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Abstract

Effects on Mg™* * transport in rat liver mitochondria of three reagents earlier
shown to affect mitochondrial K* transport have been examined. The sulfhydryl
reactive reagent phenylarsine oxide, which activates K* flux into respiring
mitochondria, also stimulates Mg ™ ¥ influx. The K* analog Ba**, when taken
up into the mitochondrial matrix, inhibits influx of both K* and Mg**. The
effect on Mgt * influx is seen only if Mg™* ¥, which blocks Ba** accumulation,
is added after a preincubation with Ba**. Thus the inhibition of Mg** influx
appears to require interaction of Ba*™* at the matrix side of the inner mito-
chondrial membrane. Added Bat* also diminishes observed rates of Mg™™*
efflux but not K* efflux. This difference may relate to a higher concentration
of Ba** remaining in the medium in the presence of Mg** under the con-
ditions of our experiments. Pretreatment of mitochondria with dicyclohexyl-
carbodiimide (DCCD), under conditions which result in an increase in the
apparent K, for K* of the K* influx mechanism, results in inhibition of Mg**
influx from media containing approximately 0.2mM Mg**. The inhibitory
effect of DCCD on Mg* * influx is not seen at higher external Mg** (0.8 mM).
This dependence on cation concentration is similar to the dependence on K*
concentration of the inhibitory effect of DCCD on K7 influx. Although
mitochondrial Mg** and K* transport mechanisms exhibit similar reagent
sensitivities, whether Mg** and K* share common transport catalysts
remains to be established.
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Introduction

Mitochondrial Mg** and K* transport catalysts exhibit many simi-
larities. Unidirectional and net fluxes of Mg* ™", both into and out of heart
and liver mitochondria, are sensitive to respiratory inhibitors and uncouplers

' Abbreviations used: DCCD, dicyclohexylcarbodiimide; PheAsO, phenylarsine oxide.
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(Brierley et al., 1963; Johnson and Pressman, 1969; Kun, 1976; Crompton
et al., 1976; Hoser et al., 1978; Siliprandi et al., 1978a; Diwan et al., 1979,
Brierley et al., 1987). Both influx and efflux of K* are also respiration
dependent (Diwan and Tedeschi, 1975; Jung et al., 1977; Chavez et al., 1977).
The respiration dependence has been explained in relation to the chemiosmotic
theory by the proposal that a uniporter mediates electrophoretic K™ entry,
while the transmembrane pH gradient drives KV efflux via a K*/H* anti-
porter (Mitchell and Moyle, 1969; Jung et al., 1977; Chavez et al., 1977).
However, both the influx and effiux of K™ increase with increasing external pH
(Diwan and Lehrer, 1978; Diwan, 1981). In part on the basis of observed
inhibition by nigericin, added to equilibrate transmembrane H* and K*
gradients, a cation/proton antiporter has been postulated to also mediate
Mg** efflux (Akerman, 1981).

Addition of ADP in the presence of P; has been found to inhibit uptake
and loss of Mg** as well as Kt (Jung et al., 1977, Chavez et al., 1977,
Brierley ef al., 1987). Other studies have shown either little effect of ADP on
Mg+ efflux in the presence of P; (Crompton et al., 1976) or activated loss of
endogenous Mg*™* under state 3 conditions (Masini et al., 1983).

Unidirectional fluxes of Mg** and K* into respiring mitochondria,
measured by means of the radioisotopes *Mg and “K, exhibit saturability
(Diwan and Lehrer, 1977, 1978; Jung et al., 1977; Diwan ef al., 1979). The
apparent K, for Mg™* of the mechanism mediating Mg* * flux into rat liver
mitochondria was estimated to be about 0.7 mM (Diwan et al., 1979). Mg™*~
competitively inhibits K* influx (Jung ez al., 1977; Diwan er al., 1979).
Physiological concentrations of K* in the medium markedly slow Mg*+
entry (Brierley er al., 1987). The K* analog TI* competitively inhibits
influx of both Mg** and K* (Diwan and Lehrer, 1977; Diwan et al., 1979).
The K* analog Ba®™ is rapidly accumulated by respiring mitochondria
(Vainio et al., 1970). The accumulated Ba** decreases the measured V,,, of
K" influx, while having little apparent effect on K* efflux (Diwan, 1985).

