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Respiring mitochondria drive the electrophoretic up-
take of K* and other cations. In the presence of per-
meant acids this transport leads to mitochondrial
swelling if it is not compensated by electroneutral K*/
H* exchange mediated by the K*/H* antiporter. The
mechanism of influx has yet to be established; however,
evidence is accamulating that in addition to leak path-
ways a specific K* channel or uniporter may be in-
volved. We examine some of the properties of K* uni-
port which are consistent with the existence of a spe-
cific ATP-regulated K* channel. In contrast to the K*/
H* antiporter, K* uniport shows little dependence on
pH. K* uniport is, however, very sensitive to inhibition
by adenine nucleotides. The maximum percent inhibi-
tion is increased from 40 to 60% by treatment of mi-
tochondria with N-ethylmaleimide (30 nmol/mg)
which stimulates K* uniport 3.6-fold. N-Ethylmaleim-
ide, however, has no effect on the IC;, values which
are 0.5, 2.3, and 8 um for ADP, ATP, and AMP, re-
spectively. GDP has no effect, while carboxyatracty-
loside is found to inhibit. The nucleotide analogs Ci-
bacron blue 3GA and erythrosin B exhibit three effects
on K* uniport. Low doses partially inhibit K uniport
(Iso = 0.13 uM Cibacron Blue), while higher doses stim-
ulate (ECs; = 13 uM Cibacron Blue). Stimulation is
especially apparent in N-ethylmaleimide-treated mi-
tochondria. These analogs also antagonize inhibition
by ATP. Since the ECs, values for this antagonism for
these two drugs are similar, while the IC5, values for
inhibition of ATP transport differ by a factor of five,
we suggest that inhibition of K* uniport by ATP is not
mediated via the adenine nucleotide translocase. These
data are consistent with the existence of an ATP-reg-
ulated K* channel in the inner mitochondrial mem-
brane.

It has been long established that the inner mitochondrial
membrane has a finite permeability to K* (1, 2). Moreover,
as a consequence of the high membrane potential generated
by respiration, there is a large driving force for the electro-
phoretic influx of K*, which is the most abundant cation of
the cytosol and mitochondrial matrix. The inevitable influx
of K* is compensated by electroneutral efflux via K*/H*
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antiport (see Ref. 3, for a review). It has been recognized for
a number of years that a specific 82-kDa protein is responsible
for K*/H* antiport, however, the pathways responsible for
K* influx remain to be established. The two types of pathway
which must be considered are diffusive leak and specific
channel or uniporter proteins.

A number of properties of K* uniport have been described.
Diwan’s (4) group has shown that K* uniport in liver mito-
chondria is modulated by dicyclohexylcarbodiimide, Mg?* (5),
pH (6), mercurials (7, 8), and drugs such as quinine (9), while
Brierley’s (10-14) group has demonstrated similar properties
in heart. More recently, evidence has accumulated for the
existence of a protein which can mediate K* uniport. Miron-
ova et al. (15) reported purification of a cation selective
channel from mitochondria and more recently Diwan’s (16,
17) group have partially purified a protein which mediates K*
transport in liposomes and which appears to have channel
activity when the liposomes are patch-clamped. We have also
presented preliminary reports of purification of a protein
which mediates K* uniport (18-20) and is inhibited by ATP
(20). These proteins all appear to have molecular masses in
the 50-60-kDa range. Halestrap’s group (21~23) has suggested
that the adenine nucleotide translocase may be responsible
for K* uniport and that cyclophilin is an important regulator.
Recently, Bernardi’s group (24, 25) has investigated K* uni-
port in intact mitochondria and has come to the conclusion
that it is regulated by matrix Mg®*.

In this paper, we examine some previously undescribed
properties of K* uniport in intact mitochondria. Most notably,
we present evidence that K* uniport is regulated by adenine
nucleotides and nucleotide analogs. These data suggest that
K* uniport in mitochondria may be mediated by an ATP-
sensitive K* channel similar to that found in plasma mem-
branes of heart, skeletal muscle, pancreatic 8 cells, and the
central nervous system (for reviews, see Refs. 26-28). This
conclusion is supported by patch-clamp studies of Inoue et al.
(29) showing that mitochondria contain a K* channel which
is blocked by ATP and glibenclamide.

EXPERIMENTAL PROCEDURES

Assay of Potassium Transport—Potassium transport was assayed
by following swelling, which accompanies net salt transport, using
the light scattering technique as described in detail elsewhere (30,
31). Using this technique we generate a light scattering variable, 3,
which normalizes reciprocal absorbance for mitochondrial protein
concentration, P (milligrams/ml), according to the following formula,

(Eq. 1)

where a is a machine constant and P, (equals 1 mg/ml) is a constant
introduced to make 8 dimensionless.

