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Abstract. Large-conductance Ca’’-dependent K™
(BK ) channels are activated by intracellular Ca®*
and membrane depolarization in an allosteric man-
ner. We investigated the pharmacological and bio-
physical characteristics of a BK¢,-type K™ channel
in androgen-dependent LNCaP (lymph node carci-
noma of the prostate) cells with novel functional
properties, here termed BK;. K™ selectivity, high
conductance, activation by Mg®>* or NS1619, and
inhibition by paxilline and penitrem A largely
resembled the properties of recombinant BKc,
channels. However, unlike conventional BK -, chan-
nels, BK; channels activated in the absence of free
cytosolic Ca”" at physiological membrane potentials;
the half-maximal activation voltage was shifted by
about —100 mV compared with BK, channels. Half-
maximal Ca’"-dependent activation was observed at
0.4 um for BK (at =20 mV) and at 4.1 um for BK ¢,
channels (at +50 mV). Heterologous expression of
hSlol in LNCaP cells increased the BK; conduc-
tance. Expression of A4Slo-fI in LNCaP cells shifted
voltage-dependent activation to values between that
of BKy and BK(, channels and reduced the slope of
the P,pen (open probability)-voltage curve. We pro-
pose that LNCaP cells harbor a so far unknown type
of BK, subunit, which is responsible for the BK
phenotype in a dominant manner. BK -like channels
are also expressed in the human breast cancer cell line
T47D. In addition, functional expression of BKy in
LNCaP cells is regulated by serum-derived factors,
however not by androgens.
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Introduction

Depolarization and free cytosolic calcium ([Ca*" ;)
synergistically activate large-conductance Ca®™" -acti-
vated potassium (BK¢,) channels (Kaczorowski et al.,
1996). In a functional BK -, channel complex, each of
the four (Shen et al., 1994) o (Slol) subunits likely
contains six major segments (S1 to S6) plus an addi-
tional N-terminal SO segment, thought to interact with
an accessory [ subunit, and a large cytoplasmic
C-terminus important for Ca?" binding (Meera et al.,
1997; Xia et al., 2002). A high-affinity (< 10 pm
[Ca’*]i,) and a low-affinity (>100 pm [Ca®*], or
[Mg® " ;) binding site located in the C-terminus enable
BK, channels to respond to changes in [Ca®™ i,
ranging from 500 nM to 50 mm (Xia et al., 2002). Even
in the absence of Ca®> ", depolarization alone can open
BK, channels but the half-maximal activation volt-
age (Vo 5) under such a condition is typically far outside
the physiological range (> + 100 mV) (Horrigan et al.,
1999; Meera et al., 1996). Activation of typical BK,
channels at physiological voltages requires micromo-
lar levels of [Ca® " ]in.

In excitable cells, activation of BK, channels
facilitates hyperpolarization and thereby reduces
Ca’" entry through voltage-gated channels. By pro-
viding an inhibitory influence on cellular excitability,
BK . channels regulate the shape of action poten-
tials (Shao et al., 1999), neurotransmitter release
(Kaczorowski et al., 1996), smooth muscle contraction
(Brenner et al., 2000), and electrical tuning of hair cells
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(Ramanathan et al., 1999). To fulfill this broad spec-
trum of functions, properties of BK¢, channels are
remarkably diverse and at least three mechanisms
contribute to this functional diversity. First, alterna-
tive splicing of the underlying single gene slol or
KCNMAI, regulated at least in part by steroid hor-
mones (Xie & McCobb, 1998; Lai & McCobb, 2002),
creates multiple pore-forming o subunit isoforms
(Tseng-Crank et al., 1994). Second, auxiliary  su-
bunits encoded by four different genes (slof/—B4 or
KCNMBI-4) coassemble with o subunits to further
increase the diversity (Orio et al., 2002). Third, post-
translational modifications of BK, o and/or B su-
bunits, such as phosphorylation and oxidation
(reviewed in Weiger et al., 2002), markedly alter the
functional properties of BK ¢, channel complexes.

BK, channels are found in virtually all cell
types, including some cancer cells such as human
glioma (Liu et al., 2002) and astrocytoma (Basrai
et al., 2002) where they may play critical roles in
control of cell proliferation and malignancy grade. In
lymph node carcinoma of the prostate (LNCaP) cells
(Horoszewicz et al., 1983), which serve as a model
system in which to study androgen-dependent pro-
liferation and apoptosis of cancer cells, the existence
of BK, channels has been also speculated but not
unequivocally demonstrated: Gutiérrez et al. (1999)
inferred that hyperpolarization caused by an apop-
tosis inducer was mediated by activation of BKc,
channels. The postulated BKc, channel should be
clearly distinguishable from the Ca”” -inhibited K *
channel described in LNCaP cells (Skryma et al.,
1999). This voltage-dependent 78-pS K™ channel,
accounting for most of the whole-cell K* current
(<600 pA at 40 mV), was half-maximally inhibited
by 0.5 pum [Ca’® '], but insensitive to charybdotoxin
(ChTx) and iberiotoxin (IbTx), two toxins that nor-
mally inhibit BK ¢, channels (Dworetzky et al., 1996).