Ruthenium red, an inhibitor of mitochondrial Ca** transport, has
been found not to affect uptake or loss of Mg** (Crompton et al., 1976;
Brierley ef al., 1987). However, ruthenium red has been observed to inhibit
Mgt flux into mitochondria treated with digitonin (Kun, 1976) and Mg**
efflux under conditions involving apparent linkage to cyclic Ca®™" flux
(Siliprandi er al., 1978a, b). La** ", which also inhibits mitochondrial
Ca'™ transport, is reported not to affect Mg** or K* influx (Kun, 1976;
Diwan et al., 1979).

Mg* ™ efflux from respiring mitochondria exhibits little sensitivity to
external K (Brietley et al., 1987). Depletion of endogenous Mg** results
in increased K* permeability, which has been attributed to release from
regulation by Mg* " of the proposed K*/H* antiporter (Azzone et al., 1978;
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Garlid, 1980; Jung er al., 1981; Nakashima er al., 1982; Bernardi and
Azzone, 1983). The physiological significance of a permeability pathway
which is activated by Mg** depletion has been questioned (Jung et al., 1984,
Jung and Brierley, 1986). Mecasurements with isolated hepatocytes indicate
the absence of a significant gradient of free Mg* * between the cytosolic and
mitochondrial compartments (Corkey et al., 1986).

Mercurial sulfhydryl reagents, including mersalyl, markedly increase
rates of influx as well as efflux of K* (Jung et al., 1977; Chavez et al., 1977,
Diwan et al., 1977; Bogucka and Wojtczak, 1979). Stimulation of Mg*™
entry by mersalyl has been reported (Diwan et al., 1980; Brierley et al., 1987).
The stimulatory effect of mersalyl on Mg** flux into respiring liver mito-
chondria is less than the effect on K™ influx (Diwan et al., 1980). Partial
inhibition by mersalyl of net Mg** efflux from heart mitochondria has been
observed (Brierley et al., 1987).

Other sulfhydryl-reactive reagents which activate K* flux into respiring
mitochondria include Cd** (Rasheed et al., 1984) and PheAsO (Diwan et al.,
1986). PheAsO can form stable adducts with vicinal dithiols, such as that
which has been identified in the ATP synthase subunit, Coupling Factor B
(Fluharty and Sanadi, 1960; Stiggall et al., 1979; Joshi and Hughes, 1981;
Sanadi, 1982). However, the stimulation of K* influx by PheAsO was found
to be blocked by subsequent treatment with the monothiol 2-mercaptoethanol;
thus it was concluded that the reactive group involved in activation of K*
influx by PheAsO is a monothiol, not a dithiol (Diwan et al., 1986).

Quinine inhibits various mitochondrial K* transport activities which
have been attributed to the proposed K*/H* antiporter. These include
the loss of endogenous K* activated by Mg™* depletion, the respiration-
dependent contraction of mitochondria swollen in K* nitrate, and the swelling
of Mg"'*-depleted mitochondria in K* acetate (Nakashima and Garlid,
1982; Jung et al., 1984; Garlid et al., 1986). Quinine also partially inhibits
influx, and at high concentrations fully blocks efflux, of Mg* * as well as K™,
in mitochondria not treated to deplete endogenous Mg** (Diwan, 1986).

Pretreatment with DCCD results in inhibition of K7 influx (Gauthier and
Diwan, 1979; Jung et al., 1980). DCCD increases the apparent K, for K* of
the K* influx mechanism, while having little effect on the measured V,,, of
K* influx; thus DCCD has little effect on K* influx at a high external K*
(Gauthier and Diwan, 1979). Inhibition of apparent K*/H™" antiport activity
1s not observed (Jung et al., 1980), unless the mitochondria are depleted of
endogenous Mgt ™+ prior to DCCD treatment (Martin er al., 1984, 1986).
An 82,000 dalton protein, postulated to have a role in mediating K*/H*
exchange, has been identified on the basis of the Mg* * and quinine sensitivity
of its reactivity with [“C]DCCD (Martin et al., 1984). DCCD pretreatment
results in inhibition of net Mg™ ™ uptake by heart mitochondria respiring
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in the presence of P,, while having no apparent effect on Mg* ™ efflux
(Brierley et al., 1987).

The present studies have examined effects on unidirectional Mg** flux
of three reagents which affect mitochondrial K* flux, Ba**, PheAsO, and
DCCD.

