prepa- 
rations of H+-ATP synthase could be due to differences in the 
standard proteins used and in the experimental conditions for 
gel electrophoresis. 

The present simpie and rapid preparative method for pu- 
rification of H+-ATP synthase with the ability for energy 
transduction from rat liver mitochondria should be useful for 
studies on the molecular architecture (Tsurumi et al., 1990; 
Higuti et al., 1990) and also for study of the mechanism of 
energy transduction by mitochondrial H+-ATP synthase, es- 
pecially to measure the charge movement in Fa driven by an 
electrochemical potential of protons (Higuti, 1984a,b; Higuti 
et al., 1989). 
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