The aim of this study was to demonstrate that
LNCaP cells express BK ¢, channels and to examine
whether their functional features are altered by
androgens. We found a novel type of BK¢, channel
(termed BK;) with an unusual voltage and [Ca® "],
dependence: activation at physiological voltages even
in the absence of Ca®*. Similar BK ¢, channels were
also present in T47D breast cancer cells. Thus we
conclude that these BK, channels with the afore-
mentioned unusual activation properties are physio-
logically relevant for functions not only in prostate
cancer cells.

Materials and Methods
CeLL CULTURE AND MOLECULAR BIOLOGY

LNCaP cells (DSMZ) and T47D cells (ATCC) were grown at 37°C
in a humidified atmosphere with 5% CO, in RPMI 1640 medium
(Invitrogen, Karlsruhe, Germany) supplemented with L-glutamine
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and 10% fetal calf serum (FCS). Cells were seeded on gelatin-
coated 35-mn plates in culture medium 2-5 days before electro-
physiological measurements. HEK293 cells (DSMZ) were main-
tained in DMEM / F-12 medium (1:1; Invitrogen) supplemented
with 10% FCS. A second LNCaP cell line (ATCC) was cultured in
RPMI 1640 medium supplemented with L-glutamine, sodium
pyruvate, 10% FCS, 1% penicillin, and 1% streptomycin (Sigma,
Taufkirchen, Germany). Charcoal-treated serum was generated by
incubating 500 ml FCS with activated charcoal (30 g; Sigma) for 4
h at 4°C, followed by centrifugation and sterile filtration. C4-2 cells
(kindly provided by G. Thalmann) were maintained in 10% FCS-
containing T-medium (Zhau et al., 1996). All other cell lines were
maintained according to the distributor’s instructions (DSMZ).
Cells were used within passage numbers 3 to 20. R1881 (methyl-
trienolone) was a gift from Zeneca Pharmaceuticals (Wilmington,
DE). Casodex was obtained from Perkin Elmer (Rodgau, Ger-
many).

The Polyfect and Superfect transfection kits (Qiagen, Hilden,
Germany) were used for transient transfection. AtKCNM A1 (hSlol1,
U11058) was subcloned into pCI-neo (Promega, Mannheim, Ger-
many). htKCNMBI (hSlo-B1) was amplified from a mixed brain and
heart cDNA (Clontech, Heidelberg, Germany) and cloned into
pcDNA3 (Invitrogen). An EGFP expression plasmid (pEGFPNI,
Clontech) was co-transfected (20% of DNA) allowing identification
of transfected, fluorescent cells. mRNA from ~5 x 10° LNCaP
cells, isolated with the OligoTex Direct mRNA Kit (Qiagen), was
used for RT-PCR with the Titan One Tube RT-PCR Kit (Roche,
Mannheim, Germany). Gene-specific primers (Jena Bioscience,
Jena, Germany and MWG Biotech, Munich, Germany) were de-
signed according to the published human sequences. PCR frag-
ments were subcloned into pGEM-T (Promega) and sequenced
using thermosequenase (Fermentas, St. Leon-Rot, Germany) and
the Li-Cor 4000 automated sequencer (MWG Biotech).

ELECTROPHYSIOLOGICAL RECORDINGS

Electrophysiological data were obtained with an EPC-9 patch-
clamp amplifier (HEKA Elektronik, Lambrecht, Germany). Data
acquisition and analysis were controlled with Pulse + PulseFit,
PatchMaster (HEKA), and IgorPro (WaveMetrics. Lake Oswego,
OR) software. Patch pipettes fabricated from borosilicate glass had
initial resistances of 1-2 and 5-15 MQ for whole-cell and single-
channel experiments, respectively. The internal solutions contained
(in mm): 140 KCl, 2 MgCl,, 10 HEPES, pH 7.4. Free intracellular
calcium concentrations ([Ca®" ;) were adjusted by adding CaCl,
to either 10 mm EGTA (1-300 nm [Ca®* ], with or without 2 mm
[Mg?*]) or 10 mm HEDTA (0.3-100 pm [Ca®"];,) buffered solu-
tions, as calculated by Patcher’s Power Tools (http: //www.mpibpc.
gwdg.de/abteilungen/140/software/), considering Mg?" and ATP
concentrations (if added). The external solution contained (in mm):
135 NaCl, 5 KCl, 2 MgCl,, 2 CaCl,, 10 HEPES, pH 7.4. For
measurements under bi-ionic conditions (likewise in symmetrical
(140 mm) K ™) NaCl and KCl were replaced by the chloride salt of
the monovalent species under consideration. In the whole-cell
configuration, currents were measured with access resistances be-
low 4 MQ. Series resistance compensation was applied up to 90%.