The rate of salt transport is calculated from the rate of change of
8 according to the formula (30),
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g= T (a’t) (Eq.2)
where ¢ is the medium osmolality (110 milliosmolal in most studies
reported here), S, the solute content of the stock preparation of
mitochondria (190 nosmol/mg), b (15 milliosmolal) is the slope of the
equilibrium absorbance osmotic curve, and n is the number of moles
of osmotically active particles which make up 1 mol of the transported
salt. At ¢ = 110 milliosmolal ¢S,/b is about 1400 nmol/mg.

To determine the rates of solute transport, we use a Brinkmann
Probe Colorimeter (Model PC700) with a 1-cm probe (2 cm light
path). For optimum sensitivity we normally use mitochondria at a
concentration between 0.1 and 0.2 mg/ml.

Assay Media for Potassium Transport—The standard potassium
acetate assay medium for these studies contained the K* salts of Cl~
or glucuronate (45 mM), acetate (25.4 mm), EGTA (0.1 mM), and
TES' (5 mM) and MgCl; (0.1 mM) plus rotenone (2 ug/mg) and
cytochrome ¢ (10 uM). Substrates for respiration were either succinate
(3 mMm) or ascorbate (2.5 mM) and TMPD (0.25 mM) as indicated in
the legends. The pH was adjusted to 7.4 unless indicated otherwise
and the temperature was maintained at 25 °C.

Assay of the Mitochondrial ATP Transport/Hydrolysis Using the
Light Scattering Technique—To assay ATP transport and hydrolysis
activity using the LS technique we exploited the fact that the F,F,-
ATPase proton pump can drive the electrophoretic uptake of K* upon
addition of the ionophore valinomycin. In the presence of a permeant
acid, such as acetate, this uptake is accompanied by swelling. Use of
this assay was validated in three ways; 1) in the absence of ATP no
swelling is observed; 2) swelling is blocked by oligomycin (0.9 nmol/
mg); 3) swelling is blocked by carboxyatractyloside (0.25 nmol/mg).
The assay medium was as described above but excluded respiratory
substrates and cytochrome ¢ and included ATP (0.2 mM) and valin-
omycin (0.5 nmol/mg).

Assay of F1Fy-ATPase Activity—The rate of ATP hydrolysis by the
F,Fo-ATPase was monitored by following the H* generated with a
pH electrode. Mitochondria were first frozen and thawed to break the
membranes. To further ensure that the observed rates were not
dependent on ATP transport, carboxyatractyloside (1 nmol/mg) was
added, and to avoid the possibility of generating a potential, CCCP
(0.6 um) was added. The hydrolysis observed was sensitive to both
oligomycin and tributyltin. The assay was initiated after the signal
had become stable by addition of the ATP (0.2 mM). At the end of
each trace the pH was adjusted back to the value prior to the addition
of ATP and then 200 nmol of HC] was added to calibrate the trace.
Addition of the inhibitory dyes had no significant effect on the
calibration.

Measurement of Respiration Rates—The rates of respiration were
measured with an oxygen electrode. Mitochondria were suspended in
the same medium used for LS measurements.

Pretreatment of Mitochondria with NEM, Oligomycin, and Mercu-
rials—The normal mitochondrial stock suspension (50 mg of protein/
ml) was diluted 1:1 in 0.25 M sucrose containing K* salts of TES (12
mM) and EGTA (0.5 mM) adjusted to pH 6.7 (at 25 °C) and main-
tained at 0 °C. The desired dose of NEM was then added and at least
10 min was allowed to elapse after mixing before mitochondria were
transferred to the assay medium. In some experiments oligomycin (2
nmol/mg) was also added to this pretreatment medium.

Drugs and Reagents—Most drugs were obtained from Sigma. The
ionophores and rotenone were dissolved in ethanol. All data presented
in the figures were obtained with rat liver mitochondria prepared as
described previously (31). Beef heart mitochondria were prepared
according to the procedure of Brierley et al. (32).

RESULTS

Assay of K* Uniport—Mitochondrial swelling is observed
when there is a net influx of salt into the mitochondrial
matrix. The light scattering traces contained in Fig. 1 show
that respiring mitochondria swell when suspended in a me-
dium containing K* and acetate (trace a). They do not swell

! The abbreviations used are: TES, N-tris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid; NEM, N-ethylmaleimide; LS, light scat-
tering; DCCD, dicyclohexylcarbodiimide; TMPD, N,N,N’N’-tetra-
methyl-p-phenylenediamine; CAT, carboxyatractyloside; CCCP, car-
bony! cyanide p-chlorophenylhydrazone.
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FiG. 1. Respiration drives K* uniport in mitochondria. Light
scattering kinetics of mitochondria (0.1 mg/ml) suspended in K*
acetate assay medium are shown. Trace a, control. Trace b, plus
nigericin (2 nmol/mg). Trace ¢, plus CCCP (8 uM). Trace d, no
respiratory substrates present. The composition of the assay medium
is described under “Experimental Procedures”; traces a-c contained
ascorbate and TMPD as respiratory substrates.

in the absence of respiratory substrates (trace b), in the
presence of an uncoupler (CCCP) (¢race c), or in the presence
of the exogenous K*/H™ antiporter nigericin (trace d). These
findings indicate that the swelling must be secondary to the
electrophoretic influx of K* driven by the membrane potential
generated by respiration.

