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Abstract

The mechanism of cytochrome ¢ release from mitochondria in apoptosis remains obscure, although it is known to be regulated by bcl-2
family proteins. Here we describe a set of novel apoptotic phenomena—stimulation of the mitochondrial potassium uptake preceding
cytochrome ¢ release and regulation of such potassium uptake by bcl-2 family proteins. As a result of increased potassium uptake,
mitochondria undergo moderate swelling sufficient to release cytochrome c. Overexpression of bcl-2 protein prevented the mitochondrial
potassium uptake as well as cytochrome ¢ release in apoptosis. Bcl-2 was found to upregulate the mitochondrial potassium efflux
mechanism—the K/H exchanger. Specific activation of the mitochondrial K-uniporter led to cytochrome c release, which was inhibited by
bel-2. tBid had an opposite effect—it stimulated mitochondrial potassium uptake resulting in cytochrome c release. The described counter-
regulation of mitochondrial potassium transport by bcl-2 and Bid suggests a novel view of a mechanism of cytochrome ¢ release from

mitochondria in apoptosis.
© 2003 Elsevier Science B.V. All rights reserved.
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There are currently two major contending hypotheses on
the mechanism of cytochrome c release from mitochondria
in apoptosis [1]. One suggests that cytochrome ¢ exits the
mitochondrial intermembrane space via ruptures in the outer
mitochondrial membrane during swelling, mediated by the
mitochondrial permeability transition (MPT) [2]. The other
advocates MPT-independent permeabilization of the outer
mitochondrial membrane caused by pro-apoptotic bcl-2
family proteins, such as Bax [3]. It is not clear how pro-
apoptotic bcl-2 family proteins induce permeabilization of
the outer mitochondrial membrane and release of cyto-
chrome ¢ or how the anti-apoptotic protein, bcl-2, protects
mitochondria and prevents the release of cytochrome c. In
earlier work [4] we observed transient bcl-2-sensitive mito-
chondrial swelling, coincident with potassium accumulation
in the organelles and preceding the MPT during apoptosis.
The observed modification of mitochondrial potassium
transport during apoptosis may be another mechanism
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involved in cytochrome c release in addition to the MPT
and swelling-independent Bax-mediated release. This moti-
vated further study on mitochondrial potassium transport in
apoptosis and the effect of bcl-2 family proteins on it.
Mitochondrial potassium transport, represented by uptake
via the K-uniporter (Katp channel) and efflux via the K/H-
exchanger, controls mitochondrial volume [5]. Net uptake of
potassium leads to a volume increase, which may be
sufficient to make the outer mitochondrial membrane per-
meable to cytochrome c.

As a model system, we chose the HL-60 cell line stably
transfected (as described in Ref. [4]) with either bcl-2 (HL-
60/bcl-2) or with the empty vector (HL-60/neo) as a control.
Apoptosis was induced with etoposide. In HL-60/neo cells,
cytochrome c release from mitochondria started between 1.5
and 2 h after the beginning of treatment (Fig. 1A, top). This
was followed by activation of caspase-3 (Fig. 1A, bottom).
Overexpression of bcl-2 in HL-60/bcl-2 cells inhibited
cytochrome c release as well as caspase-3 activation.

To evaluate the function of the mitochondrial K-uniporter
during apoptosis, we rapidly isolated mitochondria at the
indicated times after the induction and measured potassium
influx via the uniporter. The assay revealed stimulation of

0005-2728/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0005-2728(03)00005-7



2 R.A. Eliseev et al. / Biochimica et Biophysica Acta 1604 (2003) 1-5

A
6 =
O Neo/Etop o

o g 5F W Bcl-2/Etop 3

33

28 ]

35 3f 1

=¥

ST 2f :

1 .

o 20t G Neo/Etop 1 7

o3 B Bcl-2/Etop ]

& ©151 1

q P

a2

S =10 .