To measure the voltage dependence, 100-ms depolarization
pulses to various voltages were applied. Instantaneous tail-current
amplitudes (Z,s) were plotted against voltage and fitted with a
Boltzmann function:

Linst = [insl.max/(l + CXP((VO.S - V)/ka)) (1)

where fing max 1S the maximum instantaneous current, Vs is the
voltage for half-maximal activation, and k&, is a factor
characterizing the steepness of the voltage dependence. Alterna-
tively, voltage dependence was quantified by fitting steady-state
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currents with a combined Boltzmann / GHK constant-field equa-
tion:

I(V) = Guax(1+exp(Vos — V)/ka)

(1 — exp (Ve — 1)/25mV))/(1 —exp (~V/25mV)) )

where Gpax is the maximum conductance, V., is the reversal po-
tential, and Vs and k, have the same meaning as in Eq. (1).
Reversal potentials, measured under bi-ionic conditions, were used
to calculate permeability coefficients.

All chemicals used were of high grade, obtained from Sigma,
except iberiotoxin, paxilline, and penitrem A were purchased from
Alomone (Jerusalem, Israel). Blockers were applied with an
application pipette and the time course of block was monitored by
repetitive stimulation. Inhibition was analyzed by measuring the
steady-state current, plotting the fractional current block against
the blocker concentration, and fitting a Hill equation to these data:

Ileomsor = 1/ (1 + (Tblocker] /1C5)") (3)

where ICso represents the inhibitor concentration yielding 50%
block and £ is the Hill coefficient.

Single-channel analysis was performed on continuous current
records of patches containing 1-2 channels. Records were low-pass
filtered at 2 kHz and sampled at 10 kHz. Fits with double Gaussian
functions to all-points amplitude histograms were used to estimate
the unitary current amplitudes (7). Single-channel conductances were
determined from the linear i / V slope between —30 and + 80 mV.
Open probabilities (Popen) Were calculated from the integrated peak
areas with a 50% threshold value between mean open and closed state
currents. The maximal number of simultaneously open channels at
high voltage (with a Pypen > 50%) was defined as number of channels
per patch. To assay the voltage dependence, Pype, / V' data were
fitted with a Boltzmann function (Eq. 1) with [, replaced by Pgpen
data.

Calcium dependence was assayed by plotting Popeq at con-
stant voltage against [Ca” " ;, and fitting a modified Hill function to
the data:

I
Popen = Popen.min + (Popen,max - Popen,min)/(l + ([Caz+] /ECSO) 1)
(4)
with the half-maximally activating concentration ECs, and the Hill
coefficient /.
All data are given as mean + SeEM (n), where n is the number
of independent experiments. Statistical comparisons were made

using a two-sided Student’s #-test. Statistical significance was as-
sumed at P < 0.05.

Results

Potassium CHANNELS IN LNCaP CELLS WITH AND
witHouT Ca’™

LNCaP cells are reported to contain Ca>" -activated
(Gutiérrez et al., 1999) as well as Ca’"-inhibited
(Skryma et al., 1999) voltage-dependent K* (K,)
channels. We recorded robust voltage-dependent
whole-cell currents from LNCaP cells with 0 and 3
uM free [Ca” " i, (Fig. 14, B). At 100 mV, the currents
were often greater than 20 nA and the average cur-
rent densities were 1.40 = 0.15nA / pF (n = 28) and
1.65 + 0.31 nA /pF (n = 35)in 0 and 3 pm [Ca® " i,
respectively. While the average current densities were
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Fig. 1. Ca®"-sensitive whole-cell currents in LNCaP cells. (4)
Representative whole-cell currents of two different LNCaP cells
with 0 or 3 um [Ca® " Ji,. (B) Steady-state current amplitudes were
averaged for 28 and 35 cells, respectively, and plotted against
voltage. (C) Tail currents were measured immediately following the
voltage step to —40 mV. Mean tail currents were plotted against the
voltage and fitted with a Boltzmann function (/ine). (D) Activation
time constants in 0 and 3 pm [Ca’’]i,, as obtained by single
exponential fits (superimposed in A4) at different voltages. (E)
Concentration-response curves of whole-cell conductances in 0
(empty symbols) or 3 pm (filled symbols) free [Ca>*];,. Steady-state
currents were normalized to the control current before blocker
application and averaged for 4-6 cells. Solid lines are best fits with
a Hill function (Eq. 3).

not different in 0 and 3 pm [Ca®];,, our density
estimates were ~20-fold greater than observed by
Skryma et al. (1999).

