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Mitochondria contain a potassium specific channel (mitoKatp channel) sensitive to
ATP and antidiabetic sulfonylureas. The mitochondrial Katp channel plays an
important role in the mitochondrial volume control and in regulation of the
components of protonmotive force. This minireview describes the properties and
current hypotheses concerning the function of mitoKarp channel.

DISCOVERY OF THE MITOCHONDRIAL
ATP-REGULATED POTASSIUM CHANNEL

Five years ago an ionic channel highly selec-
tive for K™ was found in the inner membrane of
rat liver mitochondria [1]. This channel is
blocked by ATP (hence the abbreviation “mito-
K a1p channel” is used throughout the text) and
by the antidiabetic sulfonylurea derivative,
glibenclamide. Later on, the mitoK y1p channel
was partly purified from the inner membrane
of rat liver and beef heart mitochondria and
wasshown to catalyze electrophoretic K™ trans-
port when reconstituted into phospholipid li-
posomes [2]. In addition to liver and heart
mitochondria, glibenclamide-sensitive potas-
sium transport has recently been discovered in
yeast mitochondria [3].

The mitoKs1p channel shares some pharma-
cological properties with the ATP-regulated K*
channel (K s1p channel) found in plasma mem-
branes of various cells, including endocrine,
smooth muscle, and skeletal muscle cells as

well as in neurons [4, 5]. Plasma membrane
K a1p channels constitute an important class of
ionic channels linking cellular bioenergetics to
plasma membrane potential, playing the role of
a cytosolic ATP sensor [4].

This overview summarizes five years of in-
vestigations on the mitoKarp channel. Essen-
tial properties and current hypotheses concer-
ning the function of this channel are described.
Additionally, T would like to draw the reader’s
attention to future prospects in the mitoK srp
channel field. Detailed information on the mi-
toK o7p channel pharmacology was presented
previously [6].

ISOLATION, PURIFICATION AND RECON-
STITUTION OF THE MITOCHONDRIAL
Katr CHANNEL

The K a1p channel from liver and heart mito-
chondria was isolated, partially purified and
reconstituted into liposomes and “black” lipid
membranes by the group of Garlid [2]. The
purification was performed after solubilization
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of mitochondrial inner-membrane with Triton
X-100 and chromatography on DEAE-cellu-
lose. On SDS-polyacrylamide gel electropho-
resis the preparation gave several minor pro-
tein bands and a major protein band corre-
sponding to 54 kDa. Reconstitution of this
preparation into liposomes conferred the elec-
trophoretic transport of K*, measured with the
fluorescent probe: potassium-binding benzofu-
ran isophtalate (PBFI), into vesicles [2]. Typi-
cally for Karp channels, the transport was
reduced by ATP and by antidiabetic sulfonyl-
ureas. Interestingly, Mg“", which alone had no
effect on the channel activity, was found to
reduce drastically the inhibitory potency of
ghbenclamlde (K; increased from 0. 062 uM to
3.1 uM, in the presence of 3 mM Mg ™

Reconstitution of the partially purified mito-
K a1p channel into planar phospholipids mem-
branes (“black” lipid membranes) was also
performed and enabled to estimate single chan-
nel conductance as 30 pS at saturating K™ con-
centration [2].

PROPERTIES OF THE MITOCHONDRIAL
Katr CHANNEL

Regulation by ATP and guanine nucleotides

The mitoKarp channel is reversibly inacti-
vated by ATP [1]. The channel activity was half
inhibited at 0.8 mM ATP and almostcompletely
blocked at > 2 mM. By contrast, neither ADP
nor GTP had a significant effect on the channel
activity. ATP sensitive currents ran down grad-
ually in inside-out patches, reactivation of the
channel was observed after addition of ATP to,
and its removal from, the bathing solution dur-
ing the run-down period [1]. Similarly to the
plasma membrane K y7p channel, run-down of
the mitoK 41p channel involves dephosphory-
lation of ionic channel protein.

Further studies on ATP inhibition of the mito-
Katp channel were performed after partial
purification and reconstitution of the channel
into phospholipid liposomes [2]. A strong in-
hibitory effect of ATP on K" transport, similar
to that described by Inoue et nI [1], was ob-
served (Kj s = 22-30 pM). Mg was required
to crblam inhibition by ATP: neither ATP nor
Mg alone was effective. In contrast, in intact
mitochondria potassium transport was in-

hibited by Mg”* alone. It is not clear why in-
hibition of the mitoK s1p channel by ADP was
observed after reconstitution into proteolipo-
somes [2] but not in patch-clamp studies on
mitoplasts [1].