23

S ' 5L 1

) j

0 1.5 2 3
Time, h

B :

c 70 ] ©-Neo
€ E 1 -®-Neo/Etop
g’ 60: ] &-Bcl-2
3 E ] ©-Bcl-2/Etop
E 50} 1 -+-RLM/recBcl-2
N | =-RLM
= 40

£ [

< 30§,

Time, h

O Neo ERLM
B Bcl-2 Z RLM/recBcl-2

-
N
o

N
o

K" flux, % of control
(o]
o

Fig. 1. Cytochrome c release and mitochondrial potassium transport during
apoptosis in HL-60 cells. (A) Apoptosis was induced with etoposide and
cytosolic fractions prepared at indicated times as described in [4]. Cytosolic
cytochrome ¢ (top panel) was measured by Western blotting and
densitometry; active caspase-3 was measured by cleavage of Ac-DEVD-
amc [6] (bottom panel). (B) K influx into mitochondria isolated from
etoposide-induced HL-60 cells at indicated times as in Ref. [4] or from
intact rat liver as in Ref. [7]. K" influx calculated from the rate of swelling
in K" acetate (KAc) [8], measured by light scattering. Recombinant Bcl-2
(recBcel-2) (R & D Systems), 1 pg/ml, was added to RLM where indicated.
(C) Effect of bel-2 on K fluxes via the mitochondrial K-uniporter (Influx)
and K/H-exchanger (Efflux). K" influx was measured as described above;
K" efflux was assayed as in Ref. [9] by measuring light scattering changes
caused by mitochondrial swelling due to net uptake of K via a K/H-
exchanger working in a reverse mode. Data are means = S.D. (n=5).

mitochondrial potassium influx in induced HL-60/neo cells,
noticeable as early as at 1 h and reaching maximum at 1.5 h
after the beginning of treatment, i.e. before the release of
cytochrome ¢ (Fig. 1B). The permeability of mitochondria

to other ions, such as sodium, was also tested during
apoptosis and found to be unchanged, suggesting that the
effect was specific for potassium (Data not shown). The
increased potassium influx into mitochondria may be a
reason for the transient potassium accumulation and swel-
ling of mitochondria documented in our earlier report [4].

Importantly, in both untreated and etoposide-treated HL-
60/bel-2 cells, the potassium influx remained unchanged
and significantly lower than that in untreated HL-60/neo
cells. The effect of bcl-2 was further studied on isolated rat
liver mitochondria (RLM). The influx of potassium in
control RLM was comparable to that in control HL-60/neo
mitochondria. The addition of recombinant bcl-2 protein
(recBcl-2) to the RLM led to the inhibition of potassium
influx (Fig. 1B), further proving a limiting effect of bcl-2
protein on mitochondrial potassium uptake. We have there-
fore shown that both overexpression of bcl-2 in HL-60 cells
and addition of recBcl-2 to RLM led to the decrease in net
potassium influx into mitochondria (Fig. 1C). However, the
observed reduction of the net potassium influx could be due
to the increased efflux of potassium via the K/H-exchanger.
To test this hypothesis, we measured the potassium flux via
the mitochondrial K/H-exchanger in both mitochondria
from HL-60 cells and RLM in the presence or absence of
bcl-2. The assay revealed that overexpression of bel-2 led to
the increased potassium flux via the mitochondrial K/H-
exchanger in the HL-60/bcl-2 cells compared to the HL-60/
neo cells, and that in RLM addition of recBcl-2 also resulted
in increased potassium flux via the K/H-exchanger (Fig.
1C). These data indicate that bcl-2 upregulates the mito-
chondrial K/H-exchanger, thereby increasing potassium
efflux and facilitating the removal of excess potassium from
mitochondria, resulting in decreased net uptake of potas-
sium by mitochondria.

