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Summary Oligomycin Sensitivity Conferral Protein (OSCP) and an Fl-ATPase Binding 
Protein were isolated from F,-depleted rat liver mitochondrial membrane. Their 
molecular weights on polyacrylamide gel electrophoresis in the presence of sodium 
dodecyl sulfate and urea were 22,500 and 8,500 respectively. When incubated with 
liver TUA (trypsin, urea and ammonia-treated) submitochondrial particles, the binding 
protein was effective in the binding of F1 to the particles with the resultant 
particle-bound ATPase activity not oligomycin sensitive. When OSCP was then 
incubated with the reconstituted membrane-bound ATPase, its activity became oligo- 
mycin sensitive. These results suggest that,first;the binding protein, but not 
OSCP, connects Fl-ATPase to the membrane of rat liver mitochondria and maybe to 
the “stalk” , if indeed there is a stalk in mitochondrial membrane ATPase complex; 
and second;the function of OSCP is solely to render the ATPase activity sensitive 
to oligomycin and other similar inhibitors. 

Introduction 

F -ATPase and OSCPn* have been firmly established as protein coup1 ing factors 
1 

of oxidative phosphorylation in mitochondria. They are required in order to 

observe ATP-32 Pi exchange activity (1 ,2), energy-l inked reduction of NAD+ by 

succinate (3, 4) and oxidative phosphorylation (4) when suitable depleted sub- 

mitochondrial particles are used for reconstitution experiments. In electron 

micrographs of negatively stained preparations of SMP, bead-like protrusions 

(referred to as elementary particles) line the inner mitochondrial membrane (5); 

SMP resolved with respect to F, -ATPase are devoid of elementary particles, 

providing evidence that the elementary particles correspond to F,-ATPase. There 

* To whom inquiries and reprint requests should be addressed. 

**Abbreviations: OSCP, ol igomycin sensitivity conferral protein; SMP, sub- 
mitochondrial particles; DTT, di thiothrei tol; EDTA, ethylene diamine tetra- 
acetic acid: TUA particles, submitochondrial particles treated with trypsin, 
urea and sonicated in the presence of ammonia; TCA, trichloroacetic acid; SDS 
sodium dodecyl sulfate; BSA, bovine serum albumin; DCCD, N,N’-dicyclohexyl- 
carbodiimide; BME, B-mercaptoethanol. 

Copyright 0 I976 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

434 



Vol. 73, No. 2, 1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

is an apparent stalk, visible in some electron micrographs of mitochondria, which 

connects the elementary particles to the membrane. Si rice OSCP was extracted from 

F,-ATPase-depleted mitochondrial membrane, and it was needed in addition to F , -ATPase 

for successful reconstitution of oxidative phosphorylation, it is easy to conclude 

that OSCP may be the stalk. indeed, several recent review articles (6, 7) and a 

widely adopted biochemistry textbook (8) included schematic drawings of the mito- 

chondrial ATPase complex, indicating the stalk to be OSCP. However , when original 

papers are examined, there is no direct evidence identifying OSCP as the stalk 

connecting F,-ATPase to the membrane. In this communication we wish to report the 

isolation of OSCP and an additional binding protein from rat liver mitochondria; 

to describe results of experiments which indicate that the binding protein, but 

not OSCP, is responsible for connecting the F -ATPase to the membrane; 
1 

and to 

provide evidence that OSCP renders the membrane bound ATPase activity sensitive to 

01 i gomycin, or DCCD. 

Materials and Methods 

Liver mitochondria were isolated from male Sprague-Dawley rats according to 
the method of Johnson and Lardy (5). Rat I iver mi tochondrial F,-ATPase was 
prepared by the method of Lambeth and Lardy (IO). 