Voltage dependence of the whole-cell currents
depended on [Ca® " J;,,. Increasing [Ca® " J;,, from 0 to 3
puMm changed the mean Vs value estimated from the
tail currents from +32.9 + 1.3 mV to —89.7 + 1.5
mV (P < 0.001), a =120 mV shift to the negative
direction. The same change in [Ca® "], also increased
the slope factor k, from 12.1 £ 0.5 mV to
16.9 = 0.6 mV (P < 0.001). The activation kinetics,
well characterized by a single exponential, was also
markedly dependent on [Ca® " J;,,, being faster in 3 pm
[Ca’" i (Fig. 14, D).

The channels underlying the whole-cell currents
were highly selective for K. Under bi-ionic condi-
tions (140 mm K™ inside), inward tail currents at
—-120 mV were detected only with (140 mm) K™ or
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Rb" (Px/Pry, = 1.2), but with Na™, Cs™*, or Li" in
the external solution. The permeability coefficient for
K* over Na™, Cs", and Li* was estimated to be
greater than 115, according to their corresponding
Viev values of <—120 mV.

Activation by depolarization, high K™ selectivity
and a strong left-shift in Vs together with faster
activation with an increase in [Ca®"'];, are typical
features of BK ¢, channels (Kaczorowski et al., 1996).
However, conventional BK -, channels should exhibit
almost no activity at +50 mV in 0 [Ca® " ];, and even
in 3 um [Ca® )i, typical Vs values are above 0 mV
(Meera et al., 1996). Hence, if a single type of channel
predominated the LNCaP whole-cell conductance,
this would be either a novel K, channel or a BK¢,
channel with unprecedented features. Alternatively,
two channel types, exclusively active in either 0 or 3
uM [Ca? "], could be present in LNCaP cells.

To distinguish between the above possibilities, we
analyzed channel inhibition by increasing concen-
trations of various drugs: tetracthylammonium
(TEA), imipramine, haloperidol, and ChTx (Fig. 1E).
The effects of these compounds were monitored by
100-ms depolarizations to + 100 mV, repeated every
3 s. The inhibitory effects of imipramine, TEA, and
haloperidol equilibrated within 90 s of drug applica-
tion. However, the onset of block by ChTx was ex-
tremely slow and the results obtained 5 min after
application may not represent full equilibrium, thus
underestimating the true inhibitory efficacy. In 0
[Ca® ™y, fits with the Hill equation (Eq. 3) yielded
ICsy values of 235 um, 49.2 uMm, 399 nm, and 192 nm
for TEA, imipramine, haloperidol, and ChTx,
respectively. In 3 pum [Ca”]in, the corresponding /Cs
values were 610 pum, 41.1 um, 684 nMm, and 207 nm.
Hill coefficients were always near unity. Taking into
account a state dependence of block by TEA and
haloperidol (not shown), the whole-cell currents in 0
and 3 pm [Ca? ], displayed indistinguishable blocker
sensitivities, suggesting that the currents were medi-
ated by a single channel type. To distinguish between
K, and BK, type channels as potential molecular
correlates, we tested the effects of BKc,-specific
blockers. In 0 [Ca®"]y,, IbTx slowly blocked the
whole-cell currents with an estimated /Csq of 120 nMm.
Onset of block by paxilline and penitrem A was faster
and the ICsy values were 16.4 nm and 11.0 nwm,
respectively. The high inhibitory efficacies of these
BK, blockers strongly implicate that a class of BK ¢,
channels with a novel voltage dependence underlies
the whole-cell current in LNCaP cells.

SINGLE-CHANNEL ANALYSIS

We performed outside-out (OO) single-channel
recordings with 5 mm K outside and 140 mm K™
inside (Fig. 24) to analyze this putative BKc,-type
channel. Calculated single-channel conductance (y)
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values were 153 = 3 pS (n = 9) and 178 £ 7 pS
(n = 7) in 0 and 10 pm [Ca®"];,, respectively. The
lower v in 0 [Ca’ ], (P < 0.05) may result from
block by internal Mg®>*. A similar difference (P <
0.01) was obtained with 5 mm K outside and 140
mM inside in the inside-out (IO) configuration with
100 nm [Ca? " Jiy; calculated y values were 149 + 3 pS
(n = 10) and 167 £ 3 pS (n = 15) with 2 mm and
0 [Mg* " Jin, respectively. Under a symmetrical (140
mM) K" condition (IO, 0 [Ca®"];,), the single-chan-
nel conductance was appreciably greater, being
220 = 10 pS (n = 10), and the conductance value
increased further to 264 + 7 pS (n = 11) when
Mg?" was removed from the internal solution.

