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Abstract 

The hydrophohic, potentially SH cross-Snking reagent, phenylarsine oxide 
(PhAsO), was found to induce K ÷ and Ca 2+ effiuxes from mitochondria and 
to accelerate the respiration rate in state 4. The hydrophobic monofunctional 
electrophilic agent, N-ethylmaleimide, does not exhibit this effect but prevents 
the action of PhAsO. The polar potentially SH cross-linking reagents (arsenite, 
diamide) induce ion fluxes only in the presence of Pi. Ion fluxes induced by 
the SH reagents are inhibited by butylhydroxytoluene (an inhibitor of free 
radical reactions), and N,N'-dicyclohexylcarbodiimide, not by oligomycin. It 
is inferred that the induction of ion fluxes in mitochondria caused by cross- 
linking of two juxtaposed SH groups is related to the development of free 
radical reactions. 

Key Words: Rat liver mitochondria; SH reagents; ion transport; radical 
reactions; ATPase. 

Introduction 

Lowering the pH of the phosphate- or arsenate-containing incubation 
medium induces electrogenic and nonelectrogenic fluxes of cations in mito- 
chondria (Wolkowicz and McMillin Wood, 1981; Novgorodov et  al., 1984). 

I Abbreviations: PhAsO, phenylarsine oxide; NEM, N-ethylmaleimide; HEPES, N-2-hydroxy- 
ethylpiperazine-N~-ethanesulfonic acid; RR, ruthenium red; CCCP, carbonyl cyanide-m- 
chlorophenylhydrazone; BHT, butylhydroxytoluene; DCCD, N,N'-dicyclohexylcarbodiimide; 
DTNB, 5,5'-dithio-bis-2-nitrobenzoic acid; diamide, diazenedicarboxylic acid-bis-dimethyl- 
amide; mersalyl, O-[3-hydroxymercuri)-2-methoxypropyl) carbamoylphenoxyacetic acid; 
DTE, dithioerythritol. 
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Earlier we have demonstrated that under these conditions, the ion fluxes are 
controlled by the state of the ATP synthetase complex, and by the develop- 
ment of free radical reactions (Novgorodov et  al., 1984). As shown by 
Rugolo et  al. (1981) under similar experimental conditions, the ion fluxes are 
controlled by the state of SH groups. 

The ion fluxes are increased by the oxidation of SH groups by diamide 
and inhibited by DTE-induced reduction of SH groups. Therefore, ion fluxes 
in mitochondria induced by lowering the pH are controlled by three factors: 
(1) the state of the ATP complex; (2) the state of SH groups; (3) the level of 
free radical reactions. 

In the present work we investigated the interrelationship of the state of 
SH groups, the state of the ATPase complex, and the level of free radical 
reactions in controlling ion fluxes in mitochondria. In addition, some 
essential characteristics of functionally significant SH groups and their 
environment were found. The ion fluxes were varied by SH reagents of 
different chemical composition. The control of these fluxes by the ATPase 
complex and by the level of free radical reactions was monitored by their 
sensitivity to oligomycin, to DCCD (inhibitors of ATP synthetase), and to 
BHT, a scavenger of free radicals (Hicks and Gebicki, 1981). 

Methods 

Rat liver mitochondria were isolated by differential centrifugation in a 
medium containing 250 mM sucrose, 5 mM HEPES, and 250 #M EDTA, pH 
7.4 (Johnson and Lardy, 1967). The final washing was performed in the same 
medium in the absence of EDTA. Protein in the mitochondrial suspension 
was determined by the biuret method with bovine serum albumin as a 
standard (Gornal et  al., 1949). K + ions of the incubation medium were 
measured with a glass ion-selective electrode. Mitochondrial respiration was 
monitored with a Clark-type electrode. Ca 2+ was measured spectrophoto- 
metrically on an Aminco DW-2a apparatus using Arsenazo III at 675 nm vs 
685nm. Mitochondria (1 mg protein/ml) were incubated in a medium 
containing 250 mM sucrose, 10 mM HEPES, 10 mM succinate, 400 #M KC1, 
15/~M CaC12, and 2 ktM rotenone. Tris-buffer was used to bring the pH of the 
medium to 7.4.5 mM P~-Tris (pH 7.4) or 40 #M Arsenazo III were added to 
the incubation medium where indicated. 