Crude extract of OSCP containing the binding protein was obtained by the 
procedure used for OSCP extraction from bovine heart mitochondria (11) with the 
following modification: 6 g of rat liver mitochondria were suspended in 0.15 M 
sucrose, 10 mM Tris-S04, 3 mM MgCl2, pH 7.8, to a final concentration of 30 mg/ml ; 
40 ml batches were sonicated in a Raytheon 10.4 Kc sonicator for 4.5 min at maxi- 
mum power. After removing the unbroken mitochondria by centrifuging at 25,000 x g 
for 10 min, the SMP were spun down at 100,000 x g for 30 min; after washed with 
0.25 M sucrose they were suspended in 0.25 M sucrose, 10 mM Tris-SO4, 0.2 mM DTT 
pH 7.5, to a final concentration of 25 mg/ml. The SMP suspension was treated 
with 3.5 M NaBr (II) twice to remove Fl-ATPase. The depleted particles were washed 
with 0.25 M sucrose and resuspended in 0.3 M KC,, I.5 mM EDTA, pH 7.4 to a concen- 
tration of I5 mg/ml. To the resulting suspension, one-half volume of freshly 
prepared 1N NH40H was quickly added with efficient stirring (pH was between 11.5 
and 11.7). The solution was incubated at O0 for 10 min and centrifuged at 100,000 
x g for 15 min. The pH of the supernatant was immediately titrated to 8.0 with 10 N 
acetic acid. The extraction was repeated once more and the two pH 8.0-titrated 
supernatants were combined and centrifuged at 100,000 x g for 10 min. The smal I 
pellet was discarded. To the supernatant solid ammonium sulfate was added slowly 
with constant stirring to give a final concentration of 42% saturation. After 
incubation for at least 60 min the precipitate was spun down at 20,000 x g for 20 
min and dissolved in approximately 6 ml of 20 mM Tris-Sob, pH 8.0. 

Purification of OSCP and Binding Protein by CM-sephadex: Crude OSCP was 
diluted to 150 ml by adding 1 M KC1 to make a final concentration of 20 mM KCl, 
2 mM Tris-SO4 and 1 mM EDTA. The solution was added to a 27 ml bed volume of CM- 
Sephadex C-25 (previously equilibrated with 2 mM KCl, 2 mM Tris-S04, pH 8.0). 
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After stirring the slurry for 60 min and letting it stand for 60 min, the ion- 
exchanger slurry was poured into a 2 cm diameter column. The column was first 
washed with 2.5 ml of 10 mM Tris-Sob, 0.1 M KCI, 0.1 mM EOTA and 0.1 mM OTT, and 
then developed with a 110 ml linear gradient of 0.1 M to 0.4 M KC1 in the presence 
of 15 mM Tris-SOq, 0.1 mM EDTA and 0.1 mM DTT, pH 8.0. The elution rate was 
approximately 20 ml/hr, and fractions of 2 ml were collected. Active fractions 
with respect to OSCP activity and F,-ATPase binding activity were pooled respec- 
tively (see Table II) and concentrated either by 60% ammonium sulfate precipitation 
and dissolved in 20 mM Tris-SO4, p H 8.0, or by an Amicon UM-05 membrane concentrator 
and dialysed against 20 mM Tris-SO4, pH 8.0. 

TUA particles from rat liver mitochondria: TUA particles from rat liver mito- 
chondria were prepared by following the procedure used for bovine heart TUA sub- 
mitochondrial particles (12) except that 30 ug trypsin (Type III bovine pancreas 
trypsin from Sigma) was used per 10 mg rat liver SMP. The digestion incubation 
was for 45 min at 30” and 150 ug of trypsin inhibitor/IO mg SMP protein (Type 1-S 
soybean inhibitor from Sigma) was added to stop the reaction. The mixture was 
immediately cooled to 0°C and an equal volume of 4 M urea was slowly added and the 
mixture incubated for 45 min at 0’. The treated particles were then spun down at 
105,000 x g for 60 min, and washed with 0.25 M sucrose. The pellet was homogenized 
in 0.25 M sucrose, 2 mM EDTA, pH 7.5 to a final concentration of 20 mg/ml. The 
suspension was adjusted to pH 10.0 with freshly diluted IM NH 

3 
OH. 30 ml batches 

were then exposed to sonic oscillation (Raytheon 10.4 Kc OSCI later) for 4 min at 
maximum power. The resulting suspension was immediately centrifuged at 100,000 x g 
for 60 min and the pellet was washed with 0.25 M sucrose and finally homogenized in 
0.25 M sucrose to yield a suspension of TUA particles, IO-20 mg per ml. 