The voltage dependence of open probability
(Popen) Was consistent with that determined from the
whole-cell measurements. In 0 [Ca’" ], Vs
determined from the single-channel openings was
19.7 £ 1.4mV (00, n = 9)and 24.9 + 3.2mV (10,
n = 15) and the corresponding k, values were
103 £ 0.9 mV and 100 £ 0.8 mV. In 10 pm
[Ca“]in, the channels were fully activated at —40 mV
and a small decrease in P, Was observed at positive
voltages. The open probability strongly depended on
[Ca’" ), (Fig. 2C). The Ca*" dependence of the open
probability at —20 mV (Fig. 2D) showed that the
half-maximal activation concentration (ECsy) was
437 £ 266 nm with a Hill coefficent of 2.2 + 0.7
(n = 5). The close similarity of the single-channel
and whole-cell results strongly supports the notion
that a BKc,-like channel type predominates the
LNCaP whole-cell conductance.

The high activity of this channel at physiological
voltages (< 0 mV) in 0 [Ca®*];, is surprising. Such
channel activity could potentially arise either from
close colocalization with Ca®" channels (Marrion &
Tavalin, 1998), spontaneous Ca®" release from cal-
cium stores still present in excised patches, or enhanced
Mg? " -activation of the channels. The results from the
following experiments exclude these possibilities. Even
in the virtual absence of both Ca®>" and Mg®* on both
sides of the membrane chelated with a high concen-
tration of EGTA (10 mm) with no added divalent ions,
the channels remained active. The V5 and k, values
determined from (IO) single-channel measurements
were 22.8 + 8.1mV and 10.2 £ 0.5mV (n = 6) and
those measured from whole-cell currents were
529 = 1.4 mV and 16.0 £ 0.7 mV, respectively
(n = 10). The measured V5 value is ~100 mV left-
shifted compared with that of heterologously ex-
pressed Slol channels under a similar condition
(Horriganetal., 1999; Meera et al., 1996). Depletion of
intracellular calcium stores (Gutiérrez et al., 1999) via
preincubation of LNCaP cells with thapsigargin (2 h,
0.5 uM) had no effect on the Vys and k, values
(28.8 £ 8.2 mV and 12.5 + 1.7 mV, respectively,
n = 5). Addition of 2 mm Mg*" to the cytoplasmic
side in the inside-out configuration only slightly
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Fig. 2. Single-channel analysis of LNCaP K™ channels. (4) Representative current recordings from outside-out patches containing single
channels with 0 (rop) and 10 um (bottom) [Ca®* ;.. Bars on the left indicate the current level of the closed channels. Note that channels open
in a voltage-dependent manner in 0 [Ca®"], while they are mostly in an open state in 10 pm Ca>". Corresponding all-points amplitude
histograms, placed on the left to the current traces, were fitted with double Gaussian functions (lines). (B) comparison of mean open
probabilities (Pypen) as a function of voltage in 0 (circles) and 10 um free Ca?" (squares). Mean data for 0 Ca?" were fitted with Eq. 1
yielding Vs of 19.9 mV and k, of 10.6 mV, indistinguishable from averages of individual fits (see text). (C) Current recordings at —20 mV
from an inside-out patch containing two channels at the indicated Ca>" concentrations. (D) Corresponding Ca’>" dependence of Popens
determined from 2-min recordings for each Ca®>* concentration. Data were fitted with Eq. 4 (/ine) yielding an ECs, of 204 nM and a Hill

coefficient of 1.6.

left-shifted Vy5t0 10.2 = 3.8 mV (P < 0.05) without
affecting k, (8.5 £ 1.0 mV, P > 0.05, n = 4). The
results presented thus far show that LNCaP cells
express a voltage- and Ca®"-dependent, high-con-
ductance K * channel with a markedly left-shifted V s.
Hereafter we refer to this channel as a BK; channel.

MobuLATION OF BK; CHANNELS IN LNCaP CELLS

The high BK activity at low voltages and 0 [Ca®*];,
is unprecedented, but smaller left-shifts in V5 of
hSlol / BK¢, channels by BKc,-specific activators,
methionine oxidation, phosphorylation, and high
concentrations of cytoplasmic Mg>" have been re-
ported (Weiger et al., 2002). Therefore, we tested
whether these treatments were less effective in BK
channels than in hSlol / BK¢, channels. NS1619 at
50 um and 100 pMm robustly activated BKy channels in
LNCaP cells (0 [Ca’>"];, Fig. 34) and shifted the
whole-cell V55 by —60.4 £ 1.9 mV (rn = 5) and
-70.4 £ 42 mV (n = 3) respectively, which are
similar to what has been reported for Slol channels
(Dworetzky et al., 1996; Strgbaek et al., 1996).
Oxidation of three specific methionine residues in
the cytoplasmic domain promoted by the oxidant

chloramine-T (Ch-T) increases the activity of hSlo1 /
BK(, channels (Santarelli et al., 2004; Santarelli
et al., 2006). A 1-min exposure of LNCaP cells to Ch-
T (1 mm) markedly facilitated whole-cell BK| acti-
vation by shifting Vs by —=28.6 =+ 3.0mV (n = 4) (0
[Ca’" i, Fig. 3B). This shift in Vs is similar to that
observed in the hSlo1 channel (Santarelli et al., 2004).

