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1. Introduction 

We have shown [l] that the intensity of band 4 
(mol. wt 3 1 000, nomenclature from [2]) of oligo- 
mycin-sensitive ATPase from beef heart mitochondria 
increases in the presence of thiol reagent, 2-mercapto- 
propionylglycine. Here we show that the intensity of 
this band (which is lacking in oligomycin-insensitive 
ATPase [3]) decreases in the presence of 0.2 MM of 
the uncoupler carbonylcyanide-p-trifluoromethoxy- 
phenylhydrazone (FCCP). This decrease in band 
intensity is restored to the control level by sub- 
sequent treatment with 14 nmol/mg protein of 
2-mercaptopropionylglycine. Furthermore, ATPase 
activity increased by FCCP is restored to the con- 
trol level by 2-mercaptopropionylglycine. 

Spin labeling of the mitochondrial ATPase with 
short and long chain maleimide labels was carried 
out. Sequential treatment with FCCP and 2-mercapto- 
propionylglycine revealed that mobile sulfhydryl 
regions of the ATPase molecule are stabilized by 
the thiol reagent against reduction induced by FCCP. 

2. Materials and methods 

2.1. Isolation of beef heart mitochondria 
Beef heart mitochondria were isolated and sub- 

mitochondrial particles prepared by the methods in 

[4,51. 

2.2. Preparation of oligomycin-sensitive ATPase com- 
plex 

Oligomycin-sensitive (OS) ATPase complex was 
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prepared by the procedure in [2], thereby omitting 
the purification step by sucrose gradient centrifuga- 
tion. The final pellets of OS ATPase were suspended 
in a buffer containing Tris-sulfate 10 mM, EDTA 
0.5 mM, MgSO, 1 .O mM, sucrose 50 mM (pH 7.5) 
and stored at -70°C. 

2.3. Estimation ofATPase activities 
ATPase activity wasestimated asin [2]. OS ATPase 

was diluted for the determinations with the same 
buffer as used for freezing the ATPase at -7O’C, in 
addition to containing 10% glycerol. 10% glycerol was 

also added to the incubation buffer during incubation 
at 3O’C. Asolectin (American Lecithin Co., Woodside, 

NY) was used for the activation step. In accordance 
with [2,3] the peak activities obtained were -16.75 
nmol Pi. Illg-’ . mill-’ at 30%. 

First carbonylcyanide-p-trifluoromethoxyphenyl- 
hydrazone (FCCP), if present, was added to the incuba- 
tion buffer, and then the diluted OS ATPase suspen- 
sion containing 2 pg protein/incubation vessel. 1 min 
later, 2-mercaptopropionylglycine, if present, was 
added. 

2.4. Incubation of OS ATPase for polyacrylamide gel 
electrophoresis 

OS ATPase at 8.5 mgprotein/0.4 ml was incubated 
at 20°C in the same buffer in which it had been kept 
frozen at -7O’C. 2-mercaptopropionylglycine, if 
present, was added 1 min after FCCP. After 30 min 
incubation the reaction mixture was dialysed for 
60 min against water at 0-5’C. The dialysed frac- 
tions were subjected to electrophoresis as in [I]. 
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2.5. Spin labelingof OSATPase with maleimide labels 
OS ATPase (100 ~1) containing 2.5 mg protein 

was examined immediately after thawing. FCCP, if 

present, was added at 0.2 PM, 1 min thereafter, if 
present, 2-mercaptopropionylglycine was added. 
1 min later 1 ~15 mM solution of either spin label 

100 or 114 (Syva) was added, mixed vigorously, 
and spectra were taken (200 scans) by means of a 
Bruker B-MN, 155-45 S 1 6 spectrometer at 22’C. 

2.6. Substances 
ATP was obtained from Sigma, Miinchen. 

2-mercaptopropionylglycine was generously supplied 
by Santen Pharmaceut., Osaka. FCCP was purchased 
from Boehringer, Mannheim. Spin labels, 4-maleimido- 
2,2,6,6-tetramethyl-piperidinooxyl (no. 100) and 
3-[(2+leimidoethoxy) ethyl) carbamoyll-2,2,5,5- 
tetramethyl-l-pyrrolidinyloxyl (no. 114), were 
obtained from Syva, Palo Alto, CA. 

All other chemicals were reagent grade of highest 
purity. 