It has been shown that guanine nucleotides
reverse the inhibition of mitoK a1p channel by
ATP and ADP [7]. GTP and GDP are able fully
to activate the channel in the presence of 500
UM ATP with K, of 7 pM and 140 pM, respec-
tively. It has been proposed that the endogenous
activators (GIP or GDP) overcome the high af-
finity binding for ATP and play a role of physio-
logical regulators of the mitoK s7p channel [7].

An important point concerns orientation of
the mitoK pp channel in the inner-membrane.
According to Garlid [7], regulatory sites for
ATP and GTP face the cytosol. There are also
some observations suggesting that the ATP
binding site faces the matrix compartment [1].
This problem, important for understanding the
role of the mitoK s1p channels in signal trans-
duction, needs further clarification.

Blockers of the mitochondrial Katp channel

The majority of information about the effects
of various chemical substances on the electro-
phoretic K* transport in mitochondria comes
from studies on intact (isolated) mitochondria.
Experiments of this kind are complicated be-
cause the mitochondrial inner membrane con-
tains several K™ (or other monovalent cation)
transporting systems [8, 9] and the differentia-
tion between them is not always simple. It is
well known that respiring mitochondria ex-
hibit electrophoretic K* uptake, the process
known as K* uniport. Modulation of the activ-
ity of this uniport by adenine nucleotides has
been studied and it was demonstrated that K™
influx was inhibited by adenine nucleotides
with low 1Csq values of 0.5 and 2.3 uM for ADP
and ATP, respectively [10]. The K" transport
was also inhibited by AMP and by a nucleotide
analog belonging to the triazine dve family,
Cibacron Blue F3GA [10]. It was concluded that
K" uniport activity involved at least partly the
mitoK p1p channel [10].

Recently, it has been shown that the K* uni-
port induced by magnesium depletion is
blocked by glibenclamide in a concentration-
dependent manner [11]. Additionally, other
antidiabetic sulfonylureas are also able to block
the K* uniport induced in this way [12].
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Surprisingly, glibenclamide also inhibits Na*
and Ca** uniportin rat liver mitochondria with
a similar affinity [11]. There are several possi-
bilities for the interpretation of the mechanism
of glibenclamide parallel action on K, Na™,
and Ca®* uniports in mitochondria. The equili-
brium binding studies point to the presence of
a single class of binding sites for sulfonylurea
in the inner mitochondrial membrane [11].
Hence, one cannot exclude the possibility that
a sulfonylurea-binding protein (mitochondrial
sulfonylurea receptor) interacts with the pro-
teins forming in membrane pores for K*, Na*
and Ca®*.Itis difficult to draw any conclusions
concerning the mitochondrial receptor for
glibenclamide on the basis of studies per-
formed on the plasma membrane sulfonylurea
receptor. But it is worth mentioning that the
sulfonylurea recePh:tr cloned from B-cells is un-
able to form a K” channel [13] and, only after
co-expression with the channel protein, it
builds a functional complex having the same
properties as the K 1p channel in native mem-
branes [14]. It will be the subject of further
investigations to determine whether a similar
mechanism concerns the mitochondrial sulfo-
nylurea receptor and monovalent cation uni-
ports.

In order to characterize the interactions of
glibenclamide with the inner mitochondrial
membrane, equilibrium binding studies were
performed using *H-labeled glibenclamide
[11]. Asdescribed by Garlid and co-workers [2],
in the reconstituted system, inhibition of the
mitochondrial K rp channel by glibenclamide
occurs at its nanomolar concentration range,
with ICsq of 62 nM. This suggests the presence
of high-affinity binding sites in the inner mito-
chondrial membrane. In contrast, in intact rat
liver mitochondria the presence of only a single
class of low-affinity binding sites for glibencla-
mide in the inner mitochondrial membrane,
with Kyq of 4 pM, was found [11]. The same
results were obtained with the use of '%I-
glibenclamide of higher specific radioactivity
than that of the tritiated compound (Szewczyk,
unpublished observation). Moreover, accord-
ing to Garlid and co-workers [2], the properties
of the rat liver and beef heart mitoK syp chan-
nels are the same in terms of interactions with
glibenclamide. In intact beef heart mitochon-
dria Ky for glibenclamide binding is by one

order of magnitude lower, 300 nM, than that in
rat liver mitochondria [11].

Some discrepancy between the results ob-
tained with intact mitochondria and proteoli-
posome, concerning glibenclamide concen-
tration, was observed (see [6]). Probably the
interaction of glibenclamide with its target pro-
tein in the reconstituted system may differ from
that in the inner mitochondrial membrane be-
cause of differences in their lipid composition.
In fact, in all studies performed on the inner
mitochondrial membrane preparations (mito-
plasts and intact mitochondria) glibenclamide
has been used at concentrations ranging from 5
to 150 uM inorder to inhibit K™ transport [1, 15,
16]. The relatively high concentration of gliben-
clamide required to inhibit the K™ and Na*
uniport in energized mitochondria can be ex-
plained by the fact that the mitochondria are
known to maintain a high concentration of
adenine nucleotides which can, by themselves,
lower the affinity of glibenclamide to its puta-
tive receptor [17].