ATP has been reported to enhance the BKc,
channel activity (Schubert & Nelson, 2001). Inclusion
of MgATP (2 mm) in the presence of 100 nm Ca®" in
the internal solution shifted the whole-cell V), 5 value
from 32.1 £ 1.1 mV (n = 32) to 12.8 £ 1.7 mV
(n = 32; P < 0.001). This shift in V5 likely resulted
from the direct action of Mg> " because Mg?" alone
(2 mm) had a similar effect.

Cytoplasmic Mg " exerts two distinct effects on
the Slo1 channel; Mg“ blocks the channel pore in an
apparently voltage-dependent manner but also acti-
vates the channel (Shi & Cui, 2001). Internal Mg>"*
(100 mm) strongly blocked the BK outward current
at +100 mV (Fig. 3C left) but dramatically shifted
the voltage dependence to the negative direction
(Fig. 3C right). The mean AV, 5 value was —94.5 + 5
mV (n = 6) similar to what has been reported for
mSlo1 channels (Shi & Cui, 2001).
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Fig. 3. BK,-specific modulation of BK; channels in LNCaP cells.
(4, B) LNCaP whole-cell currents with 0 [Ca®*]y, and 5 mm
external K" before and after addition of 50 um NS1619 and 1-min
perfusion with 1 mm chloramine-T (Ch-T), respectively. Corre-
sponding normalized tail currrent (/i norm)/voltage curves are
shown on the right. (C) The effect of intracellular [Mg®"] was
analyzed in inside-out patches from LNCaP cells in 140 mm
external K*. In 100 mm Mg®", BK channels are partially acti-
vated at —60 mV, deactivate at —150 mV and permit outward
current at +100 mV, clearly reduced, compared to control (0
Mg”). Corresponding Iiyj norm/Voltage curves are shown on the
right.

DirecT INVOLVEMENT OF hSlol iN LNCaP
CONDUCTANCE

The close similarity between the Slol and BK(
channels in their responses to the multiple modula-
tors suggests that the left-shift in voltage dependence
of BK | channels is caused by different means, maybe
novel hSlol isoforms that contribute to the BKj
channel. Alternatively, we reasoned that some fac-
tor(s) unique to LNCaP cells may modify the prop-
erties of standard hSlol channels to give rise to the
BK channels. Thus we heterologously expressed
hSlol in LNCaP cells to see if the resulting currents
resemble the endogenous BK; currents. Consistent
with previous reports (Meera et al., 1996; Horrigan
et al., 1999), marked activation of the hSlol channels
expressed in HEK293 cells with 0 pm [Ca® ™), re-
quired large depolarization; the mean V5 value was
155 £ 4 mV and the slope factor (k,) was 19.9 + 0.9
mV (n = 10). Transfection of LNCaP cells with the
same hSlol construct increased the whole-cell current
density at +100 mV by a four-fold compared with
the control LNCaP cells transfected with EGFP.
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Fig. 4. Transient expression of iSlol in LNCaP cells. (4) Mean
whole-cell current densities of EGFP (empty circles) and hSlol
(filled circles) transfected LNCaP (Slo-LNCaP) cells upon 100-ms
depolarizations. hSlol current densities (triangles), obtained from
inside-out recordings of AhSlol-expressing HEK293 cells, were
scaled to fit the slope conductance of Slo-LNCaP. The dashed lines
represent attempts to fit the Slo-LNCaP conductance with the sums
of control LNCaP conductance plus multiples of hSlol conduc-
tance as obtained in HEK?293 cells to fit the mean current-density
at +50, +100, and + 150 mV, respectively. The solid line resem-
bles the sum of the 4.2-fold endogenous LNCaP currents plus
multiples of hSlo1 currents. Corresponding G,,.m/voltage plots (B)
clearly show that hSlol channels seem to be transformed to the
BK{-phenotype upon expression in LNCaP cells. Linear summa-
tions of BKy and hSlol G,om/V data are shown as dashed lines.
Numbers indicate the percentage contribution of hSlol. Error bars
are left out for clarity.