3. Results 

The polyacrylamide gel electrophoretic patterns of 
oligomycin-sensitive ATPase in the presence of FCCP 
and 2-mercaptopropionylglycine (MPG) are shown in 
fig.la-c. As follows from these results, the ratio of 
band 4/y (with mol. wt 3 1 000 and 34 000, respec- 
tively) is strongly depressed in the presence of 0.2 E.~M 
FCCP (fig.lb). The addition of 2-mercaptopropionyl- 
glycine (14 nmol/mg protein) in the presence of FCCP 

Fig. 1. Electrophoresis of OS ATPase from beef heart mito- 
chondria. Incubation conditions see section 2. (a) Control; 
(b) in presence of 0.2 rM FCCP; (c) in presence of 0.2 PM 
FCCP and, subsequently, 14 nmol/mg protein of 2-mercap- 
topropionylgiycine. 

leads almost to a total recovery of bands 4/y ratio 
(fig.lc). A series of 17 experiments of this type 
has led to the results documented in table 1. It is 
clearly indicated that in these experiments the arith- 
metic mean of the controls-can be restored by adding 
FCCP and 2-mercaptopropionylglycine. The statistical 
evaluation of the data was carried out by help of 
paired differences. It was observed that the differ- 
ences between the controls and FCCP on the one 
hand, and between FCCP and FCCPIMPG on the 
other hand, are significant. 

In a few cases it was not possible to measure the 
ratio of peak magnitudes between bands 4 and 7. 
Here we found that, in particular, band 4 was either 
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Table 1 
Peak height ratios bands 4/ra 

Ratio Mean paired n 
difference f SEM 

Control 1.433 
FCCP 1.355 0.08 

f 
0.012c 

17 

FCCP + MF'Gb 1.432 0.107 0.02c 
17 

f 17 

a Nomenclature from [ 21 
b 2-Mercaptopropionylglycine 
c Statistically significant p < 0.01 

Experimental conditions similar to those in fig.1 

broadened or split and, consequently, the peak height 
was reduced. 

The results of ATPase activity determinations are 
shown in fig.2. In analogy to the experiments men- 
tioned above, it was revealed that the ATPase activity 
stimulated by FCCP was brought to control values by 
the addition of MPG (58 nmol/mg protein). 

Spin labeling data on OS ATPase give supporting 
evidence of the antagonistic effect of MPG versus 
FCCP (fig.3,4, table 2). 

In fig.3, results with the short chain maleimide 

Fig.2. ATPase activity of OS ATPase in the presence of 
FCCP, restoration to control level by Zmercaptopropionyl- 
glycine. (0) Control; (4) in presence of 0.1 nM FCCP; (m) 
in presence of 0.1 nM of FCCP and, subsequently, of 
58 nmol/mg protein of 2-mercaptopropionylglycine; 2 Gg 
protein, 1 ml incubation vol. Further conditions see section 
2. Each experimental point is based on 5 independent deter 
minations. 

label no. 100 are presented. The control spectrum 
(fig3a) is composite, revealing strongly as well as 
weakly immobilized parts, pointed out by arrows. 
Figure 3b gives results obtained after addition of 
0.1 or 0.2 PM of the uncoupler FCCP. The weakly 
immobilized parts of the spectrum are rapidly reduced, 

Fig.3. Spin labeling results on OS ATPase obtained with the 
short chain maleimide spin label (no. 100, Syva). (a) Control; 
(b) in presence of 0.2 MM FCCP; (c) In presence of 0.2 &I 
FCCP and, subsequently, of 4 nmol/mg protein of Zmercap- 
topropionylglycine; Arrows indicate strongly and weakly 
immobilized parts of spectra respectively. 
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as can be found in spectral lines obtained by succes- 
sive scans. 

The result obtained after addition of 0.2 MM FCCP 
and, subsequently, of 4 nmol MPG/mg protein is 
shown in tig.3~. Here also the weakly immobilized 
part of the spectrum is accentuated; in contrast to 
fig.3b, however, the signal heights are stable during 
con~cutive scans. 