Assays on CM-Sephadex co1 umn fractions: Conferral of oligomycin sensitivity 
on membrane bound Fl by OSCP was assayed by suspending 200 pg of TUA particles, 
5 pg of Fl and 50 ul of column fractions 
temperature for 10 min. 

in 0.1 ml of 0.1 M Tris-SOq, pH 7.4 at room 
The mixture was then microcentrifuged for 5 min and the 

pellet was resuspended in 50 pl of 0.1 M Tris-SO4, pH 7.4 and added to the assay 
mixture which included 0.15 ml of 0.1 M Tris-SO4, 20 pg of pyruvate kinase (Type 
II from Sigma), 0.675 ml of H20 and 5 1.11 of either 85% ethanol (control tube) or 
oligomycin (66 ug/ml in ethanol). The mixture was incubated 5 min at 30”. 0.1 ml 
of the substrate mixture (including 0.22 M Tris-SO4, pH 7.4, 18 mM ATP, 8 mM MgS04 
and 22 mM phosphoenol pyruvate) was added and the mixture was incubated at 30°C for 
10 min (13). The reaction was stopped by the addition of 1 ml of 5% TCA. The 
resulting precipitate was spun down for 5 min in a clinical centrifuge, and 1 ml of 
the supernatant was assayed for inorganic phosphate by the method of Lohmann and 
Jendrassik (14). Percentage of inhibition of oligomycin was calculated by comparing 
the experimental tube with the control tube. Sodium dodecyl sulfate gel electrophore- 
sis was performed by the method of Weber and Osborn (15); samples were preincubated 
with and without 1% BME as indicated. SDS-Urea gel electrophoresis was done according 
to the method of Swank and Munkres (16). BSA, bovine ovalbumin, horse heart cytochrome 
c and trypsin inhibitor were used as standards. Isoelectric focusing was carried out 
according to the procedure of Vesterberg (17)) using 5.5% acrylamide gels in the 
presence of 8 M urea and pH 3-10 ampholine. The pl was determined by a direct micro- 
electrode measurement. Membrane and soluble proteins were measured by the biuret 
method (18) and the Lowry method (19) respectively. Amino acid analyses were performed 
on a Beckman model 12OC analyzer by the method of Spackman et al. (20) . 

Results and Discussion 

The results in Figure 1 demonstrate that the ion-exchange column used for 

purification of bovine heart OSCP (2) was successful in isolating OSCP from rat 

1 iver mitochondria. Furthermore, as shown in Figure 1, we have consistently seen 
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1 

I- 
a 

FRACTION NUMBER * 0 

Figure 1 Elution profile fran CM-sephadex 625 colunm. Fractions were 
assayed for OSCP activity (see text for assaying procedure). 
Fractions 15 to 25 showed stimulating effect of binding added 
F,-ATPase to TUA particles (see Table II). 

A 

A600 

Figure 2 Oensitometric tracing of SDS-Urea-polyacrylamide gels of rat 
liver OSCP (pooled fractions 35 to 50 from Figure 1) (A); 
and F1-ATPase binding protein(pooled fractions 15 to 25) (B). 
Electrophoresis was performed according to the procedure of 
Swank and Munkres (15). Coomassie Blue was used for staining. 
The amount of protein applied was approximately 20 pg (A) and 
45 w (B). 
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Table I 

Molecular weights and pi’s of OSCP and the ATPase 
binding protein from rat liver mitochondria 

Molecular weight - 

SDS + Urea 

gels (IS) 

SDS gel 
(samples 
treated with 
1% BME) 

SDS gel 
(without 
1% BME 
treatment) 

Isoelectric Point 

OSCP 
Binding 
Protein 

23,500 

22,500 

22,500 

9.5 

8,500 

8,500 

16,000 

9.1 

two peaks, both with high oligomycin conferral activity. When these two peaks were 

analysed by SDS-gel electrophoresis, they both appeared as homogeneous single 

protein bands indistinguishable from each other (the mixture of the two migrated 

as a single band). We believe both peaks are OSCP, but one peak may be in a 

polymer form, similar to multiple forms of bovine heart OSCP (21). We are presently 

using sedimentation equilibrium method to determine the molecular weights of the 

two forms. In addition, fractions which eluted earlier (.Fractions I5 to 25 in 

Figure I) contained a protein with no OSCP activity, but assay results indicated 

that when these fractions were incubated with TUA particles and Fl, considerably 

higher amounts of Fl were bound to the TUA particles (see Table I I). When these 

fractions were pooled, precipitated by ammonium sulfate, and samples run in SDS-Urea 

gels, a major protein was seen with a molecular weight of 8,500, whereas the 

fractions containing OSCP gave a molecular weight of 22,500. Figure 2 shows the 

densitometric tracing of SDS-Urea gels of the purified OSCP (mixture of both 

active OSCP peaks) and the pooled Fractions I5 to 25. There were no observable 

contaminating bands in the OSCP gel, although several very minor bands were 
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Table II 

