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Abstract. Mcl-1, a member of th@&cl-2 family, has been maintained between cell proliferation, cell differentia-
identified as an inhibitor of apoptosis induced by anti-tion, and cell death. Alterations in this balance are im-
cancer agents and radiation in myeloblastic leukemiglicated in various human diseases including cancer, vi
cells. The molecular mechanism underlying this phe-ral infections, autoimmune diseases, neurodegenerati\
nomenon, however, is not yet understood. In the preserdisorders and AIDS (acquired immunodeficiency syn-
study, we report that hyperpolarization of the membranedrome). Recent studies suggest that domainBdhx
potential is required for prevention aficl-1 mediated and probably other members of the family of viability-
cell death in murine myeloblastic FDC-P1 cells. In cellsregulation protein8cl-2 are similar to pore-forming do-
transfected withmcl-1, the membrane potential, mea- mains of bacterial toxins, which can form ion channels in
sured by the whole-cell patch clamp, was hyperpolarizedntracellular membranes (Muchmore et al., 1996; Schen
more than —30 mV compared with control cells. Thedel et al., 1997). Analysis of the three-dimensional
membrane potential was repolarized by increased extrastructure ofBcl-x_ revealed the existence of a pore-
cellular K* concentration (56 mV per 10-fold change in forming domain composed of two central hydrophobic
K™ concentration). Using the cell-attached patch-clampx-helices surrounded by five amphipathic helices, as
technique, K channel activity was 1.7 times higher in well as a sixty-residue flexible loop. This tertiary struc-
mcl-1transfected cells (NP= 22.7 + 3.3%) than control ture has homology with the membrane translocation do
cells (NR, = 13.2 £ 1.9%). Viabilities of control and main of colicin and diphtheria toxins (Muchmore et al.,
mcl-1transfected cells after treatment with the cytotoxin 1996), toxins that are thought to dimerize and form a
etoposide (20pg/ml), were 37.9 + 3.9% and 78.2 + membrane pore. In an analogous fashiBol-x_forms
2.0%, respectively. Suppression of khannel activity —pores in artificial membranes (Minn et al., 1997), and
by 4-aminopyridine (4-AP) before etoposide treatmentBcl-2 forms cation-selective channels in lipid mem-
significantly reduced the viability ofcl-1 transfected branes (Schendel et al., 1997). A pore-forming mecha
cells to 49.0 + 4.6%. These results indicate that as pamism is involved in the homeostasis of cellular organ-
of the prevention of cell deatimcl-1 causes a hyperpo- elles, particularly in the mitochondria, and may protect
larization of membrane potential through activation of cells against abnormal electrochemical changes (Gajev
K™ channel activity. ski & Thompson, 1996).

Mcl-1, is a viability-promoting member of thBcl-2
family that is expressed in immature cell as they initiate
differentiation. Whermcl-1who transfected into imma-
ture myeloid cell, it was found to have a function similar
to that of Bcl-2 in that it promoted cell survival in re-
sponse to a variety of apoptotic stimuli including the
Cell death is a normal physiological process in cell de-antitumor drug etoposide, calcium ionphore, UV irradia-
velopment and tissue homeostasis, where a balance ifn, and the withdrawal of essential growth factors

(Zhou et al., 1997)Mcl-1 also prolonged the viability of
I Chinese hamster ovary (CHO) cells undergoing apopto
Correspondence td:. Lu sis in response to-mycoverexpression (Reynolds et al.,
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1994). Mcl-1 binds to Bax and inhibits Baxinduced transfectant clone; thus, survival differences arising from clonal varia-
death of yeast cells in both the yeast two-hybrid Systemion were eliminated. Clonal transfectant lines derived from FDC-P1
and cell-free systems (Sato et al., 199%)cl-1 also in- cells, 8.5MAMneoand 7.5MAMmcl-1,were maintained in transfectant

teracts withBaxin mouse cell. and this mav contribute to growth medium composed of phenol red-free RPMI 1640 medium
! Yy supplemented with 25 mHEPES, 0.0004% (v/vp-mercaptoethanol,

the prolong cell viability under apoptosis-inducing con- 109, FBS, 10% conditioned medium from WEHI-3b cells as a source
ditions (Zhou et al., 1997). The mechanism throughof IL-3, 50 U/ml penicillin, 50 pg/ml streptomycin, and 0.4 mg/ml
which mcl-1 promotes cell survival, however, is still not geneticin (G-418) (Gibco, BRL).

clearly understood.