Materials and Methods

Rat liver mitochondria were isolated by standard procedures. The
0.25 M sucrose isolation medium was supplemented with 0.4 mM Tris EGTA
in the initial stages of preparation, except that in experiments involving
Ba™ " sucrose alone was used. Mitochondria (4-7 mg protein per ml) were
incubated at 20°C in media (unless specified otherwise) containing 200 mM
sucrose, 3 mM succinic acid, 16 mM Tris, and 0.8 mM MgCl,, with the pH
adjusted to 7.5 with HCI, plus *Mg (approximately 0.2 uCi/ml, obtained
from Brookhaven National Laboratory), *H,O (approximately 3 uCi/ml,
from NEN Research Products), and in some experiments [“Clsucrose
(approximately 0.8 uCi/ml, from NEN Research Products). When included,
PheAsO or BaCl, were obtained from Aldrich Chemical Co. DCCD-treated
mitochondria were preincubated at 0°C for at least 40 min with 30 nmol DCCD
(from Sigma Chemical Co.) per mg protein.

Mitochondrial samples were separated from incubation media by rapid
centrifugation through silicone (Harris and VanDam, 1968). The silicone
used (SF1154) was a generous gift of the General Electric Co. *Mg was
assayed by counting of the Cerenkov radiation in aqueous dilutions of
mitochondrial and supernatant samples, and the counts were corrected for
decay. Following decay of the Mg, total Mg™ ™ levels were assayed by
atomic absorption spectroscopy, and *H and "C were counted using a
standard liquid scintillation cocktail. Protein was measured by the biuret
technique (Layne, 1957). Fluid compartments, and mitochondrial contents of
total and labeled Mg™*, were calculated as in earlier studies (Johnson and
Pressman, 1969; Diwan ez al., 1979). Unless stated otherwise, unidirectional
Mg** influx is calculated from the change in labeled Mg* * content between
samples taken after 0.5 and 7.0 min of incubation. The net Mg™ ™ flux is the
change in total Mg** content during the same time period. Unidirectional
Mg* " efflux is calculated as the difference between influx and net flux rates.

Results

Figure 1 shows the effect on *Mg uptake by respiring rat liver mito-
chondria of 8.5nmol PheAsO per mg protein, a concentration found to
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Fig. 1. Effect of PheAsO on the time course of Mg uptake. The mitochondrial content of
labeled Mg* ™", in units of nmol per mg protein, is plotted against the incubation time in min.
Mg** contents are corrected for contaminating external Mg* * sedimented with the mitochondria,
estimated from the product of the [“Clsucrose distribution space and the supernantant Mg**
concentration (0.25mM). The incubation medium included 8 mM succinic acid, with the pH
adjusted to 7.5 with Tris. Shown are means of three measurements. Standard deviations are
indicated when in excess of the symbol height. Symbols: @, control samples; M, the medium
included 8.5 nmo! PheAsO per mg protein.

substantially activate K* influx (Diwan et al., 1986). PheAsQ increases the
unidirectional Mg** influx rate, corresponding to the slope of the uptake
curve, without appreciably affecting the extrapolated zero time Mg uptake.
The rapid ®*Mg binding, which occurs before the initial sample is taken,
has been attributed to adsorption (Johnson and Pressman, 1969). This
component of Mg*™* binding is not dependent on respiration, while the
progressive increase in *Mg content, assumed to reflect transport into the
mitochondrial matrix, is respiration dependent (Johnson and Pressman, 1969;
Diwan et al., 1979; Brierley et al., 1987).

Unidirectional flux rates calculated from average values determined in
five similar experiments are summarized in Table I, A. Both the influx and
efflux of Mg** are activated by PheAsO. The observed percent stimulation
of Mg™ * influx varied in these experiments from 31 to 68%, with the average
stimulation being 46%. In two experiments carried out at a higher Mg*+
concentration (0.8 mM), stimulation of Mg** influx by PheAsO was also
observed. There was more variability in the percent stimulation of Mg*™™
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Table I. Effects of PheAsO and Ba™* on Mg** Flux Rates”

nmol Mg* */mg protein (min)

Additions Mg** influx Mg*t+ efflux

A None 048 4 0.10 0.59 £+ 0.12
PheAsO 0.70 + 0.11 0.75 + 0.05

None 094 4 0.12 0.75 + 0.16

Ba** 0.96 + 0.08 0.34 + 0.10

C None 0.98 + 0.11 0.61 + 0.13
Ba®*, 1 min preincubation 0.55 + 0.12 0.26 + 0.07

“In A, Mg** flux rates are means of average values determined in five experiments + SEM.
PheAsO when present was at 8.5 nmol per mg protein (51-60 uM in individual experiments).
The medium included 8 mM succinic acid, with the pH adjusted to 7.5 with Tris. The Mg**
concentration in the medium was 0.19-0.26 mM in individual experiments. In B, Mg** flux
rates, determined between 1 and 7 min of incubation, are means of nine measurements pooled
from two experiments + SD. Ba®* when present was at 150 uM (23 nmol per mg protein). The
medium included 0.81mMMg™*. In C, Mg* " flux rates, determined from 1.5 to 7min of
incubation, are means of average values obtained in four separate experiments + SEM. Ba**
when present was at 150 uM (29-38 nmol per mg protein in individual experiments). MgCl, was
added with the Mg at 1min to a total concentration of 0.80 mM.