The pH dependence of the inhibition of K*
uniport activity by glibenclamide, i.e. the ob-
servation that acidic pH raises the potency of
glibenclamide to inhibit these processes [11],
suggests that the blocking property of gliben-
clamide might be restricted to the undissoci-
ated form of the drug (pK, of glibenclamide 6.3,
[18]). This property resembles the mode of ac-
tion of glibenclamide on the plasma membrane
Katp channel [18]. A binding study [19]
showed, that in the cardiac muscles, acidifica-
tion led indeed to an increase of glibenclamide
binding to its receptor, while alkalization
caused its decrease. Observations on mitochon-
dria may suggest that the interaction of sulfo-
nylurea with its target (sulfonylurea receptor)
occurs within the mitochondrial membrarne
[11]. Probably, thiol groups of mitochondrial
sulfonylurea receptor are also important for
glibenclamide binding,. Treatment of mitochon-
drial membranes with mersalyl or N-ethylma-
leimide, substances reacting with SH groups,
affects both B, and Ky of glibenclamide bind-
ing (Szewczyk, Wojcik, unpublished observa-
tion).

Similarities in the properties of plasma mem-
brane Karp channels and mitoK sp channels
concern also their interaction with non-sulfo-
nylurea inhibitors. Plasma membrane K y1p are
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blocked by some non-sulfonylureas (for
example, at-adrenoreceptor blockers, phentol-
amine and clonidine, could inhibit K s7p chan-
nels in P-cells). In insulinoma cells the Katp
channel was also blocked by 8-methoxypso-
ralen [20] and calcium antagonist TMB-8 [21].
Recently, it has been shown that a guanidine
derivative UJ-37883A acts as a vascular Ka1p
channel antagonist [22, 23]. This compound
was also shown to inhibit the K* influx into rat
liver mitochondria [24] thus suggesting that it
is active against the mitoK y7p channel as well.
Moreover, U-37883A binds in mitochondria to
a different binding site than does sulfonylurea,
similarly as in the case of the plasma membrane
sulfonylurea receptor [25].

Activators of the mitochondrial Ks1p channel

Plasma membrane K s1p channels are specifi-
cally activated by such drugs as diazoxide, pi-
nacidil and minoxidil sulfate, known as potas-
sium channel openers (for review see [26]). Po-
tassium channel openers constitute a chemi-
cally diverse group of compounds which are
able to increase the permeability to potassium
ions of various cells containing Ka1p channels
[26].

It has been found that the potassium channel
opener RP66471 induces a decrease of the mi-
tochondrial membrane potential [27]. Since
neither the inhibition of mitochondrial respir-
ation nor the uncoupling of mitochondria was
observed concomitantly, a specific effect on the
mitochondrial membrane potential was postu-
lated. It has been therefore concluded that this
effect is caused by the increase of permeability
of the inner mitochondrial membrane to potas-
sium ions. [nterestingly, the effect of RP66471
on mitochondria was found to be specific for
this compound. All other potassium channel
openersapplied, such as Ro 31-6930, KRN 2391,
aprykalim and nicorandil, were unable to col-
lapse the membrane potential of energized mi-
tochondria. Comparison of RP66471-induced
depolarization in the presence of various
monovalent cations: Li*, Na™, K™ and Rb*,
showed that the amplitude of depolarization in
the presence of K* wassignificantly larger than
that in the presence of Li* or Na*. However, in
the presence of rubidium ions RP66471 in-
duced a significant depolarization of the mem-
brane, similar to that observed in the presence
of K'. Recently, other potassium channel

opener were shown to activate potassium
transport in mitochondria. ATP-inhibited K*
flux was restored by diazoxide (K; /5 = 0.4 uM),
cromakalim (Kj/5 = 1 pM) and two develop-
mental cromakalim analogues, EMD60480 and
EMD57970 (Ky/2 = 6 nM) [28]. Cu® ions at
micromolar concentrations were also shown to
induce glibenclamide sensitive K* transport in
mitochondria [29].