Sensitivity of TUA particle-bound ATPase to Oligomycin in the presence 

of OSCP and the binding protein from rat liver mitochondria 

Addition of 200 pg of rat 
liver TUA particles 

Exoeriment I 1 None 

F,, 5 ug 
Fl’ IO 119 

Experiment 2 F,, 5 vg 
Binding Protein 

IO 119 

Fl’ 10 w 
Binding Protein 

10 w 

F1s 10 LG 
Binding Protein 

20 u9 

F, IOlig 
OLP, 2 !. lg 

Fl’ 10 ii9 
Binding Protein 

IO jg  t OSCP, 

2 w3 

1.66 

is-so4, + TUA parti es were incubate< in 0.1 ml iii- 
indicated components. 

7.4 for IO min at room temperature with the 
After microcentrifugation, the supernatant and either the particles were 

assayed for ATPase activity (pellet with and without oligomycin , see Materials and Methods) 
the pellet was used for second incubation. 

, or 

++ The particles from first incubation mixture were resuspended in 0.1 ml of 0.1 M Tris-S04, with the 
additional added canponent and incubated at room temperature for 10 min. After microcentrifugation 
the supernatant and particles were assayed for ATPase activity (pellet with and without oligomycin). 

Second +’ 
Incubation 

omit 
omit 
omit 

omit I .og 

cxnit I .66 

omit 2.04 

OSCP, 2 pg 

Fl’ IO u!3 

Fl’ IO ug 

omit 

1.16 

1.20 
I .22 

I .23 0.53 57.1 0.80 omit 

omit 0.71 57.0 0.49 omit 

ATPase activity of 
particles 

(Umoles Pi/l0 min) I 

ATPase activity 
of supernatants 
(umoles Pi/IO min) 

- oligo 
mycin 

0.00 
0.90 
1.17 

visible i n the high molecular weight regions for the combi ned Fractions 15 to 25. 

The molecular weights were confirmed by running sever al different gel systems. 

+ 01 igo- % 
mycin inhibition First Second 

0.00 --- 0.00 omit 

0.30 0 0. I2 Omit 
1.16 I.0 0.90 omit 

I .06 2.7 0.00 omit 

1.61 3.0 I I 0.46 omit 

Experiment 5 

Table I summarizes the results. The pure OSCP has a molecular weight of 22,000 to 

23,000 both in SDS gel and SDS-Urea gel. The value obtained for bovine heart OSCP 

in our laboratory was also 22,000. In the gel systems that we used, the two OSCP’s 

are indistinguishable. Interestingly, when pooled Fractions 15 to 25 were first 

incubated with 1% BME and analysed by SDS gel, the molecular weight was 8,500, in 

agreement with the result obtained by SDS-Urea gel system of Swank and Munkres (16) 

in which the samples were also preincubated in 1% DDT. However, when the binding 
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protein was analysed by SDS gel electrophoresis without preincubation with 1% BME, 

the molecular weight was 16,000. It seems that the 16,000 molecular weight species 

is a dimer of the species observed in the BME-treated sample. Possibly disulfide 

bonds may be involved in the formation of the dimer. The isoelectric points in 

urea gels of the purified rat liver OSCP and the F -ATPase binding protein were 
1 

determined to be 9.5 and 5.1 respectively. The results are consistent with the 

elution patterns of the two proteins on the cation-exchanger column as shown in 

Figure 1. 