Mitochondrial potassium uptake via the K-uniporter
results in a slight depolarization of mitochondria [10],
incomparable to a drastic MPT-induced depolarization
[11]. We, therefore, measured the mitochondrial membrane
potential (AWm) in cells treated with etoposide. The assay
revealed only an insignificant decrease in AWm in the HL-
60/neo cells, consistent with potassium uptake at a time
preceding cytochrome c release (Fig. 2A). We also measured
oxygen consumption of mitochondria isolated at the indi-
cated times from HL-60/neo and HL-60/bcl-2 cells. Oxygen
consumption was found to be higher in mitochondria from
cells treated with etoposide for 1.5 h (Fig. 2B), i.e. at the time
when the mitochondrial potassium influx reached maximum.
Influx of potassium into mitochondria inevitably results in
some stimulation of respiration [10], therefore the oxygen
consumption data are consistent with potassium influx data.
It is of importance that the respiration was equally stimulated
in HL-60/bcl-2 cells, although the net potassium influx was
lower compared to that in HL-60/neo cells. This may be an
evidence that in induced HL-60/bcl-2 cells, the potassium
flux via the mitochondrial K-uniporter was increased, lead-
ing to the observed stimulation of respiration, but the net
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Fig. 2. Mitochondrial membrane potential (AWm) and oxygen consumption
in apoptosis. (A) AWm was measured by monitoring DNP-sensitive TPP"
uptake [12] into mitochondria in digitonin-permeabilized cells [13]. TPP*
was measured with a pre-calibrated TPP -sensitive electrode. (B) Oxygen
consumption in mitochondria isolated from HL-60 cells was measured with
a Clark oxygen electrode [14]. Data are means + S.D. (n=23).

potassium influx into mitochondria remained low due to the
upregulation of potassium efflux by bcl-2.

To find out if a specific stimulation of mitochondrial
potassium uptake via the K-uniporter is sufficient to release
cytochrome ¢, we incubated cells with diazoxide. At low
concentration (30 pM), diazoxide only opens the mitochon-
drial K-uniporter and not the plasma membrane K-channel
[10]. We found that diazoxide-induced stimulation of mito-
chondrial potassium uptake results in cytochrome c¢ release
from mitochondria (Fig. 3A, top), which is inhibitable by a
specific inhibitor of the mitochondrial K-uniporter 5-
hydroxydecanoate (5-HD) as well as by overexpression of
bel-2 as in HL-60/bcl-2 cells. The released cytochrome ¢
was enough to activate caspase-3, an event also prevented
by both 5-HD and bcl-2 overexpression (Fig. 3A, bottom).
In isolated RLM, stimulation of mitochondrial potassium
uptake resulted in swelling, which was significantly slower
and less pronounced than MPT-induced swelling (Fig. 3B),
but was nevertheless sufficient to release cytochrome ¢ (Fig.
3C). Both potassium-induced swelling and cytochrome ¢
release in RLM were inhibited by addition of recBcl-2. The
effect of bcl-2 was similar to the effect of ATP—a known
inhibitor of the mitochondrial K-uniporter, also-called the
Katp channel because of its sensitivity to ATP [10]. These
data confirm that stimulation of mitochondrial potassium
uptake via the K-uniporter both in situ and in vitro is

sufficient to release cytochrome ¢ from mitochondria, an
event inhibited by bcl-2.