Voltage-gated K channels play an important role in
cell proliferation, cell differentiation, and programmed
cell death (Lu et al., 1993; Xu, Wilson & Lu, 1996; There were two kinds of constructions: pMANtI-1 and pMAMneo
Wang et al., 1997). A variety of agents that cause celblasmids. The pMAMmcl-1 plasmidwas constructed by inserting the
death by apoptosis are known to inhibit Khannel ac- ¢DNA clone containing the entimacl-1coding region into the pMAM-
tivity. Thus, reactive oxygen species (ROS) inhibit Kv I“eoﬂ‘:?‘:tor btew‘t’eersa” and x%}' rlelSt_”C“O”de”Ztﬁme C'et""Vilnngittﬁs-

H H . n IS context, expression Cl-1 IS unaer e control o e
channel activity (Bright, Kar & Kar, 1994’ Du_prat etal, MAMTV-LTR promc?ter. pMAMneo plasmid, lacking themcl-1 in-
1995), and can cause cell death that is inhibited®bly2 sert, was used as the control.

(Hockenbery et al., 1993; Kane et al., 1993). Another

apoptosis-inducing agent, TNiinhibits the expression

of both the inward rectifying and outward'kchannels, ~ELECTROPORATION AND CLONING OF TRANSFECTANTS
decreases Keurrent amplItL_Jde .m Ollquendrocytes’ and One day prior to electroporation, FDC-P1 cells were dilutedl &« 1¢°
Causes membrane depolarization. This precedes and Co&e'lls/ml with standard medium. The following day cells were washed
tributes to eventual cell damage (Soliven, Szuchet &yice with, and resuspended in, ice-cold PR & 10 cells/ml. The
Nelson, 1991), whereBcl-2 can also prevent TNF- target DNA (10ng) was then added to 0.5 ml of cell suspension and
induced death (Pitti et al., 1996; Thompson, 1995; Szabmcubated on ice for 10 min. Electroporation was performed on a
et al., 1996). Similarly, activation of Fas leads to inhi- Genepulser using settings of 250 V and %8 Electroporated cells (5

bition of the n-type K channel (K1.3) in Jurkat T |ym_ x 10° cells/ml) were incubated on ice for 10 min and then incubated at
phocytes (Pitti etal., 1996). 37°C in enriched medium consisting of RPMI 1640 supplemented

Si . f is-ind d inhibi with 20% FBS, 20% WEHI-3b conditioned medium, penicillin/
Ince a variety of apoptosis-induced agents inni 'tstreptomycin, and3-mercaptoethanol as described above. After 2

K™ channel activity generally as an early effect and SiNC&Jays, G-418 was added to a final concentration of 0.4 mg/ml.
the effects of such agents are inhibited Bgi-2 family

members, we wondered whether members of this family

might have effects on Kchannel activity in intact cells PATCH-CLAMP STUDIES

as they do in artificial membrane,s,ySt,emS' Alt,hOUQh WeB0th cell-attached and inside-out patch clamp configurations were use
could not measure Kchannel activity in the mitochon- i, the present study. Pipettes were manufactured with a two-stag

drial membrane wher&cl-2 family members localized puller (PP-83, Narishige) with a resistance of 34@ when filled with
in normal cell, we have previously found that transfec-150 mu KCI solution. The solutions used in these experiments were:
tion with these gene products lead to widespread expregl) KCl bath solution containing (in m): 140 KCI, 2 MgCl, 0.5
sion associated with cell membranes throughout thé&aCh. 1 ethylene glycol-bis §-aminoethyl ether)-N,N.N N'-
transfected cell. It therefore seemed possible that men{f’tr"""’lcet'C acid (EGTA) and 10 HEPES, pH 7.4; and (2) pipette solu