In order to use this procedure to assay K* uniport, it is
important for swelling to be limited by the rate of K* uniport
and not by the rate of respiration. When the acetate concen-
tration increased from 0 to 60 mM while keeping the K*
concentration constant with KCI, the rate of swelling was
found to increase with increasing acetate concentration. In a
parallel experiment, rates of respiration were determined and
found to increase in parallel with the increase in the rate of
swelling. In fact, at 50-60 mM acetate they approached the
uncoupled rate. That this increase is secondary to an increase
in K* uniport was demonstrated by the finding that acetate
concentration had a negligible effect on the rate of uncoupled
respiration measured in the same trace. Since acetic acid
transport is extremely rapid, the increased rate of K* uniport
probably results from an increase in membrane potential
secondary to a decrease in the ApH which accompanies the
increase in acetate concentration.

We have also examined the effect of medium osmolality on
the rate of K uniport. For this experiment, the acetate
concentration was maintained constant (29 mM) while the
osmolality was varied with KCl. As shown by the data con-
tained in Fig. 2, between 1/¢ = 4 and 12 mosM™" the rate of
K* uniport increases as the osmolality decreases despite de-
creasing K* concentration. Again, there is a parallel increase
in the rate of respiration and, again, there is no increase in
the uncoupled rate measured after the swelling has taken
place. In fact, the uncoupled rate decreases somewhat after
swelling. Thus, the stimulation of respiration appears to be
secondary to an increase in the rate of K* uniport.

On the basis of these data, a medium containing the K*
salts of OAc™ (25.4 mM) and Cl (45 mM), which has an
osmolality of 137 mosM (1/¢ = 7.3), was selected for subse-
quent studies.

pH Dependence of K* Uniport—The pH dependence of K*
uniport is controversial. Thus, we have examined the effect
of pH on K* uniport using our assay. The data contained in
Fig. 3 show that the rate of swelling declines as the pH is
raised from 6 to 8.5. Since this decrease could be due to direct
effects on K* transport or respiration or could be due to
uncoupling, we also examined the rate of respiration under
these conditions. As shown by the open circles, the rate of
respiration was found to increase over this pH range, which
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FiG. 2. The effect of osmolality on the rate of K* uniport.
The rates of K* influx (®) and oxygen consumption (O) were deter-
mined in a series of KOAc media containing succinate as the respi-
ratory substrate. The osmolality (¢) was varied by varying the con-
centration of KCl, all other components were constant and as de-
scribed under “Experimental Procedures.” The experiments were
carried out in parallel using mitochondria at 0.12 and 1.4 mg/ml for
the LS and respiration assays, respectively. In the respiration assay
CCCP (0.28 uM) was added after 50% of the oxygen had been
consumed to allow the maximum respiration rate (0J) to be deter-
mined.
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Fic. 3. The effect of pH on the net rate of respiration driven
K* influx. The net rate of K* influx (@) and the rate of oxygen
consumption (O) are plotted versus the pH of the KOAc assay medium
for mitochondria respiring on succinate. The data were obtained in
parallel experiments using mitochondria at 0.14 and 1.6 mg/ml],
respectively. To allow the maximum respiratory rate to be determined
(0), CCCP (0.28 uM) was added to each respiration assay at 2.5 min
or after 50% of the oxygen had been consumed depending on which
occurred first. The composition of the assay medium is described
under “Experimental Procedures.”

suggests that uncoupling was the cause. Since it is well estab-
lished that the activity of the K*/H"* antiporter increases as
pH rises (3), an increased rate of K* cycling could explain
both respiratory stimulation and inhibition of swelling.
Effect of —SH Group Reagents on K* Uniport—One of the
earliest observations concerning K* transport in mitochon-
dria was that it can be stimulated by mercurials (1, 2). Since
mercurials are known to inhibit the dicarboxylate carrier,
succinate cannot be used as a respiratory substrate in these
assays. Moreover, succinate oxidation was also found to be
substantially inhibited by NEM. Consequently, for studies
using these reagents, we have employed ascorbate with TMPD
as the respiratory substrate. Under these conditions, we find
that both mercurials and NEM are able to stimulate K*
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transport about 3.6-fold in rat liver mitochondria and about
1.8-fold in beef heart mitochondria. The data contained in
Fig. 4, show the dose-response curve for NEM in rat liver
mitochondria.