We have therefore shown that bcl-2 protein limits potas-
sium uptake into mitochondria most likely by upregulating
the mitochondrial potassium efflux mechanism—K/H-
exchanger. However, it was not clear which apoptotic factor
might trigger observed bcl-2 sensitive potassium uptake via
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Fig. 3. Induction of mitochondrial potassium influx via a K-uniporter in situ
and in vitro results in cytochrome c¢ release sensitive to bel-2. (A) HL-60/
neo (columns 1-3) and HL-60/bcl-2 (column 4) cells were incubated for 3
h with 30 pM diazoxide, where indicated, in the presence or absence of 300
puM 5-HD. Cytosolic cytochrome ¢ and active caspase-3 were measured as
described in Fig. 1. Data are means = S.D. (n=3). (B) Swelling of RLM
was determined by decrease in light scattering. Conditions are the same as
in Fig. 1B. RLM swell in KAc (unlabeled curve). recBcl-2 (+recBcl-2), 1
pg/ml, inhibits potassium-induced swelling similarly to 200 pM ATP
(+ATP). MPT-mediated swelling (MPT) is much faster and more
pronounced. MPT induced with 0.5 mM CaCl,. Arrowhead indicates time
of withdrawing samples for cytochrome c assay. (C) Samples of RLM after
5 min of either K* uptake or the MPT were taken as indicated in B;
mitochondria were pelleted and the supernatant analyzed by Western
blotting for cytochrome c.
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the mitochondrial K-uniporter during apoptosis. In searching
for such a trigger, we tested the effect of the pro-apoptotic
bel-2 family proteins Bax and Bid on the mitochondrial K-
uniporter as well as on the mitochondrial K/H-exchanger.
Bax and Bid are commonly known factors that translocate
into mitochondria and induce cytochrome c release [3]. It is
known that a truncation of the N-terminal of Bid by caspase-
8 [15] or of the N-terminal of Bax by calpain [16] increases
their ability to translocate into mitochondria and release
cytochrome c. For that reason, we purchased N-terminal
truncated Bid, tBid, and produced a recombinant N-terminal
truncated Bax, tBax, and studied their effect on isolated
mitochondria (RLM). The addition of tBax to RLM resulted
in release of cytochrome ¢ (Fig. 4A) without any effect on
the mitochondrial potassium uptake, efflux or AWm (Data
not shown). This indicates that Bax permeabilizes the outer
mitochondrial membrane to cytochrome ¢ via a potassium-
and swelling-independent pathway, confirming the previous
results from other groups [17]. In the presence of bcl-2, tBax-
induced cytochrome c release was only diminished but not
completely stopped, possibly due to the fact that we used the
highly active form of Bax—tBax. Meanwhile, the addition of
tBid to isolated RLM drastically increased the mitochondrial
potassium uptake via the K-uniporter in a bcl-2-sensitive
way (Fig. 4B), resulting in a bcl-2-sensitive release of
cytochrome ¢ (Fig. 4C). The mitochondrial K/H-exchanger
was unaffected. The effect of tBid was further proved by
using a different assay of mitochondrial K™ uptake. We
monitored matrix potassium with a K -sensitive fluorescent
probe PBFI (Fig. 4D). Respiring control RLM resuspended
in a KCl-based buffer took up K" (unlabeled curve). Addi-
tion of valimomycin as a positive control resulted in drastic
increase in matrix K*. The K-uniporter inhibitor, glibencla-
mide, stopped K" uptake in RLM. The same was observed in
the presence of recBcl-2. tBid activated K" uptake, and the
combination of tBid and Bcl-2 resulted in K" uptake iden-
tical to control (not shown). These findings indicate that tBid
may be the stimulus that triggers the observed potassium
uptake into mitochondria during apoptosis.

Our results show that bcl-2 family proteins regulate
mitochondrial potassium transport. Anti-apoptotic bcl-2
upregulates the potassium efflux mechanism, the K/H-
exchanger, and prevents potassium uptake into mitochon-
dria, while pro-apoptotic Bid stimulates potassium influx
into mitochondria via the K-uniporter. The stimulation of
mitochondrial potassium uptake leads to the mitochondrial
swelling which is less pronounced than the MPT-mediated
swelling and not accompanied by a significant depolariza-
tion, but can be, however, sufficient to release cytochrome c.
We have found that the activation of the mitochondrial K-
uniporter occurs early in etoposide-induced apoptosis in
HL-60 cells and precedes the release of cytochrome ¢ from
mitochondria. Both events, potassium uptake and cyto-
chrome c release, are prevented by bcl-2 overexpression.
The specific activation of mitochondrial potassium uptake
via the K-uniporter results in cytochrome c release, which
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Fig. 4. Effect of recombinant tBax and tBid proteins on mitochondrial K*
uptake and cytochrome ¢ release. (A) Cytochrome c¢ release induced by 1
pg/ml tBax. Recombinant tBax (Al-38 aa) was produced using MBP
fusion system [18]. MBP tag was then cleaved with 3C protease, yielding
pure tBax. Random sequence was expressed as a “mock” protein. (B) K"
influx and efflux in RLM were measured as in Fig. 1 in the presence of 1
pg/ml recombinant tBid (R & D Systems) + 1 pg/ml recBcl-2 or mock
protein. Data are means + S.D. (n=3). (C) Supernatants from RLM
undergoing K" uptake in the presence of tBid + recBcl-2 or of “mock”
protein for 10 min were subjected to Western blotting for cytochrome c. (D)
Matrix K was measured using PBFI. Mitochondria were loaded with
PBFI-AM for 20 min at r.t., washed and resuspended in KCI based buffer
[14] with no further additions (unlabeled curve); 1 pM Valinomycin (Val.),
1 pg/ml tBid, 1 pg/ml Bcel-2 or 10 uM Glibenclamide (Glib.). F340/350 Was
measured in a spectrofluorimeter. Data are representatives of three
independent trials.