Results 

As was shown in several papers (Sanadi et  al., 1981, 1982; Rasheed et  al., 
1984), the cross-linking of two juxtaposed SH groups in mitochondria by 
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Fig. 1. Effect of the ATP synthetase inhibitors and BHT on the mitochondrial respiration rate 
increase by PhAsO. For experimental conditions, see Methods. (1, 3-5) In an incubation 
medium with 5 mM P~; (2) in the absence of Pi. Arrows indicate the additions of 50 #M BHT, 
50 #M DCCD, 2 #g oligomycin, l0 #M PhAsO, and 1.5 gM CCCP. 

the hydrophobic bifunctional agent PhAsO leads to the appearance of 
electrogenic ion fluxes and to the deenergization of both mitochondria and 
submitochondrial particles. Monofunctional SH reagents do not exert such 
an effect. 

Simultaneously with an increase in the respiration rate at state 4 (Fig. 1), 
the addition of 10 #M PhAsO to the incubation medium (containing 5 mM 
Pi, pH 7.4) induces K + efflux from mitochondria (Figs. 2-3) and ruthenium- 
red (RR)-insensitive Ca 2+ efflux (Fig. 4). 

The increase in the respiratory rate in state 4 after the addition of PhAsO 
points to the induction in the mitochondria of  electrogenic ion fluxes which 
cause the dissipation of the electrochemical proton gradient and the disap- 
pearance of the t ransmembrane potential (not shown). Under our experi- 
mental conditions mitochondrial uncoupling may be caused by the appear- 
ance of electrophoretic proton "leaks" or by the activation of the ruthenium 
red-insensitive (Figs. 4 and 7) electroneutral Caa+/H + antiport process 
(Lehninger et  al., 1978; Roos et  al., 1980; Siliprandi et  al., 1979). 

In the light of  the experiments of  Rahseed et  al. (1984), where the 
induction of nonspecific permeability as a result of  the modification of SH 
groups by Cd 2+ was shown, the first variant seems to be more reasonable. 
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Fig. 2. Induction of K + efllux from mitochondria by PhAsO in the presence of 5 mM P~. For 
experimental conditions, see Fig. !. (1) Addition of0.2ffM valinomycin to the medium after the 
onset of K + efflux; (2) control. 
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Fig. 3. Effect of the ATP synthetase inhibitors and BHT on 10/~M PhAsO-induced K + efflux 
from mitochondria. For experimental conditions, see Figs. ! and 2. The incubation medium 
contained 5ffM Pi. (4) Control. 
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Fig. 4. Effect of the ATP synthetase inhibitors and BHT on RR-insensitive Ca 2+ efflux from 
mitochondria induced by PhAsO. For experimental conditions, see Fig. 1. The incubation 
medium contained 5 mM Pi and 40 #M Arsenazo III. BHT, DCCD, and oligomycin were added 
1 min after the introduction of mitochondria when Ca 2+ accumulation from the incubation 
medium had been completed. Electrogenic pumping of Ca 2+ was inhibited by 3 nmol RR. (3) 
Control. 

As seen from Fig. 2, valinomycin reverses the K + efflux at the initial 
steps, suggesting the nonelectrogenic character of this process. BHT (a 
scavenger of free radicals) added to the incubation medium prevents a 
PhAsO-induced increase in the respiration rate (Fig. 1), the K + efflux 
(Fig. 3, curve 2), and the Ca 2+ efflux (Fig. 4, curve 1). DCCD blocks the 
action of PhAsO on ion fluxes (Figs. 1 4), but oligomycin, a more specific 
ATP-synthetase inhibitor, does not affect the ion transport induction. This 
demonstrates that the PhAsO-induced ion fluxes do not depend on the state 
of the ATPase complex. BHT and DCCD p e r  se do not induce a respiratory 
rate increase as K + and Ca 2+ fluxes (not shown). 

Under these conditions, BHT- or DCCD-induced inhibition of respi- 
ration is completely reversed by the uncoupler CCCP (Fig. 1, curves 1 
and 4). This indicates that the inhibition of mitochondrial respiration by 
these agents is due to the suppression of electrogenic ion fluxes and not to the 
direct inhibition of the respiratory chain. 