. . ion containing 140 KCI, 2 MgCl 1 CaC}, 10 HEPES, pH
brane K’ channels mlght be affected incl-1transfected 7.4. Single-channel currents were recorded by an Axonpatch 200/

cells, through either direct or indirect effects. amplifer (Axon Instruments, Foster City, CA) and filtered with a 4-pole
low-pass filter at 1 kHz and digitalized at 22 kHz by a pulse-code
modulator (A.R. Vetter, Rebersburg, PA). A pCLAMP program (Axon
Materials and Methods Instruments) was used to analyze the single-channel data. Chann
activity was determined as NPwhere N represents the number of
channels in the patch and, Pepresents the probability of an open
CeLL CULTURE channel. All experiments were performed at room temperature (RT
(21-23°C).
FDC-P1 murine myeloid progenitor cells were maintained at 37°C in a A nystatin-perforated-patch technique was used to measure th
5% CO,-humidified incubator in RPMI 1640 medium (Gibco, BRL) membrane potential. Nystatin, a polyene antibiotic, partitions into cho-
supplemented with 25 mHEPES buffer, 0.0004% (v/\M}-mercapto- lesterol-containing lipids and forms pores in the cell membrane. Thes
ethanol, 10% fetal bovine serum (FBS, Gibco, BRL), and 10% condi-pores allow monovalent cations and anions to permeate the cell men
tioned medium from WEHI-3b cells as a source of interleukin-3 (IL-3). brane but exclude multivalent ions and nonelectrolytes equal in size tc
To study whethemcl-1 also forms K channels, murine myeloblastic or larger than, glucose. Thus, the nystatin-perforated-patch techniqu
FDC-P1 cells were transfected with vectors that use a promoter of thg@rovides stable measurement without disruption of the cytoplasmic
mouse mammary tumor virus long terminal repeat (MAM-LTR) and concentrations of divalent cations or metabolites (Korn & Horn, 1989;
drive inducible expression afcl-1. The advantage of the inducible Rae etal., 1991). The nystatin stock solution, 5 mg nystatin (Sigma, Si
system was that expression wicl-1 could be compared in the same Louis, MO) in 0.1 ml dimethyl sulfoxide (DMSO), was freshly pre-

PLAasmiD CONSTRUCTION
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pared every week and stored at —20°C. Immediately before the pipettghduced or uninduced 7.5MAMcl-1 and 8. 5MAMheo

was filled, the stock solution was thawed by sonication. Rdwf the

stock solution were diluted into 1.0 ml of pipette solution and dispersed
by sonication for 30 sec. The pipette solution was stable for 2 hr.

The tip of each pipette was filled with nystatin-free solution, then
back-filled with the nystatin-containing solution. The pipette solution
for the whole-cell patch clamp contained (irvin140 KCI, 2 MgCl,

0.5 CaCl, 2 Na-ATP, 1 EGTA and 10 HEPES (pH 7.2). The bath
solution contained (in m) 140 NacCl, 2 KCI, 1 CaCl 10 HEPES (pH
7.4). The whole-cell configuration was obtained within 5 to 15 min
after the formation of a gigaohm (@ seal with access pipette resis-
tances between 2 andvl).

SuPPRESSION OFK* CHANNELS AND ETOPOSIDE ORUV
IRRADIATION INDUCTION

8.5 MAMneoand 7.5MANMmncl-1 transfected cells, at a concentration

of 3 x 1@ cells/ml, were incubated in complete culture medium con-

cells using the cell-attached patch clamp technique (Fic
2A and B). Activity of the single channel opening

was significantly increased in 7.5MAMcl-1 cells in-

duced to express mcl-1 compared to either uninduce
7.5MAMmcl-1 cells or vector-transfected 8.5MANMO
cells. The channel activities was 22.6 + 3.4f6= 4) in
mcl-1 expressed 7.5MAMcl-1 cells, compared to NP
13.2 £ 2.0% O = 5) in vector-transfected 8.5MANEO
cells and NR 9.2 = 1.2% ( 5) in uninduced
7.5MAMmcl-1 cells (Fig. ). These results demon-
strate that K channel activity is increased approximately
2-fold when expression of the introducedkcl-1 is in-
duced in those cells.