Inhibition of K* Uniport by Adenine Nucleotides—ATP is
an inhibitor of plasma membrane K* channels (26-28) and
recently has been reported to inhibit a K* channel from
mitochondria (29). Therefore, we investigated the effect of
ATP on K* transport in intact mitochondria. The LS traces
shown in Fig, 54, show that K* uniport-dependent swelling
of mitochondria respiring on succinate is inhibited 40% by
ATP. In contrast, swelling in K*-free medium containing
TEA™ is not inhibited. The data contained in Fig. 5B show
that ATP also inhibits K* uniport in both control and NEM-
treated mitochondria respiring on ascorbate/TMPD. Al-
though the extent of inhibition is higher in NEM-treated
mitochondria (66 versus 44%), the inhibited rate remains
faster than the control rate, indicating that ATP does not
completely block NEM-induced transport. The data in Fig.
5C show that TEA* transport is also stimulated by NEM
(3.5-fold) and that this transport can also be partially inhib-
ited (47%) by ATP. However, as in the case when succinate
is used as a substrate, no inhibition is observed in the absence
of NEM. These data suggest that in both normal and NEM-
treated mitochondria, K* transport is mediated by an ATP-
sensitive channel. The absence of any effect on TEA* trans-
port in normal mitochondria suggests that TEA* transport,
and perhaps the ATP-insensitive K* transport may occur via
a leak pathway. In view of the increase in the ATP-sensitive
transport induced by NEM treatment, it appears that the
ATP-sensitive pathway is stimulated by NEM. The finding
that TEA* transport is also stimulated and becomes sensitive
to ATP suggests that NEM may decrease the cation selectivity
of the ATP-sensitive pathway.

The increased percent inhibition found in NEM-treated
mitochondria enabled dose-response curves to be examined.
The data contained in Fig. 6, show that ATP, ADP, and AMP
inhibit K* uniport in mitochondria pretreated with NEM and
oligomycin with IC;, values of 2.1, 0.4, and 8.4 uM, respec-
tively, and with Hill coefficients very close to 1.0. Similar
values were obtained in non-NEM-treated mitochondria, sug-
gesting that NEM itself has no effect on the ICs (not shown).
In contrast to ADP, GDP at 0.2 mM had no effect on K*
uniport. Moreover, this concentration had no effect on inhi-
bition by ATP. In beef heart mitochondria inhibition of K*
uniport by adenine nucleotides was found to be only about
10%.

Effect of Carboxyatractyloside on K* Uniport—Although our
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Fic. 4. The effect of NEM on K* uniport. The rate of K* influx
determined from LS traces similar to that shown in Fig. 1 are plotted
versus the dose of NEM added to a pretreatment medium. The assay
procedure, pretreatment procedure, and the assay medium are de-
scribed under “Experimental Procedures.”
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Fi16. 5. The effect of ATP on the uniport of K* and TEA*.
LS kinetics of mitochondria respiring in K*- and TEA*-containing
media are shown. A, data obtained using succinate as the respiratory
substrate. Trace a, K* medium control; trace b, K* medium + ATP
(0.17 mM); trace ¢, TEA* medium control; trace d, TEA* medium +
ATP (0.17 mM). B, data obtained in K* medium using ascorbate and
TMPD as substrates. Trace a, control; trace b, control + ATP (0.2
mM); trace ¢, NEM-treated (30 nmol/mg) mitochondria; trace d,
NEM-treated mitochondria + ATP (0.2 mM). C, data obtained in
TEA* medium using ascorbate and TMPD as substrates. Trace a,
control; trace b, control + ATP (0.2 mM); trace ¢, NEM-treated
mitochondria; trace d, NEM-treated mitochondria + ATP (0.2 mM).
The KOAc assay media and pretreatment procedures are described
under “Experimental Procedures.” The TEA* medium was identical
to the K* medium except for the replacement of K* by TEA*.

finding that ATP inhibits K* uniport is in qualitative agree-
ment with the findings of Inoue et al. (29) our ICs, is more
than 2 orders of magnitude lower than theirs. In fact, since
our values are close to the binding constant for the adenine
nucleotide translocase and since others have suggested that
this carrier may be responsible for K* uniport in mitochondria
(21-23), we investigated the effect of carboxyatractyloside. As
shown by the data in Fig. 7, CAT inhibits swelling, but not to
the same extent as ATP. However, in the presence of CAT,
inhibition by ATP is reduced to about 10%. This effect of
CAT appears to be related to its ability to bind to the trans-
locase since the effect coincides with the dose required (0.25
nmol/mg) to block the translocase. Qualitatively similar re-
sults were obtained in both control and NEM-treated mito-
chondria. In beef heart, mitochondria inhibition by CAT was
less than 5%.

Effect of Cibacron Blue on K* Uniport—In order to deter-
mine whether the inhibition of K* uniport by adenine nucle-
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FiG. 6. Inhibition of K* uniport by ATP, ADP, and AMP.
Dose-response curves are shown for inhibition by ATP (@), ADP (A),
and AMP (B). The data were obtained with NEM- (37 nmol/mg) and
oligomycin-pretreated mitochondria respiring on ascorbate/TMPD.
The rates of K* uniport were determined from the light scattering
kinetics traces similar to those shown in Fig. 6B. The ICs, values,
Hill coefficients, and maximum extent of inhibition observed are for
ATP, 2.1 uM, 1.03, 54%; ADP, 0.4 uMm, 1.01, 60%; AMP, 8.4 uM, 1.02,
48%, respectively. The composition of the assay medium and pretreat-
ment procedure are described under “Experimental Procedures.”
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FiG. 7. The effect of carboxyatractyloside on K* uniport.
LS kinetics of NEM-treated (37 nmol/mg) mitochondria (0.11 mg/
ml) suspended in the standard assay medium containing ascorbate/
TMPD are shown. Traces a, control; traces b, CAT-pretreated (0.5
nmol/mg) mitochondria; traces ¢, control with ATP (0.2 mM) added
to the assay; traces d, CAT-pretreated mitochondria with ATP (0.2
mM) added to the assay. Duplicate traces are shown for each condi-
tion. The composition of the assay medium and pretreatment proce-
dure are described under “Experimental Procedures.”