We have shown that the hydrophobic monofunctional SH reagent NEM 
causes no induction of ion fluxes, and moreover completely prevents the 
PhAsO effect. NEM prevents the effect of PhAsO both on the electrogenic 
fluxes (Fig. 5) and also on the K + (Fig. 6) and the RR-insensitive Ca 2+ 
(Fig. 7) effluxes. NEM is known to inhibit the phosphate carrier (Fonyo and 
Vignais, 1980). Therefore experiments on preventing PhAsO induction of ion 
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Fig. 5. Effect of NEM and mersalyl on the PhAsO-induced increase in the mitochondrial 
respiration rate in the absence of Pu For experimental conditions, see Methods. The medium was 
supplemented with 10yM PhAsO, 100yM NEM, 20yM mersalyI, and 1.5yM CCCP. (2) 
Control. 
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Fig. 6. Effect of NEM and mersalyl on K + efftux from mitochondria induced by PhAsO in the 
absence of P~. For experimental conditions, see Fig. 5. 
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Fig. 7. Effect of  NEM and mersalyl on RR-insensitive elflux of Ca 2÷ induced by PhAsO in the 
absence of P~. For experimental conditions, see Fig. 5.40 gM Arsenazo III was supplemented 
additionally. NEM and mersalyl were added i min after the introduction of  mitochondria when 
Ca 2+ accumulation from the medium had been complemented. Electrogenic pumping of Ca 2+ 
was inhibited by 3 nmol RR. 

fluxes by NEM were carried out in the absence of P~. Moreover, the 
hydrophilic membrane-impermeable monofunctional SH reagent mersalyl, 
which also inhibits the P~-carrier, does not prevent the PhAsO effect 
(Figs. 5-7). 

The monofunctional hydrophilic SH reagents DTNB and iodoacetic 
acid exhibit the same effect as mersalyl. Addition of mersalyl, NEM, 
DTNB, and iodoacetic acid per  se does not cause a respiratory rate increase 
or the induction of K ÷ and Ca 2+ ion fluxes (not shown). But, as seen from 
Figs. 5-7, mersalyl potentiates the effect of PhAsO on induction of ion 
fluxes. 

Such hydrophilic potentially cross-linking SH reagents as membrane- 
impermeable diamide (Siliprandi et  al., 1978; Vignais et  al., 1975) and 
arsenite, which readily penetrate mitochondria via the phosphate carrier 
(Harris and Achenjang, 1977), do not induce electrogenic ion fluxes in the 
absence of P~ (not shown). As seen in Fig. 9, introduction of 50/~M arsenite 
to a P~-containing medium exerts the same effect as diamine (Fig. 8), causing 
a rapid increase in the respiration rate in state 4. The diamide- and arsenite- 
induced increase in the respiration rate is inhibited by BHT and DCCD both 
at the initial step and after the onset of deenergization (CCCP reversed 
inhibition); oligomycin has no effect (Figs. 8 and 9). 



198 Novgorodov et aL 

RLM 
1 BHT; DCCD; oligomgcin 

~ iomide 

" ~ t t  BHII+DCCD 

+BHTL_ \ \ \ 
+DCCD ~ ~  

2rain 

Fig. 8. Effect of the ATP synthetase inhibitors and BHT on the 100 ~M diamide-induced in the 
mitochondrial respiration rate in the presence of  Pi. For experimental conditions, see Fig. 1. 
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Fig. 9. Effect of the ATP synthetase inhibitors and BHT on the 100ffM arsenite-induced 
increase in the mitochondrial respiration rate in the presence of P~. For experimental conditions, 
see Fig. 1. 
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Discussion 

Recently strong evidence was obtained for the presence in mitochondria 
of two different types of thiol groups which may be involved in ion transport 
regulation (Sanadi et al., 1981; Rasheed et al., 1984). The addition of Cd 2+ 
or PhAsO, the thiol reagents with high preference to juxtaposed dithiol, to 
respiring rat liver mitochondria results first in the activation of membrane 
potential-dependent, valinomycin type K ÷ uptake, followed by the uncou- 
pling and discharge of ion gradients. The first phase of PhAsO and Cd 2÷ 
action (activation of K ÷ uptake) can be mimicked by relatively membrane- 
impermeable monofunctional SH reagents, mersalyl and p-hydroxymer- 
curibenzoate. This agrees with the results of other authors (Brierley et al., 