POSSIBLE FUNCTIONS OF THE MITO-
CHONDRIAL Karr CHANNEL

Physiological functions of the mitoK a1p chan-
nels are not clear. This is because of confusing
regulation of this channel. In the view of the
physiological concentration of matrix ATF the
mitoK s1p channel should be closed constantly.
Only a dramatic lowering of the matrix ATP
level should activate the channel and this
would only lead to membrane depolarization
followed by permanent inhibition of mitochon-
drial metabolic activity. It may be speculated
that, in spite of the fact that ATP inhibits the
mitoK orp channel activity, “ATP depletion” is
not the only physiological process leading to
channel activation. Probably other efectors, like
GTP or GDP, are involved in fine regulation of
the mitoK g1p channel activity [30].

According to the present knowledge, the mi-
toK a1p channel may have a dual physiological
function. Firstly, a concerted action of the elec-
trophoretic K* uniport and the electroneutral
K"/H" exchange is believed to be the main
mechanism responsible for maintaining potas-
sium homeostasis within the mitochondrion
and thus for controlling intramitochondrial os-
motic pressure and mitochondrial volume.
Regulatory volume changes are regarded as
one of the important mechanisms of metabolic
control at the mitochondrial level (for review
see [31]). It is of particular importance to estab-
lish whether the mitoKs1p channel activity
could be, at least partly, responsible for the
regulation of mitochondrial metabolism [32].
Observations that glibenclamide and ATP in-
hibit mitochondrial swelling whereas potas-
sium channel openers potentiate the swelling
make it likely that this channel, perhaps
together with other potassium pathways, is in-
volved in mitochondrial regulatory volume
changes [33-35].
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Fig. 1. Interaction of the mitochondrial KATp channel with various efectors. SU, mitochondrial sulfonylurea

receptor.

Secondly, energization of mitochondria is ac-
companied by a net uptake of K" , partly in-
hibited by glibenclamide and activated by the
well known openers of the plasma membrane
potassium channel, pinacidil and P1060 [36].
This is compatible with the hypothesis that
potassium uptake upon energization partly
compensates the electric charge transfer pro-
duced by the proton pump and thus enables the
formation of ApH along with AW. This was
further substantiated by the observation that
the rate of ApH formation increases with in-
creasing K* concentration in the external me-
dium and thus with increasing rate of K* influx
[37]. The final steady-state value of ApH also
increases whereas that of AY decreases at in-
creasing K" concentration so that the resultant
protonmotive force remains practically un-
changed. The assumption that K™ transport ac-
counts for the formation of ApH is also
supported by the observation that both the rate
of ApH formation and its steady-state level in
energized mitochondria are increased by the
potent opener of ATP-regulated K* channel,
RP66471 [37]. As shown previously [27], this
compound decreases AW of energized liver mi-
tochondria by increasing the permeability of
the inner mitochondrial membrane to K.

All this would also suggest possible involve-
ment of the mitochondrial Katp channel in
regulation of processes driven by the mitochon-
drial transmembrane potential, e.g., adenine
nucleotide transport or calcium uptake, and
pH, e.g., phosphate and pyruvate transport.

CONCLUSIONS AND PERSPECTIVES FOR
FURTHER RESEARCH

Studies on the mitoK s1p channel started only
five years ago. Hence, our knowledge on this
channel is far from being complete. Addition-
ally, contradictory data obtained in different
laboratories working on the mitoK ap channel
pose problems to be solved in near future, in
particular:

—where on the channel molecule is located the
nucleotide-binding site, i.e., whether it does
face the outer or the inner leaflet (matrix side)
of the mitochondrial inner membrane;

—what is the specificity of interactions of
adenine nucleotides with the mitoKATpP chan-
nel; in other words why, depending on the
experimental procedure, different nucleo-
tides affect channel activity with different

potency;
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-what s the mode of action of potassium chan-
nel openers on the mitoKATp channel,

~how do sulfonylureas interact with mito-
Karp?

—is ATP a physiological modulator of the mito-
Karp channel or is the channel activity con-
trolled by GTP and /or GDP in the presence of
ATP;

—why only the ATP-Mg complex and not free
ATP affects channel activity in reconstituted
system; does this mean that some phosphory-
lation events are involved in the mitoKaTp
channel inhibition;

—are there physiological modulators of this
channel other than adenine and guanine nu-
cleotides;

—are the so called extrapancreatic effects [38] of
antidiabetic sulfonylureas due to the interac-
tion of these compounds with the mitoK sTp
channel.

The interest in the mitoKap channel will
grow because of its possible role in mitochon-
drial energetics. Additionally, this channel
could be an important intracellular target for
drug design to act on the plasma membrane
Katp channel. The latter point seems to be of
great importance for medical application of ac-
tivators and inhibitors of potassium channels.

The author thanks Professor Lech Wojtczak
and Professor Maciej ]. Naltecz for discussions
on the subject of Kap channels during prep-
aration of this manuscript.
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