By using the perforated whole-cell patch-clamp in a
bath solution containing 2 mK™, the membrane poten-

taining 0.1 nm dexamethasone for at least 2 hr to induce the expressiorfial (V) was found to be hyperpolarized about -30 mV

of themcl-1gene. Then, the Kchannel blocker 4-AP was added to the
culture medium to a final concentration of 2vmUV irradiation or

in mcl-1 expressing 7.5MANNcl-1 cells compared to
control cells (to —96 from -68 mV) (Fig.A. To con-

etoposide (apoptosis inducer) was then applied to cells. For exposurgrm that V. changes inmcl-1 expressed cells were
m

to UV irradiation, cells were placed in a sterilgard tissue culture hood
at a distance of 60 inches from the UV-c light and exposed to an

intensity of 40uW/cn? for 3 to 8 min (60 to 72 J/). For exposure

caused by alteration of Kchannel activity, thev,, in
mcl-1 expressed 7.5MANMcl-1 cells was measured at

to etoposide, a stock solution of 10 mg/ml etoposide in DMSO wasdifferent concentrations of extracellularKThe mem-

added to the culture medium at a final concentration ofp2{ml.

brane potential was repolarized as extracellularckin-

Following etoposide and UV treatments, cells were incubated at 37°Ccentration was increased from 2 to 6@1with a slope

in 5% CG, for 15 to 24 hr. Cell viability measurements were made
using the trypan blue dye exclusion assay.

STATISTICAL ANALYSIS
Data were presented as original values, or as meases Significant

differences were determined by using the pair¢est and ANOVA,
plus Tukey’s range test at the confidence interval indicated.

Results

of 56 mV per 10-fold change of extracellular'Kon-
centration, as expected for*Klependent conductance
(Fig. 3B). The fact that changes M,, correlated with
changes in extracellular 'Kconcentration indicate that
the hyperpolarized membrane potentiahinl-1express-
ing cells is due to K ion movement.

The effect of suppression of ‘Kchannel activity by
4-AP onV,,in mcl-1expressing 7.5MANMhcl-1cells was
also monitored. After the addition of 4-AP to the bath
solution (2 nu), the membrane potential decreased sig-
nificantly from -96.0 £ 1.0 to —66.3 £ 0.88 m\P(<

Single-channel currents were measured in symmetri®-001,n = 3) (Fig. X). Inhibition by 4-AP of the hy-

140/140 nm KCI solutions using the cell-attached con-
figuration in 7.5MAMmcl-1 cells, both in the absence
and presence d¥icl-1 induced by addition of dexmetha-
sone. The current-voltage relationship\( curve) was

perpolarization ofV,, in mcl-1 expressing cells further
confirms the role of the Kchannel inmcl-1 associated
hyperpolarization.