1967; Southard and Green, 1974; Diwan et al., 1983). 
Sanadi et al. (1981) and Rasheed et al. (1984) conclude that thep-hydroxy- 

mercuribenzoate and mersalyl-sensitive site is distinct from the other 
uncoupling site since these inhibitors do not cause the uncoupling and 
discharge of ion gradients. Parallel with the uncoupling, caused by the 
hydrophobic site modification, a nonspecific increase in membrane permea- 
bility takes place (Rasheed et al., 1984). 

Diwan and Lehrer (1978) showed that the apparent Km for SH reagent 
sensitive K ÷ uptake is in the 5-10mM range. In the present work only the 
ion fluxes caused by the uncoupling site modification were investigated. To 
avoid K ÷ uptake activation by SH reagents, the experiments were performed 
in a low-potassium medium (400#M K÷). Under the conditions used, 
monofunctional SH reagents per  se caused no induction of potassium fluxes. 
The uncoupling site seems to be in a hydrophobic environment and to be 
readily accessible to Cd 2÷ and PhAsO. The uncoupling action of PhAsO and 
Cd 2+ is abolished by low levels of 2,3-dimercaptopropanol but is potentiated 
by the excess of 2-mercaptoethanol, which shows the involvement of dithiol 
type groups in the response (Sanadi et al., 1981). 

When S-X-S or S-S bonds are formed, two types of changes occur in 
the system. Chemical modification of the protein, simultaneous disap- 
pearance of the S-H bonds (substituted by S-X-S or S-S) in two juxtaposed 
SH groups, takes place; on the other hand, cross-linkage stabilizes the spatial 
arrangement of the two juxtaposed sulfurs versus each other and causes their 
immobilization. 

It is still an open question which of these effects controls the ion 
transport induction system and uncoupling of mitochondria. Experiments 
with the hydrophobic monofunctional agent (NEM), which prevents the 
action of the hydrophobic bifunctional agent PhAsO (Figs. 5 7), demon- 
strate unambiguously that the immobilization effect is a functionally signifi- 
cant one: a covalent modification of SH groups per  se is not sufficient for ion 
transport induction. Significantly, the polar monofunctional electrophilic SH 
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reagents (mersalyl, DTNB, and iodoacetic acid which, in contrast to the 
former reagents, penetrate the mitochondrial matrix; Gaudemer and 
Latruffe, 1975) do not prevent the PhAsO effect--an indication that the SH 
groups, which are the targets of a PhAsO attack, are localized in the hydro- 
phobic environment. Moreover, as seen from Figs. 5-7, mersalyl not only 
fails to suppress the PhAsO action, but potentiates it. DTNB shows the same 
effect. The potentiating action of hydrophilic monofunctional SH reagents 
may be connected with the screening of hydrophilic SH groups, and this leads 
to increase in PhAsO concentration in the mitochondrial membrane hydro- 
phobic zone. A comparion of the action of the hydrophobic and hydrophilic 
potentially SH cross-linking reagents shows that the hydrophobic PhAsO is 
capable of inducing ion transport in mitochondria both in the presence and 
in the absence of P~ in the incubation medium. The polar compounds, 
diamide and arsenite, induce the effect only in the presence of P~. 

The high polarity of the molecules prevents their transport directly 
through the membrane to the mitochondrial matrix, and their accumulation 
in the membrane. According to some data, in a medium lacking P~ the 
mitochondrial membrane is impermeable to diamide (Fonyo and Vignais, 
1980; Vignais et al . ,  1975); conversely, arsenite is transported across the 
membrane via the phosphate carrier (Harris and Achenjang, 1977). The fact 
that arsenite in the absence of Pi does not induce ion transport (Sanadi et al., 
1981) shows that the specific character of the polar potentially cross-linking 
agents is due to their inability, in a P~-free medium, to reach the SH groups 
localized in a hydrophobic environment. This interpretation of the experi- 
mental results presupposes that P~ alters the properties of the system in such 
a way that the SH groups, controlling ion transport, become accessible to the 
polar reagents. 