otides might be related to their binding to the adenine nu-
cleotide translocase, we compared the effect of a number of
nucleotide analogs on K* uniport activity and the translocase.
To facilitate comparison, we assayed the translocase activity
using the same assay medium used to assay K* uniport but
with the respiratory substrates removed and ATP added.
Under these conditions, valinomycin induces rapid swelling
which is dependent on the activity of the adenine nucleotide
translocase and the F,F,-ATPase (33). As shown in Fig. 8,
Cibacron Blue inhibited ATP-dependent swelling with an ICs,
of about 3.5 uM. Surprisingly, however, we found that over
the same dose range Cibacron Blue stimulated K* uniport.
The maximum stimulation appears to be about 2.4-fold with
an ECs, of 12.3 uM. Thus, the ECq, values differ by a factor
of about 3, suggesting that different sites are involved. The
ECs, values and ICs, values for these transport pathways are
compared for a variety of nucleotide analogs in Table I (col-
umns C and D). Of particular interest is the finding that,
although all these drugs inhibit the translocase, not all stim-
ulate K* uniport. In fact, alizarin red is found to inhibit while
eosin has no effect.

Do ATP and CAT Interfere with the Stimulation Induced
by Cibacron Blue?—The data in Fig. 9 show that K* uniport
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which has been inhibited by addition of 10 uM ATP can be
stimulated by Cibacron Blue. In fact, the inhibition is com-
pletely reversed, and the ECs for stimulation appears to be
lower than the control. Stimulation of K* uniport is still
observed when the ATP concentration is raised to 200 uM
and also after inhibition by carboxyatractyloside. Under these
conditions, the ECs, is close to that of the control; however,
the maximum extent of stimulation is much lower. These data
suggest that Cibacron Blue has two effects, first it is able to
stimulate K* uniport and second it is able to displace ATP
but not CAT from its inhibitory site. If the latter is true then
Cibacron Blue should increase the ICs, for ATP.

Does Cibacron Blue Interfere with the Inhibition by ATP—
Fig. 10 contains dose-response curves for inhibition of K*
uniport by ATP in the presence and absence of Cibacron
Blue. In the presence of 6.48, 20, and 30 uM Cibacron Blue
the IC;, is increased from 1.85 to 13.7 uM and 29.3 and 59.7
uM, respectively. From these values, one can calculate that
Cibacron Blue must compete with ATP binding with K, values
of 1.01, 1.3, and 1.1 uM, respectively. These values are about
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Fic. 8. The effect of Cibacron Blue on K* uniport and the
adenine nucleotide translocator. Rates of K* influx into NEM-
treated (39 nmol/mg) mitochondria are plotted versus the concentra-
tion of Cibacron Blue in the assay medium. @, rates limited by
endogenous K* uniport in mitochondria respiring on ascorbate/
TMPD (left-hand scale). A, rates of valinomycin-mediated K* influx
in respiration inhibited mitochondria limited by the entry of ATP
(0.2 mM) into the mitochondria as a substrate for the F,F,-ATPase
(right-hand scale). Except for the presence or absence of respiratory
substrates, ATP and valinomycin, the media were identical and as
described under “Experimental Procedures.” The curves are drawn
on the basis of ECy, values and Hill coefficients of 2.3 uM, 1.32 and
12.3 uM, 1.08 for the translocase and K* uniport, respectively.
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one-tenth the ECs, for stimulation by Cibacron Blue, conse-
quently, a different site must be involved.

Does ATP Inhibit K* Uniport by Binding to the Adenine
Nucleotide Translocase?’—Although it is evident that stimu-
lation of K* uniport by Cibacron Blue and inhibition of the
adenine nucleotide translocase by Cibacron Blue are mediated
via action at different sites, it remains possible that inhibition
of K* uniport by ATP may be mediated via the adenine
nucleotide translocase. Since this inhibition is antagonized by
Cibacron Blue one can predict that the K; for this should
equal the K; for inhibition of the translocase. It is, however,
difficult to compare these values because the assays are carried
out under different conditions especially with respect to the
ATP concentration. Therefore, to investigate this relation-
ship, we have compared the ICs, values for inhibition of the
translocase with the K; values for antagonizing ATP inhibi-
tion of K* uniport for a number of nucleotide analogs. The
data contained in Table I (column B) reveal that with the
exception of bromcresol green all the dyes both inhibit ATP
transport/hydrolysis and protect against inhibition of K*
uniport. It is also evident that the K, for protection by
erythrosin B is lower than that for Cibacron Blue while the
K, for inhibition of ATP transport/hydrolysis is 5-fold higher.
This finding suggests that different sites are involved. How-
ever, since it is also possible that the low ICs, for inhibition
of ATP hydrolysis by Cibacron Blue could reflect inhibition
of the F,F;-ATPase and not the translocase, we also examined
the ICs, values for inhibition of oligomycin-sensitive ATP
hydrolysis in frozen-thawed mitochondria in the presence of
carboxyatractyloside. Under these conditions the ICs, for
Cibacron Blue was actually higher than that for erythrosin.