To confirm thatmcl-1 has the ability to inhibit ap-

linear for both groups, and the single-channel conducoptosis, 20ug/ml etoposide was added to the culture for
tances were 33.4 + 2.6 pS and 34. = 0.8 pS (measuret5 hr to induce apoptosis. Viabilities of vector-trans-
from the slope of thd-V curves) in dexamethasone- fected cells andncl-1-expressed cells were 37.9 + 3.9%
induced (dex-induced) and uninduced 7.5MAld-1  and 78.2 = 2.0%, respectively. Similar results were ob-
cells, respectively. The difference in slope of théd&  served after these cells were exposed to UV-c light for ¢
curves was not significanP(> 0.5,n = 5) (Fig. 1A). min (Fig. 4A). The channel blocker 4-AP (2 m) was
The sensitivity of K channels to the Kchannel blocker applied to cultured cells to suppres$ ghannel activity
4-aminopyridine (4-AP) was tested in dex-inducedand to examine cell viabilities in both vector-transfected
7.5MAMmcl-1 cells. K" channels in these cells were 8.5MAMneo and mcl-1 expressed 7.5MANhcl-1 cells.
sensitive to 4-AP in a dose-dependent manner (). 1 Suppression of Kchannel activity by 4-AP reduced the
These results indicate thatcl-1 did not itself form a  viability of mcl-1 expressing cells in the presence of
K*-selective channel in the plasma membrane of dexetoposide from 78.2% to 49.0%, which was nearly as low
induced 7.5MAMncl-1 cells. as the viability in vector transfected 8.5-MAKREocon-

K™ channel activity (NP) was also compared in dex- trols. Suppression of Kchannel activity by 4-AP did
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Fig. 1. Single K" channel current recorded from 7.5MAMI-1cells before and after dexamethasone induction (dex-induc&d$iligle-channel
current was recorded at varied membrane potentials using the cell-attached patch clamp technique. The patch pipette containEI140 |
solution. Arrows indicate the closed state of the channel. Current-voltage relatioh$hipf(the K channel. The slopes of tHeV curves were
34.1 + 0.8 pS and 33.4 + 2.6 pS for uninduced and dex-induced 7.5M&IM cells, respectively. Data are plotted as medncKannel activity

+ sk (B) Blockade of K channel activity (NB) by 4-AP in dex-induced 7.5MAMmcl-1 cells. In cell-attached patches, 2.5, 5, 25, am5ef 4-AP
were added in the extracellular solution at a membrane potential of —60 mV. Top panel shows traces at different concentrations of 4-AP. Cc
represent mean values of Khannel activity 1sg; as asterisk indicates a significant differen8e<0.05,n = 4). Significance among different
groups was examined by using one-way ANOVA and Tukey’s test.
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current conductances were measured using the cell-attached patch clamp technique.
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not by itself reduce cell viability, nor did it further de- tion) reversed the protection from viability associated
crease the viability of etoposide treated 8.5 MA®b  with this gene product. These results are consistent wit
cells (Fig. 8B). reports from other groups indicating thtl-2 can hy-
Because the preliminary data showed that the hyperperpolarize the resting membrane potentialbici-2-
polarizedV,, of mcl-1-expressed cells was altered fol- transfected PW (human B cell lymphoma) and HL60
lowing changes in extracellular *Kconcentration, the cells (Gilbert et al., 1996). Similar to our results, this
effect of high [K'],, on prevention of cell death was hyperpolarization was associated with increased radiore
examined (Fig. €). An increase of extracellular’Kto  sistance, and depolarization by increasing extracellula
60 mw significantly reduced the viability ofncl-1ex-  K* concentrations from 40 to 140nmsignificantly de-
pressing cells from 72.4 + 1.6% to 52.0 + 26® €  creased the radioresistance of fe-2-transfected cells
0.05,n = 8) after the induction of apoptosis by etopo- (Gilbert et al., 1996).
side. Viability of control cells was not affected by high It is widely accepted that Kchannels play impor-
K™ treatment. These results reveal that suppression hnt roles in maintaining membrane potential. The strik-
K™ channel activity and inhibition o¥/,, hyperpolariza-  ing similarity of the three-dimensional structureRel-,, ,
tion can abolish the enhancement effecinadl-1 medi- and Bcl-2 homo|ogue, to the pore_forming domains of
ated cell survival in programmed cell death. diphtheria toxin and bacterial colicins suggests that i
may function as a pore-forming protein in the intracel-
) ) lular membranes where it has been found (Muchmore
Discussion et al., 1996).Bcl-2 also exhibits pore-forming activity
and can form discrete ion-conducting cation channels i
K* channels maintain a stable membrane potential fotipid membranes (Schendel et al., 1997). It is unknown
cell survival. The findings reported here demonstratewhethermcl-1forms a channel pore in the membrane.
that the membrane potential ahcl-1 expressing In the present study, we use the single channel patc
7.5MAMmcl-1 cells is hyperpolarized due to increased clamp to measure the single channel conductance ar
activity of a K" channel that is sensitive to 4-ARIcl-1 ~ pharmacological properties of the"Khannel in trans-
did not appear to itself create this"ichannel, but latter fectants constitutively expressimgel-1(7.5MAMmcl-1)
caused an increase in the opening probability of the enand vector-only controls (8.5MANEd. Our results re-
dogenous K channel. This hyperpolarization appearedveal that the properties of two*Kchannels are identical,
important for the effect ofncl-1, as prevention of the indicating thatmcl-1 did not form a exogenous cation
hyperpolarization (with 4-AP or increased Koncentra- channel in the membrane of transfectant cells. In addi
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:_'—5 40 fraction of live cells (white cellsys. the total number of cells (white + blue
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> 20 prevention of cell death. 8.5MANeoand 7.5MAMmcl-1 cells were induced
i with dexamethasone and then treated with 20 mg/ml etoposide in the absenc
and presence of 2 m4-AP. Data in this figure are presented as messg+
0 an asterisk indicates a significant differené< 0.05,n = 10). (C) Effect of
Df:x. . + + + + + + high extracellular K concentration ommcl-1-mediated prevention of cell
High K - + + - + + death. 8.5MAMeoand 7.5MAMmcl-1 cells were treated with 20.g/ml
Etoposide + + - + + - etoposide, with and without induction by dexamethasone.