efflux from one experiment to another. Although the pooled data show a
significant effect, stimulation of Mg*™ ™ efflux was not observed in every
experiment. Generally efflux values vary more than influx values, because
values of Mg™ ™ efflux are based in part on atomic absorption assays of total
Mg* ", which are less precise than the radioisotope counts.

Initial studies of effects of Ba'* on mitochondrial Mg"* " flux were
carried out under conditions similar to those used in published studies of
effects of Ba** on K* flux (Diwan, 1985). However, 0.8mM Mg** was
included in the medium with the Mg, in place of the 3-4mM K™ present
during the K flux studies. Flux rates were determined between 1 and 7 min
of incubation. The results, summarized in Table I, B, indicate that 150 uM
Ba®* (23nmol per mg protein) partially inhibited Mg** efflux, but not
Mg** influx. Approximately the same concentration of Ba** was earlier
found to cause partial inhibition of K" influx, while within the error level no
effect on K* efflux was discernible (Diwan, 1985).

A possible basis for this difference is apparent in observations of '*Ba
uptake. In equivalent media containing 3-4 mM K* with no added Mg™™*,
it was earlier determined that Ba** rapidly enters the mitochondria, approach-
ing within 1-2min a steady-state distribution in which most of the Ba** is
within the mitochondria (Diwan, 1985). Similar results are shown in Fig. 2
for mitochondria in the K™ -containing medium. Even more rapid Ba*™
uptake was earlier found at lower K* concentration (1 mM) (Diwan, 1985).
The results shown in Fig. 2 indicate that Ba®" uptake by mitochondria
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Fig. 2. '"Ba uptake by respiring mitochondria. The upper graph is a plot of the '**Ba content
of the incubation medium as a function of incubation time. The initial Ba™* concentration was
150 uM. The lower graph is a plot of the '**Ba content of the mitochondria, in units of nmol per
mg protein, as a function of incubation time in min. The incubation medium was as indicated
in Materials and Methods except for the presence of Ba¥* and the following: @, the medium
included 3.2mM KCI (no added Mg* *); &, the medium included 0.8 mM Mg** (no added K*).
Values are means of three (K™ medium) or five (Mg* * medium) determinations, with standard
deviations shown when in excess of the height of the symbols.

is substantially slower when Mg™*, at the level present during *Mg flux
measurements, is substituted for the K* level present during earlier studies
of effects of Ba** on K* flux. Therefore, additional experiments were carried
out in which the mitochondria were preincubated with Ba** for 1 min prior
to addition of the *Mg with unlabeled Mg**, and flux rates were measured
between 1.5 and 7 min of incubation. Table I, C, summarizes data from four
such experiments. The data show significant inhibition by Ba™* of influx as
well as efflux of Mg**, when Ba®* uptake is promoted by omitting Mg*+
during the first minute of incubation.

The experiment depicted in Table IT examines the effect of pretreatment
with DCCD on Mg™* flux into respiring mitochondria. The conditions of
DCCD treatment used are the same as those previously shown to increase the
apparent K, for K* of the K™ influx mechanism (Gauthier and Diwan, 1979).
The results show partial inhibition of Mg* * influx by DCCD when the Mg™*+
concentration in the medium is 0.22mM. When the medium contains
0.78mM Mg™*, there is no detectable effect of the DCCD pretreatment on
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Table II.  Effect of DCCD on Mg** Influx”

Mg** influx, nmol/mg protein (min)

Control DCCD-treated

mM Mgt+ mitochondria mitochondria
0.22 0.38 + 0.04 0.24 + 0.04
0.78 0.82 £+ 0.09 0.81 + 0.10

Mgt * flux values are means of four determinations + SD. The medium included 8 mM succinic
acid, with the pH adjusted to pH 7.5 with Tris. The Mg** concentration was varied as
indicated.