Nucleotide Analogs Can Inhibit K* Uniport—In several
experiments including those shown in Fig. 9, we observed that
at the lowest doses of Cibacron Blue the rate of swelling was
slightly lower than the control. This suggested that a Cibacron
Blue inhibitory site may in fact exist. More convincing evi-
dence was obtained when we examined the effect of Cibacron
Blue on mitochondria which had not been treated with NEM.
As shown in Fig. 11, in these mitochondria low doses of
Cibacron Blue induce pronounced inhibition of both swelling
(Fig. 11A) and respiration (Fig. 11B). This inhibition is most
evident in the later rates. As shown in Fig. 11C further
increase in dose of Cibacron Blue stimulated both swelling
and respiration with an ECj, value similar to that observed
in NEM-treated mitochondria. The net stimulation above the

TABLE I
Comparison of effects of nucleotide analogs on K* uniport and ATP transport/hydrolysis
ECs, values for inhibition, antagonism of ATP inhibition, and stimulation of K* uniport are given. Except where indicated these data were
obtained with NEM-treated mitochondria as described in the text and under “Experimental Procedures.” ATP transport/hydrolysis
measurements were made by following the swelling in the presence of valinomycin. ATPase activity was determined in frozen-thawed
mitochondria in the presence of CAT (1 nmol/mg) and CCCP (0.6 uM) as described under “Experimental Procedures.”

Effects on K* uniport

Effects on ATP transport/hydrolysis

E, IC; ATP
Drug D, ICsx ATP hydrolysis
A, ICs inhibition B, ECs protection C, EC;, stimulation hydrolysis frozen/
intact mitochondria® thawed
mitochondria
uM M
Cibacron blue 3GA 0.13° 1.35 12.3 3.95 27.7
Erythrosin B Yes® 0.90 13.8 20.4 16.5
Eosin Y None 47.0 None 34.7 24.5
Bromcresol green Yes® o° 16 88.8 84
Alizarin red S 1.3° 22.7 None 53.5 29

“ Determined in the absence of NEM.

® Inhibition was evident up to about 3 uM. Above this, stimulation was observed.

¢ No protection was observed in presence of 68 uM bromcresol green.
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Fic. 9. Effect of ATP and CAT on stimulation of K* uniport
by Cibacron Blue 3GA. Dose-response curves for stimulation of
K* uniport by Cibacron Blue are shown. The experiment was carried
out essentially as described in the legend to Fig. 8. @, control (no
ATP); A, +10 um ATP; O, +200 uMm ATP; O, +CAT (0.5 nmol/mg
added to the pretreatment). The mitochondria were pretreated with
NEM (33 nmol/mg) and oligomycin.
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FiG. 10. Effect of Cibacron Blue on inhibition of K* uniport
by ATP. Dose-response curves for inhibition of K* uniport were
obtained as described in the legend to Fig. 7 in the absence (®) and
presence of Cibacron Blue (A, 6.48 uM; W, 20 M; O, 30 uM). IC;, values
are 1.85, 13.7, 29.3, and 59.7 uM ATP, respectively, based on a
maximum absolute inhibition of 63, 72, 62, and 65%, respectively,
and a Hill slope of 1.0 in each case. The mitochondria were pretreated
with NEM (40 nmol/mg).

control rate is, however, very small.

The data contained in Fig. 12 show the results of an
experiment in which we examined the dose-response relation-
ship for inhibition. The ICs, obtained from both the swelling
traces and the oxygen electrode traces was 0.13 uM with
maximum inhibition of 39% for the respiration and 51% for
K* uniport. Since this ICy, is only one-tenth of the value
estimated for the binding constant of Cibacron Blue at the
ATP-inhibitory site, this inhibitory effect appears to reflect
the existence of a third Cibacron Blue-binding site. The
inhibitory effect is also evident with the other dyes tested
except for eosin Y (see Table I, column A).