Results obtained with the long chain maleimide 
spin label are presented in fig.4a-c. The much more 
mobile type of spectrum does not exhibit strongly 
immobilized parts. Figure 4a shows an appreciable 
rate of reduction. This reduction of peak heights as 
found in consecutive scans is enhanced in the pres- 
ence of 0.1 PM FCCP. Note the decrease in signal 
height at identical amplification of the ESR machine 
(tigAb). In figAc, 1 min after FCCP, 16 nmol 
MPG/mg protein was added. The signal height is now 
stabilized. In table 2 ratios of h&r _r (heights of 
midline signal over high magnetic field signal) are 
presented, which indicate an increase in mobility of 
the spin label molecules found in the presence of 
MPG. This result, however, may be also partly due 
to the decrease in rate of reduction. 

b 
, 100 , 

) 100 ( 

( 100 ( 

Fig.4. Spin labeling results on OS ATPase obtained with the 
long chain maleimide spin label (no. 114, Syva). (a) Control; 
(b) in presence of 0.2 PM FCCP; (c) in presence of 0.2 &i 
FCCP, and, subsequently, of 16 nmol/mg protein of 
2-mercaptopropionylglycine. 

4. Discussion 

The influence of uncouplers of oxidative phos- 
phorylation on the polar/apolar interface region of 
mitochondrial membranes is known [6,7]. Thus 
reactivity of membrane SH-groups, identified by the 
reduction rate of spin label molecules [g] is decreased 
by uncoupler [6]. 

As was found in the present study for the solubil- 
iced OS ATPase, mobile sulfhydryl regions of the 
molecule are stabilized by the thiol reagent MPG 
against the high reduc~on rate induced by FCCP. 

Furthermore, the reactivity of primary amino 
groups is decreased by FCCP [7]. There are indications, 
moreover, that the activity of phospholipase A2 in 
aged or uncoupled mitochondria is high [9]. Since 
the stimulation of phospholipase AZ activity in 
erythrocyte membranes is dependent on an increase 

Table 2 
Ratios /~,,/h_~~ with spin label 114 in OS ATPase 

Control 

1.45 

FCCP 
(0.2 1zM1 

1.58 

FCCP + MPG 
(nmol/mg prot.) 

1.49 4 
1.38 8 
1.25 16 
1.25 24 

a Line heights of first scan were measured 
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in the number of disulfide bridges [lo], one may 
suppose that analogously FCCP increases the number 
of disulfide bridges in mitochondria. No proof, 
however, for such mechanism occurring in mito- 

chondria is presently available. 
It is interesting that Weiss and McCarty [ 1 l] using 

a bifunctional maleimide in their studies on chloro- 
plast ATPase were able to obtain crosslinkings in the 
y subunit. This crosslinking between functionally 

different SH-groups resulted in an uncoupling and 
higher proton permeability of the thylakoid mem- 

brane. 
As already discussed [ 11, MPG may facilitate an 

SH-S-S interchange reaction in oligomycin-sensitive 
ATPase of beef heart. The effects of FCCP and MPG 
on the ATPase activity as well as on the ratios between 
band 4 and the r subunit here may also due to 
SH-S-S interchange reaction. 

Acknowledgements 

References 

[l] Zimmer, G., Mainka, L. and Ohlenschliier, G. (1978) 
FEBS Lett. 94, 223-227. 

[ 21 Serrano, R., Kanner, B. I. and Racker, E. (1976) J. Biol. 
Chem. 251,2453-2461. 

[3] Berden, J. A. and Voorn-Brouwer, M. M. (1978) 
Biochim. Biophys. Acta 501,424-439. 

[4] Smith, A. L. (1967) Methods Enzymol. 10,81-86. 
[5] Racker, E. (1962) Proc. Natl. Acad. Sci. USA 48, 

1659-1663. 
[6] Zimmer, G. (1977) Arch. Biochem. Biophys. 181, 

26-32. 
[7] Shiuan, D. and Tu, Shu-I. (1978) Biochemistry 17, 

2249-2252. 
[ 81 Giotta, G. J. and Wang, H. H. (1972) Biochem. 

Biophys Res. Commun. 46, 1576-1580. 
[9] Parce, J. W., Cunningham, C. C. and Waite, M. (1978) 

Biochemistry 17,1634-1639. 
[lo] Haest, C. W. M., Plasa, G., Kamp, D. and Deuticke, 

B. (1978) Biochim. Biophys. Acta 509,21-32. 
[ 111 Weiss, M. A. and McCarty, R. E. (1977) J. Biol. Chem. 

252,8007-8012. 

We thank Drs Gerhard Burckhardt and Rolf 
Mehlhom for valuable discussion of <he paper. Thanks 
are also due to Dr Bernd timmel for providing the 
ESR facilities. 

221 