again is inhibitable by bcl-2. Bax did not affect the mito-
chondrial K-uniporter and released cytochrome ¢ without
any noticeable potassium uptake or depolarization.

The data presented here suggest a novel explanation for
earlier observations of cytochrome c release from mitochon-
dria in apoptosis and its regulation by bcl-2 family proteins.
The existing controversy over the mechanism of cyto-
chrome c release arises from insufficient evidence that either
the MPT-mediated swelling or swelling-independent Bax/
Bid-mediated channel plays a major role in permeabilization
of the outer mitochondrial membrane to cytochrome c.
Although mitochondrial swelling has been frequently
observed in apoptosis [19], depolarization—a hallmark of
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the MPT—is not always obvious [20], neither is the effect of
a specific MPT inhibitor, cyclosporin a [4]. Moreover, Bax
and Bid have been shown to release cytochrome ¢ from
isolated mitochondria independently of the MPT [21].
Scorrano et al. [22] showed that Bid causes MPT-independ-
ent rearranging of mitochondrial cristae, opening of intra-
cristae spaces and blebbing of mitochondria resulting in
rupture of the outer membrane. Such conformational
changes are impossible without changes in matrix volume,
the major regulator of which is the osmotically active
potassium transport. Our results may clarify the mechanism
of action of Bid. Observed stimulation of the mitochondrial
potassium uptake via the K-uniporter induced by tBid may
change the conformation of cristae and result in a moderate
MPT-independent volume increase and blebbing.

We did not detect any effect of Bax on the mitochondrial
potassium uptake, suggesting a different, potassium-inde-
pendent mechanism of Bax action. Bax may form channels
that facilitate translocation of cytochrome ¢ across the outer
mitochondrial membrane in the absence of swelling or
conformational changes of mitochondria induced by either
potassium uptake or the MPT.

Our study suggests novel aspects of apoptotic signaling,
the involvement of the mitochondrial potassium transport
systems in cytochrome c release, and counter-regulation of
the potassium transporters by anti-apoptotic bcl-2 protein
and pro-apoptotic Bid protein.

Acknowledgements

We thank A. Alexandrov and S. Pascal for sharing H-3C-
MBP vector and for help with protein expression. This work
was supported by NIH-ES 10041 Grant.

References

[1] X. Liu, C.N. Kim, J. Yang, R. Jemmerson, X. Wang, Induction of
apoptotic program in cell-free extracts: requirement for dATP and
cytochrome ¢, Cell 86 (1996) 147—157.

[2] G. Kroemer, N. Zamzami, S.A. Susin, Mitochondrial control of apop-
tosis, Immunol. Today 18 (1997) 44—51.

[3] J.C. Reed, Double identity for proteins of the Bcl-2 family, Nature
387 (1997) 773-776.

[4] R.A. Eliseev, K.K. Gunter, T.E. Gunter, Bcl-2 sensitive mitochondrial
potassium accumulation and swelling in apoptosis, Mitochondrion 1
(2002) 361-370.

[5] K.D. Garlid, Cation transport in mitochondria—the potassium cycle,
Biochim. Biophys. Acta 1275 (1996) 123-126.

[6] D.W. Nicholson, A. Ali, N. Thornberry, K. Ding, Y. Gareau, M.
Labelle, N. Munday, M. Smulson, V. Yu, D. Miller, Identification and
inhibition of the ICE/CED-3 protease necessary for mammalian apop-
tosis, Nature 376 (1995) 37—43.