Mg** influx. In four such experiments, DCCD consistently had no significant
effect on Mg* * influx from media containing approximately 0.8 mM Mg™*.
The extent of inhibition observed at low external Mg** was somewhat
variable. In a total of 12 experiments carried out, the inhibition by DCCD in
the presence of approximately 0.2mM Mg** was 20 + 13% (mean + SEM).
In these experiments there was not any consistent effect of DCCD on Mg**
efflux.

Discussion

The stimulatory effect of PheAsO on mitochondrial Mg* ™ influx
is similar to the effect of this reagent on K* influx. The physiological
significance of the activation of mitochondrial K* and Mg** transport
by sulfhydryl modification is unclear. Perhaps the effect of the artificial
activating reagents reflects the triggering of some as yet undefined regulatory
mechanism.

On the basis of the observed sensitivity of Ba™ ™ uptake to inhibitors of
Ca™™* uptake, it has been proposed that Ba** enters mitochondria at least
in part via the Ca®™™ influx mechanism (Vainio e al., 1970; Lukacs and
Fonyo, 1985). That uptake of Ba®™™ involved transport into the matrix
compartment is indicated by the respiration dependence of Ba*™™ uptake
(Vainio ez al., 1970; Diwan, 1985; Lukacs and Fonyo, 1985). The observed
sensitivity to Mg** of Ba®* uptake is consistent with earlier observations
(Vainio et al., 1970).

As indicated by the data in Table I, C, Ba**, when taken up into
the mitochondria, inhibits Mgt *t influx. This is similar to the effect of
accumulated Ba™* on K™ flux into respiring mitochondria (Diwan, 1985).
Inhibition of Mg* ™ influx is not observed when the uptake of externally
added Ba™" is diminished by the presence of Mg** in the medium. Thus
inhibition of Mg* " influx appears to require interaction of Ba*™* at the
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matrix side of the inner mitochondrial membrane. Under the conditions of
these experiments, Ba** also causes some inhibition of Mg* * efflux. Such an
effect of Ba** on K* efflux was not observed (Diwan, 1985). However, a
higher concentration of Ba™ * remaining in the medium during the incubations
in the presence of Mg** may account for this difference. Specificity with
regard to the side of the membrane at which Ba** inhibition is observable
has been reported for other cation transport mechanisms. For example,
Ca™* efflux from rat liver mitochondria, which appears to be mediated at
least in part by a Na*-independent Ca**/H* antiporter, is inhibited by
Ba®™" only when Bat* is present in the matrix compartment (Lukacs and
Fonyo, 1985). In contrast, the Na* -dependent Ca*™* efflux mechanism in
heart mitochondria is inhibited by Ba* " at the cytoplasmic surface of the
mitochondria (Lukacs and Fonyo, 1986).

The evidence indicating that Mg** influx, like K* influx, is inhibited
only at low concentration of the cationic substrate suggests a similar inter-
action of DCCD with the K* and Mg** influx catalyst(s). While inhibition
by DCCD of Mg** flux into rat liver mitochondria was not observed when
the Mg** concentration was increased to 0.8 mM (see Table IT), substantial
inhibition by DCCD of Mg** uptake by heart mitochondria was earlier
observed in the presence of 3mM Mg™ ™ (Brierley er al., 1987). In addition
to the different tissue source of the mitochondria, the experiments with heart
mitochondria differed from the present studies in focusing on the effect of
DCCD on the large net uptake of Mg* * observed in the presence of added
P,. Whether there is a dependence on Mgt ™ concentration of the effect of
DCCD on Mg** flux into heart mitochondria, in the presence or absence of
P,, was not reported.

Although the processes of transport of Mg*™* and K™ into and out
of mitochondria exhibit many similarities, whether these cations, which
differ in charge and ionic size, share common transport mechanisms is
unclear. The transport mechanisms for Mg*" and K* might be distinct
but very similar, e.g., because of common evolutionary origins. Several
nonmitochondrial ATPases involved in cation transport are known to be
similar to one another in structure and mechanism and share some sequence
homology (Shull et al., 1985, MacLennan ef al, 1985). Evaluating the
commonality of mitochondrial transport mechanisms for Mg** and K*
ultimately may require purification and reconstitution of the individual
transporters involved in catalyzing influx and effiux of these cations. Recently
a DCCD-reactive protein of approximately 53,000 daltons molecular weight
has been purified from mitochondrial membranes via affinity chromato-
graphy on immobilized quinine, an inhibitor of K* and Mg** translocation
(Diwan et al., 1988). The transport capabilities of this isolated protein have
not yet been determined.
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