The results obtained show that ion transport induction by any of the 
compounds studied (PhAsO, diamide, arsenite) is suppressed by adding 
BHT, a scavenger of free radicals, to the medium (Figs. 1, 8 and 9). This 
indicates a certain relationship between the cross-linking of two juxtaposed 
SH groups, free radical processes in mitochondria, and ion transport 
induction. 

There is some correlation between the development of lipid peroxidation 
(determined from the accumulation of malonic dialdehyde) and the values of 
SH reagent-dependent ion fluxes (not shown). But to resolve the question 
whether a free radical reaction is involved in the SH reagent action or not, 
additional experiments should be carried out to elucidate the concrete nature 
of the free radical process involved in ion transport induction and the 
mechanism of free radical formation. 

The fact that oligomycin, in contrast to DCCD, fails to inhibit the 
PhAsO action indicates that the DCCD action is not connected with the 
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modification of the ATPase complex but is directed to some other systems 
(Azzi et  aI., 1984; Warhurst et  al., 1982; Martin et  al., 1984). 

There is evidence that DCCD may directly suppress some specific 
systems of K + transport (Martin et  al., 1984; Jung et  al., 1980). In the case 
of Mg 2+ depletion, DCCD blocks the electroneutral K/H + antiporter in rat 
liver mitochondria (Martin et  al., 1984; Garlid et  al., 1986), which was 
identified as an 82,000-dalton protein. 

Moreover, the specific inhibition of energy-dependent K + influx in 
mitochondria by DCCD has been demonstrated (Gauthier and Diwan, 1979; 
Jung et  al., 1980; Diwan, 1982). 

Our results demonstrate a new action of DCCD--the suppression of 
nonspecific PhAsO-induced ion permeability. 

According to the experiments of Broekemeier et  al. (1985), it may be 
suggested that the ruthenium red-insensitive Ca 2+ efflux and the apparent 
electroneutral (according to he valinomycin test) K + efflux are connected 
with the heterogenic nature of the mitochondrial population and the gradual 
transition of a part of the mitochondrial population to the state of nonspe- 
cific ion permeability under the action of PhAsO. 

Further analysis showed that the ion transport induction system studied 
in this work is qualitatively similar to that caused by lowering the pH of the 
incubation medium (Novgorodov et  al., 1984). In either case a parallel 
increase in the electrogenic fluxes, the K + efflux, and the RR-insensitive C a  2+ 

efflux takes place; at the initial steps, the K + efflux is reversed by valinomycin. 
Moreover, both in the case of ion flux induction by the SH reagents and in 
the case of induction by lowering the pH of the incubation medium, BHT, 
a scavenger of free radicals, and DCCD suppress the ion fluxes. The 
important difference is that the ion transport at lower pH of the incubation 
medium is inhibited by oligomycin (Novgorodov et  al., 1982, 1984), whereas 
the effect of the SH reagents is not suppressed by this inhibitor. 

The involvement of disulfide bond formation in the induction of ion 
fluxes under similar conditions was also suggested by others (Zoccarato et  al., 
1981; Rugolo et  al., 1981; Siliprandi et  al., 1978). 

The qualitative similarity of these two ion transport induction systems 
(induced by lowering the pH and by the potentially SH cross-linking reagents) 
enables us to suggest that lowering the pH also leads to S-S bond formation, 
the ATP synthetase complex controlling the cross-linkage. Oligomycin, 
changing the ATP synthetase state, prevents the formation of S-S bonds. If 
this proposal proves to be correct, the ATP synthetase complex, as well as 
certain SH groups of the protein and BHT-inhibited free radical reactions, 
are involved in the system of ion transport induction at low pH. This model 
suggests that under conditions where an S-S bond is formed due to a direct 
effect of the cross-linking reagent, the regulatory component (ATP synthetase 
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complex)  con t ro l l i ng  the s p o n t a n e o u s  f o r m a t i o n  o f  this b o n d  m u s t  be lost. 

Just  such an  effect was observed  in  the expe r imen t s  (Figs. 1, 3, 4, 8 and  9). 
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