The properties of the purified OSCP and the binding protein were examined and 

the results are shown in Table II. As indicated in Experiment 1, TUA particles 

were capable of binding some Fl -ATPase with the resultant membrane bound ATPase 

activity being insensitive to oligomycin; these results were similar to those obtained 

using the bovine heart mitochondrial system (22). However, the addition of the bind- 

ing protein in the preincubation system resulted (Experiment 2) in additional F,- 

ATPase binding to the TUA particles. Together with the observation that the 

resultant membrane bound ATPase activity was not inhibited by oligomycin this clearly 

indicates that the linking protein connecting the F,-ATPase and the membrane is 

not OSCP. In addition, the results in Experiment 3 demonstrate that the binding site 

of OSCP in the membrane ATPase complex is somewhere other than the “stalk”, 

since incubating pure OSCP with the membrane-bound ATPase renders the activity 

oligomycin-sensitive. It is confirmed further by the results of Experiment 4 that 

preincubating pure OSCP alone with TUA particles first, or preincubating OSCP, Fl- 

ATPase and TUA particles all together, only rendered the membrane-bound ATPase 

activity sensitive to oligomycin but did not increase the amount of F,-ATPase 

bound by TUA particles. In contrast, as shown in Experiment 5, when both OSCP 

and the binding protein were preincubated with Fl-ATPase and TUA particles 

together, there was both an increased amount of Fl-ATPase bound by the particles and 

the resultant ATPase activity was sensitive to oligomycin. 

The amino acid composition of rat liver OSCP is shown in Table III. It is 

very similar, but not identical to, that of bovine heart OSCP (2). Preliminary 
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Table I I I 

Amino Acid Composition of OSCP from Rat Liver Mitochondria 

Aspartic Acid 8.27 
Threoninet 4.39 
Serine -F 9.89 
Glutamic Acid 14.21 
Pro1 ine 4.42 
Glycine 12.93 
Alanine 8.85 
Half Cystine it 0.89 
Val ine 5.17 
Methionine 1 .65 
lsoleucine 4.39 
Leuci ne 7.43 
Tyros i ne 1.23 
Phenylalanine 2.67 

Residues/100 recovered residues 

t 24-hour 6N HCl hydrolysis at 11O“C; serine increased by 10% 
and threonine increased by 5% to compensate for destructi on 
by acid. 

ttperformic acid-oxidized prior to acid hydrolysis; calcu I 
from cysteic acid/alanine ratio. 

results of amino acid composition of the binding protein ( 

that it is quite different from that of rat liver and bov ,i 

In conclusion, we 

against the hypothesis 

the membrane. The new 1, y isolated binding protein, clearly different from OSCP, is 

believe the results reported in thi 

ated 

not shown) demonstrate 

ne heart OSCP’s. 

s communication argue 

that OSCP is the linking “stalk” connecting the F -ATPase to 
I 

responsible for binding the F -ATPase to the membrane. 
1 

If indeed there is a stalk 

in in vivo mitochondria, -- as revealed by electron micrographs of negatively stained 

samples, it is more like1 

of the stalk. We be1 ieve 

resulted from two uncerta 

that this binding protein may either be the stalk or part 

the previous assumption that OSCP is the connecting “stalk” 

nt ies. First, in reconstitution experiments using the bovine 

heart mitochondrial system, the F,-ATPase binding activity of the TUA particles 

may be due to residual OSCP left in the particles. This possibi I i ty was not 

ruled out, since it is possible that oligomycin sensitivity confe rral activity of 
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residual OSCP was lost, but the F -ATPase binding capability of OSCP was differen- 
I 

tially maintained due to the very procedures of preparing TUA particles. Secondly, 

OSCP preparations used in many experiments (22) were not pure; thus, they might have 

contained the separate binding protein. In this report, we demonstrate, that the binding 

of F -ATPase to the membrane is not due to OSCP, but is dependent on a separate protein 
1 

with a molecular weight of 8,500 as determined by urea gel or SDS gel electrophoresis. 

In view of the present report, it would be of interest to ascertain whether the recently 

reported rat liver oligomycin-sensitive ATPase complex (23) contains this protein. It 

is also of great interest to compare this binding protein from rat liver to Fc2 or F6 

from bovine heart mitochondria, since Fc2 was originally isolated from bovine heart TUA 

particles and F6 has been recently purified in apparent homogeneous form with a 

molecular weight of 8,000 (24). Preliminary results in our laboratory also 

indicate that rat liver OSCP is interchangeable with bovine heart OSCP (25), 

including the cross-reactivity of the former with the antibodies prepared against 

the latter, and substituting the rat liver OSCP in stimulation of ATP- 
32 

Pi exchange 

activity in partially depleted heart mitochondrial particles. Thus, it seems that 

the conclusion in this report holds not only for rat liver mitochondria but may 

also be true for bovine heart mitochondria. 
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