The Effect of Glibenclamide on K* Uniport—The possibility
that the ATP-sensitive K* uniport pathway in mitochondria
may be related to the Karp channels of plasma membranes
led us to investigate the effect of glibenclamide, a potent
inhibitor of Kare channels (26-28). Using ascorbate/TMPD
as substrate we found 10% inhibition with 70 uM glibenclam-
ide and no inhibition was observed with 10 uM. With succinate
as substrate, inhibition was about 40%; however, valinomycin-

K* Uniport in Mitochondria

T L
0.3
0.2
100
c
S w0
)
>
X
)
se 90
70
0.8
— <
(@]
=
. 0.7~
[t
= 3
= [w]
P —
x 0.6 o
— <
= 2
e g
=N s 2
3
* Q
-
1 L. L 4
0 20 20 50 80

[Cibacron Blue] (}JM)

FiG. 11. The effect of Cibacron Blue on K* uniport in the
absence of NEM. A, LS kinetics of mitochondria (0.1 mg/ml)
suspended in the standard assay medium respiring on ascorbate/
TMPD are shown. Trace a, control; trace b, 1.6 uM Cibacron Blue;
trace ¢; +66 uM Cibacron Blue. B, oxygen electrode traces from a
parallel experiment with mitochondria at 0.15 mg/ml. Trace a, con-
trol; trace b, +2.8 uM Cibacron Blue; trace ¢, +112 uM Cibacron Blue.
C, dose-response curves obtained by measuring rates of K* uniport
(®) and oxygen consumption (A) between 0.3 and 0.6 min in traces
similar to those shown in A and B, respectively.

dependent K* uptake was also inhibited, suggesting that
glibenclamide inhibits succinate oxidation. Thus, potent in-
hibition of K* uniport in intact mitochondria was not evident.

DISCUSSION

In this paper, we have presented evidence that K* uniport
in intact mitochondria is regulated in a complex manner by
adenine nucleotides and nucleotide analogs. K* uniport is an
electrophoretic process by which K* enters the mitochondrion
down its electrochemical gradient. In respiring mitochondria
this represents a huge driving force and, consequently, leakage
probably accounts for a significant proportion of K* uniport.
As discussed in the Introduction, considerable evidence has
now accumulated which suggests that a specific protein, a
channel or uniporter, may also be involved. This parallel
pathway, however, must be regulated to avoid excessive swell-
ing and uncoupling. The mechanism by which this is achieved
has yet to be established.

In order to establish appropriate assay conditions for K*
uniport, we examined the effect of acetate concentration,
osmolality, and pH on K* uniport. Some workers have em-
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Fi1c. 12. Cibacron Blue inhibits K* uniport at low doses.
Rates of K* uptake (®) and oxygen consumption (A) are plotted
versus the concentration of Cibacron Blue. The experiment was
carried out as described in the legend to Fig. 11. The curves were
both drawn on the basis of a Hill analysis which gave an IC;, of 0.126

uM, and a Hill coefficient of 1,15 in both experiments. The concen-
trations of mitochondria used were 0.11 and 0.32 mg/m], respectively.
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ployed passive swelling in KSCN as an assay for K* uniport
(22); however, under our conditions transport occurs at a very
low rate in this medium. In contrast, respiring mitochondria
swell rapidly in KOAc, even when the concentration of acetate
is decreased to the point where swelling induced by the
addition of nigericin is negligible (Fig. 1). In fact, addition of
nigericin to respiring mitochondria inhibits swelling demon-
strating that K* transport under these conditions must be
occurring via a uniport mechanism. The acetate concentration
and osmolality were selected to obtain conditions where the
respiration rate was not limiting but which gave rapid rates
of K* transport. The effect of acetate concentration on the
rate of K* uniport can best be explained on the basis of an
increase in the membrane potential driving K* uniport. As
the acetate concentration is raised the transmembrane ApH
will decline and a concomitant increase in Ay is expected.
This explanation is consistent with the lack of passive swell-
ing in KSCN. The effect of osmolality/matrix volume on K*
uniport rates in which the transport rate increases as the K*
concentration decreases requires further investigation.

The most interesting finding of the present study is that in
liver mitochondria adenine nucleotides are potent inhibitors
of K* transport. This finding is consistent with the observa-
tion of Webster and Bronk (34) that 5 mM ATP blocks the
energy-dependent transition from the condensed to orthodox
conformation which reflects uptake of K* from the medium.
Our finding that ATP does not affect TEA™ transport suggests
that inhibition of a specific pathway rather than a leak is
being observed. The mechanism of the effect of NEM and
mercurials has yet to be established. A change in gradient
may be involved; however, the finding that NEM increases
the percent inhibition by ATP while mercurials eliminate
inhibition by ATP suggests that interaction with a specific
K* channel may be responsible. The finding that NEM also
stimulates TEA* transport and that this transport becomes
sensitive to ATP suggests that NEM may stimulate transport
by decreasing the selectivity of the K* transport pathway and
thereby increasing its conductance.