Furthermore, the voltage dependence of the whole-
cell current densities in the LNCaP cells transfected
with hSlol was not adequately described by linear
summations of the voltage dependence of the
endogenous BK; currents in the control LNCaP cells
and multiples of the hSlol currents in HEK?293 cells
(Fig. 44). The G,omm / V relation of the currents in
the LNCaP cells transfected with hSlo1 more closely
resembled that of BKy channels and was very dif-
ferent from that of hSlol expressed in HEK293 cells
(Fig. 4B). Simple linear summations of the hSlol
Ghomm | V curve obtained in HEK?293 cells and the
Ghormm | V curve of the endogenous BK| channel in a
ratio of 1:3 roughly describe the voltage dependence
of the currents recorded in the LNCaP cells trans-
fected with hSlo1 (Fig. 4B). The results thus support
the idea that expression of hSlo1 in LNCaP cells leads
to expression of a novel K channel whose voltage
dependence is markedly different from the hSlol
channel expressed in HEK293 cells.

If cytosolic proteins expressed in LNCaP cells
but not in HEK?293 cells confer the unusual voltage
dependence to the hSlol channel, acute application of
cell extracts from LNCaP may modify the properties
of hSlol channels in HEK293 cells so that the
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Fig. 5. Modulation of hSlol channels by cell lysates. (4, B) Effect
of cytosolic LNCaP (L) or HEK2g3 (H) cell extracts on hSlol
channels expressed in HEK293 cells. (4) Representative current
responses to +30 mV depolarizations in 0.3 um Ca>* following
superfusion of the patches with LNCaP cytosolic extracts and
ATP. Corresponding I/V data, with and without Ca®* (0.3 pm) and
ATP (1 mm), for LNCaP (L) and HEK?293 (H) cytosolic extracts,
were fitted with Eq. (2) resulting in V|, 5 data shown in (B), aver-
aged for 4-6 patches, each. Open bars show control V) s data be-
fore superfusion of the patches with solutions containing ATP and/
or cytosolic extracts, as indicated, resulting in V5 data represented
by the shaded bars. The dashed lines indicate the Vs for BKy
channels under the respective control conditions (left group 0
Ca?", right group 0.3 pm Ca™). *: P < 0.05.

channels resemble endogenous BK; channels in
LNCaP cells. Crude cell extracts were prepared by
10-times passaging through a 26-G needle and sepa-
rated from the insoluble fraction by centrifugation.
Application of the LNCaP extract together with
MgATP (1 mm) to the cytoplasmic side of inside-out
patches taken from hSlol—-expressing HEK293 cells
increased the peak current size at +30 mV by 40-fold
(Fig. 54), much greater than the effect of MgATP
alone (P < 0.05). This current-enhancing effect of the
cell extract and MgATP involved a shift in the volt-
age dependence of the hSlol channel to the negative
direction (Fig. 5B). When applied in 0 [Ca®*];,, the
extracts from HEK293 and LNCaP cells shifted the
hSlo1 ¥V 5 value by =20 mV, similar to that observed
with MgATP (1 mm). In the presence of MgATP (1
mm) and 0 [Ca®*];,, the LNCaP extract produced a
greater (P < 0.05) shift in Vs than the HEK?293
extract did. With 0.3 pum [Ca® ", the Vs shifts by
both extracts were greater (up to —80 mV with
LNCaP extract, see Fig. 5B). Similar left-shifts were
observed for BK| channels themselves exposed to the
LNCaP extract with MgATP (not shown). The Vs
shifts were always reversible with wash. The AV s
values were too small to fully account for the BKy
phenotype. In addition, BK channels in inside-out
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Fig. 6. Expression of 4Slo-B/ affects BK| conductance in LNCaP
cells. (4) Activation (+100 mV) and deactivation (—150 mV)
kinetics of whole-cell LNCaP currents (/eft) and inside-out hSlol
currents (HEK?293) (right) with and without ASlo-f1 expression.
Currents, measured with 3 pum free Ca®" in 140 mm K, were
normalized to their steady-state outward current. (B) The current
time course was fitted with monoexponential functions, yielding
time constants, averaged among 9-15 cells/patches and plotted
against voltage. (C) Normalized tail-current amplitudes (Ziaiinorm)
at —100 mV following 250-ms depolarizations to different voltages,
averaged and plotted against voltage. (D) G,om data calculated
from steady-state outward currents (Eq. 2) measured in 0 pum
[Ca®"* )i, with 5 mm K+ outside. Lines in (C) and (D) resemble best
fits with Boltzmann functions, with Vs and k, data given in the
text. Note the difference in axis range of panels C and D.

patches showed no rundown, as expected when
bound proteins dissociate. Even application of 0.01—
0.1% Triton X-100 to LNCaP inside-out patches did
not reduce BK activity. In fact, Triton X-100 led to
a further left-shift of Vys (not shown). Therefore,
endogenous cytosolic proteins do not underlie the
modification of hSlol channels in LNCaP cells.