[7] T.E. Gunter, J.H. Chace, J.S. Puskin, K.K. Gunter, Mechanism of
sodium independent calcium efflux from rat liver mitochondria, Bio-
chemistry 22 (1983) 6341-6351.

[8] A.Beavis, Y. Lu, K. Garlid, On the regulation of K" uniport in intact
mitochondria by adenine nucleotides and nucleotide analogs, J. Biol.
Chem. 268 (1993) 997-1004.

[91 A.D. Beavis, K.D. Garlid, Evidence for the allosteric regulation of the
mitochondrial K'/H" antiporter by matrix protons, J. Biol. Chem. 265
(1990) 2538—-2545.

[10] A. Kowaltowski, S. Seetharaman, P. Paucek, K. Garlid, Bioenergetic
consequences of opening the ATP-sensitive K™ channel of heart mi-
tochondria, Am. J. Physiol. 280 (2001) H649—-H657.

[11] T.E. Gunter, D.R. Pfeiffer, Mechanisms by which mitochondria trans-
port calcium, Am. J. Physiol. 258 (1990) C755-C786.

[12] N. Kamo, M. Muratsugu, R. Hongoh, Y. Kobatake, Membrane po-
tential of mitochondria measured with an electrode sensitive to tetra-
phenyl phosphonium and relationship between proton electrochemical
potential and phosphorilation potential in steady state, J. Membr. Biol.
49 (1979) 105-121.

[13] G. Fiskum, Intracellular levels and distribution of Ca®* in digitonin-
permeabilized cells, Cell Calcium 6 (1985) 25-37.

[14] B.D. Jensen, K.K. Gunter, T.E. Gunter, The efficiencies of the com-
ponent steps of oxydative phosphorylation, Arch. Biochem. Biophys.
248 (1986) 305—323.

[15] X. Luo, I. Budihardjo, H. Zou, C. Slaughter, X. Wang, Bid, a bcl-2
interacting protein, mediates cytochrome c release from mitochondria
in response to activation of cell surface death receptors, Cell 94
(1998) 481-490.

[16] D.E. Wood, A. Thomas, L. Devi, Y. Berman, R. Beavis, J.C. Reed,
E.L. Newcomb, Bax cleavage is mediated by calpain during drug-
induced apoptosis, Oncogene 17 (1998) 1069—-1078.

[17] R. Eskes, B. Antonsson, A. Osen-Sand, S. Montessuit, C. Richter, R.
Sadoul, G. Mazzei, A. Nichols, J.C. Martonou, Bax-induced cyto-
chrome c release from mitochondria is independent of the permeabil-
ity transition pore but highly dependent on Mg® " ions, J. Cell Biol.
143 (1998) 217-224.

[18] A. Alexandrov, K. Dutta, S.M. Pascal, MBP fusion protein with a
viral protease cleavage/purification of insoluble proteins, BioTech-
niques 30 (2001) 1194—1198.

[19] M. Karbowski, C. Kurono, M. Wozniak, M. Teranishi, J. Usukura, T.
Wakabayashi, Free radical induced megamitochondria formation and
apoptosis, Free Radic. Biol. Med. 26 (1999) 396—-409.

[20] R.M. Kluck, E. Bossy-Wetzel, D.R. Green, D.D. Newmeyer, The
release of cytochrome ¢ from mitochondria: a primary site for bel-2
regulation of apoptosis, Science 275 (1997) 1132—1136.

[21] O. von Ahsen, C. Renken, R. Kluck, E. Bossy-Wetzel, D. New-
meyer, Preservation of mitochondrial structure and function after
Bid- or Bax-mediated cytochrome c release, J. Cell Biol. 150 (2000)
1027-1036.

[22] L. Scorrano, M. Ashiya, K. Buttle, S. Weiller, S. Oakes, C. Mannella,
S. Korsemeyer, A distinct pathway remodels mitochondrial cristae
and mobilizes cytochrome ¢ during apoptosis, Dev. Cell Biol. 2
(2002) 55-67.



	Bcl-2 and tBid proteins counter-regulate mitochondrial potassium transport
	Acknowledgements
	References