Since the IC;, values obtained for ADP and ATP are similar
to the K,, values reported for the translocase (35) it seemed
possible that the adenine nucleotide translocase may be in-
volved. Halestrap’s (22) group has suggested that under cer-
tain conditions the adenine nucleotide translocase is in fact a
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K* uniporter. They have reported that this process is blocked
by ATP and ADP and that this inhibition is blocked by CAT.
In our experiment, however, we have very clearly demon-
strated that like ATP, CAT inhibits K* uniport. Opposing
effects of ADP and CAT have also been observed by others
for other processes not related to adenine nucleotide trans-
port. For example, the Ca®* induced permeability transition
(36, 37) is facilitated by CAT and inhibited by ADP. Similarly,
Panov et al. (38) have reported that K* and H* uniport are
inhibited by ADP and that this inhibition is reversed by CAT.
More recently, Halestrap and Davidson (22) have reported a
similar finding with regard to K* uniport.

These findings are all dependent on the presence of Ca®*
and are probably related to the involvement of the translocase
in the permeability transition. In another study, Rottenberg
and Marbach (39) have reported that Ca®* uniport is stimu-
lated by ADP and that this is reversed by CAT. They have
attributed these effects to a change in conformation of the
adenine nucleotide translocase from the c-state to the m-
state. In view of the abundance of this protein in the inner
membrane, they suggest that this can change the membrane
surface charge and, hence, affect other transport processes. It
is quite possible that such a conformational change could
affect the interaction between the translocase and other mem-
brane components and that this could be the mechanism by
which the translocase modulates the Ca**-induced permeabil-
ity transition (37).

If this were the mechanism by which adenine nucleotides
and CAT affect K* uniport, one would expect CAT and ATP
to have opposite effects, and one would not expect CAT alone
to cause inhibition. These predictions were not confirmed by
our studies. To our knowledge, the only other report of ade-
nine nucleotides and CAT producing similar effects is that by
Skulachev’s group (40) which reported that both CAT and
ADP partially block uncoupling induced by palmitate. Since
these experiments were carried out in the presence of EGTA
to chelate Ca®*, they conclude that this effect is mediated via
the translocase. Another difference between our findings and
other putative “translocase-mediated” effects is that AMP is
effective in our experiment while it does not modulate the
effects reported by others (38, 39).

Thus, while it is quite likely that the observed inhibition
by CAT is mediated via the translocase, inhibition by adenine
nucleotides is probably mediated via a different site. The most
direct evidence for this comes from the 7-fold difference in
the ratio of potencies for inhibition of the translocase and
protection of inhibition of K* uniport by the drugs Cibacron
Blue and erythrosin B.

In this study we have also identified several direct effects
of nucleotide analogs on K* uniport. At high concentrations
in NEM-treated mitochondria, the predominant effect is
stimulation of K* uniport, while at low concentrations inhi-
bition is observed. Inhibition is most evident in non-NEM-
treated mitochondria; however, the ECs, values are suffi-
ciently different that both effects can be detected in a dose-
response curve. Inhibition by Cibacron Blue does not appear
to be related to inhibition by ATP since it can be observed
even in the presence of high doses of ATP. Cibacron Blue and
erythrosin B do, however, appear to be able to antagonize the
inhibition by ATP since they increase the IC;, for ATP.

Thus, the activity of the K* uniport appears to be regulated
by at least three nucleotide analog-binding sites. A high
affinity binding site which inhibits transport, a low affinity
site which stimulates transport even when the high affinity
site is occupied, and an intermediate affinity site which me-
diates inhibition of transport when occupied by adenine nu-
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cleotides but not when occupied by the nucleotide analogs.
The location of these sites has yet to be established; however,
our data suggest that the ATP-inhibitory site is probably
closely associated with the K* channel. This is supported by
our finding that ATP also inhibits K* transport in a partially
purified preparation containing a 53-kDa protein (20).

The physiological function of K* uniport has not been
established. It does, however, provide a pathway for entry of
K* into the mitochondrial matrix and, therefore, may be
important during growth of mitochondria. K* uniport is usu-
ally viewed as an undesired transport which should be mini-
mized and compensated for by electroneutral K*/H* antiport
(3). It is also possible that this futile K* cycle may be impor-
tant in thermogenesis in animals arousing from hibernation
(41). It may also be a point of regulation in the volume
homeostatic mechanism (21, 42, 43). In view of the low ICs,
values for adenine nucleotides found in the present work, one
might wonder whether this pathway could ever operate under
physiological conditions. Our findings on the effects of nu-
cleotide analogs suggest a resolution to this problem. Not only
do these compounds competitively antagonize the effect of
ATP, they also directly stimulate K* uniport by interacting
at a different site. Thus, we propose that an endogenous
compound exists which minimizes the effect of adenine nu-
cleotides. In addition, it is quite possible that another regu-
latory factor may mimic the effect of NEM, thus permitting
even greater stimulation of the putative K* channel.

The sensitivity of K* transport to ATP observed in the
present study suggests that a channel similar to the Karp
channels of plasma membranes (26-28) may be involved. We
were, however, unable to clearly establish glibenclamide in-
hibition, which has been observed in patch-clamp studies (29)
and in a reconstituted system (44). This illustrates the diffi-
culty of studying a highly regulated K* channel in intact
mitochondria and emphasizes the need for studies of the
purified protein.
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