tion, K* channel activity was markedly increased in TNF-a (Borner et al., 1994; Oltvai, Milliman & Kors-
mcl-1 transfected cells suggesting that product proteingneyer, 1993). A similar result was found Bcl-,, -
of mcl-1may play a role in regulating membrane channeltransfected cells (Muchmore et al., 1996). Conceivably
activity. anti-apoptosis gene products of tBel-2 family may
As noted earliermcl-1is a member of theBcl-2  directly or indirectly interact with proteins bound to cell
family, and its expression is stimulated at early stages omembranes, including proteins that are structural com
differentiation. Similar toBcl-2, mcl-1prolongs the vi-  ponents of ion channels.
ability of CHO cells undergoing apoptosis mediated by The mechanism of action of tH&cl-2 family mem-
c-mycoverexpression (Reynolds et al., 1994) and inhib-bers is still largely unknown, mechanisms being consid
its cell apoptosis induced by exposure to cytotoxic agentered include effect on mitochondrial membrane, interac
(such as etoposide and calcium ionphore), UV irradiations with pro-apoptotic member of this family such as
tion, and the withdrawal of required growth factors Bax and Bad (Muchmore et al., 1996; Yang et al., 1996
(Zhou et al., 1997). Distribution aficl-1in cells is very  Schendel et al., 1997), and interactions with other pro
similar to Bcl-2, which is located in intracellular mem- teins in the apoptotic pathway such as Apfl, which car
branes, including those of mitochondria, the endoplasmidind to cytochrome ¢ when not boundBal-2, activating
reticulum, and the nucleus (Chen et al., 1989; Hocken€aspass responsible for apoptosis (Liu et al., 1996; Liu €
bery et al., 1990; Alnemri et al., 1992; Yang et al., 1996).al., 1997). Our results demonstrating the increase‘in K
These studies indicate that, for the prevention of apopehannel activity and the hyperpolarization of the mem-
tosis, Bcl-2 must attach to the membrane. However, re-brane potential in the presence wifcl-1 suggest that
cent results indicate that free formsB€l-2 also inhibit  mcl-1 indirect effects on K channel activity contribute
cell death; a truncateBcl-2 mutant lacking the C-termi- to its prevention of cell death. We conclude that voltage-
nal anchor has been shown to inhibit apoptosis in botlgated K channels may play a role in the prevention of
neurons deprived of NGF and fibroblasts treated withcell death mediated by expression of tinel-1 gene.
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