EFFECT OF hSlo-B1 ExpPrEssioN oN LNCaP
CONDUCTANCE

To test whether association of hSlol o subunits with a
novel B subunit (By ) underlies the BK; phenotype, we
overexpressed hSlo-Bl1 to displace these putative
endogenous By subunits. As shown in Fig. 6, hSlo1-B1
slowed down hSlol activation (~3-fold) and deacti-
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vation (~7-fold) and left-shifted hSlol V45 in
HEK293 cells. When expressed in LNCaP cells, hSlo-
B1 slowed down the whole-cell activation kinetics
prominently (~6-fold) and slightly (< 2-fold) affected
the deactivation kinetics in a voltage-dependent
manner at 3 pm [Ca®" ], (Fig. 64, B). The voltage
dependence was also noticeably affected, such that the
I, | V relation of the whole-cell currents lay between
those of the BK; channels in LNCaP cells and hSlol
channels expressed in HEK293 cells (Fig. 6C). The
Vo 5 value of the whole-cell currents in the LNCaP
cells transfected with hSlo-f1 was 14.1 £ 5.9 mV
(n = 14) and the k, value was 33.2 £ 2.3 mV. In
contrast, for BK;, hSlol in HEK?293 cells, and hSlol
+ hSlo-B1 in HEK?293 cells, the estimated V5 values
were —38.6 £ 2.7 (n = 15), 443 £ 29 (n = 11),
and 269 + 3.6 mV (n = 9), respectively, and the
corresponding k, values were 12.1 + 0.5,12.2 + 1.0,
and 15.6 £ 0.5 mV.

While inducing a left-shift of 1 5 in the presence
of micromolar calcium, in the absence of Ca>", the
B1 subunit does not markedly alter the voltage
dependence of (standard) hSlol channel (Fig. 6C,
Meera et al., 1996). In contrast, Bl expression affects
BK, voltage dependence in 0 and 3 pum [Ca®™ i,
similarly (compare Fig. 6C, and D).

In 0 [Ca®")in hSlo-pI transfected LNCaP cells
exhibited a V55 of 94.5 £ 3.1 mV (n = 20) com-
pared to BK; (48.1 £+ 1.4 mV, n = 18), hSlol
(152 = 3mV,n = 9),and hSlo1 + hSlo-B1 channels
(162 £ 7mV, n = 12) with corresponding k, values
of 252 + 1.1, 133 £ 0.5, 21.8 £ 0.8, and
342 +£ 2.0 mV.

These data indicate Ca®"-independent interac-
tions between overexpressed hSlo-f1 and endogenous
BK; channel subunits. Functional interaction was
further proven by oxidation experiments: Treatment
with Ch-T of the LNCaP cells transfected with AS/o-
B7 shifted the Vys of the whole-cell currents by
—-52.4 + 57 mV (n = 6) in the absence of Ca’".
This shift is ~2-fold greater than that observed with
BK| without hSlo-B1 overexpression and is also
consistent with the greater effect of oxidation re-
ported in hSlol led to B1 expressed in HEK293 cells
(Santarelli et al., 2004).

The changes in the kinetics and the voltage
dependence of the whole-cell currents in LNCaP cells
by overexpression of hSlo-B1 described above are
similar to the reported effects of B1 in other expression
systems (Santarelli et al., 2004). Thus, the observed
changes in LNCaP cells are likely to result from the
functional interactions between hSlo-Bf1 and BKp
proteins. However, the (right) shift of V5 of LNCaP
whole-cell currents upon hSlo-f1 expression is con-
trary to the (left) shift of V5 s upon hSlo-B1 expression
in (hSlo1 expressing) HEK293 cells. This might rep-
resent either the result of functional interactions
between hSlo-B1 and novel ASlo variants (o) or the
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Fig. 7. BK; -like currents in T47D breast cancer cells. (4) Repre-
sentative whole-cell currents of two different T47D cells containing
delayed rectifier (DR) or BK, type voltage-dependent K™ chan-
nels, measured under the same conditions as for Fig. 1 in 0
[Ca®"i,. Corresponding o/ plots are shown in (B). (C)
Outside-out single-channel recordings at +40 mV (left) and + 80
mV (right) of two different cells containing BK| -like channels. Bars
left to the current traces indicate the closed-state current level.
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result of (partial) displacement of endogenous By by
heterologously expressed hSlo-f1 subunits with
(standard) hSlol o subunits, endogenous to LNCaP
cells.

BK; -LikE CHANNELS IN T47D CELLS

In search for other proliferating cells expressing BK
channels, we screened various cell lines, including
melanoma (IGR1, IGR39, IPC298) and neuroblas-
toma (SH-SY5Y, SK-N-AS, SK-N-MC, SK-N-SH,
SK-N-FI), and T47D breast cancer cell lines. Only
T47D breast cancer cells showed a positive signal for
hSlol transcription using RT-PCR and were further
analyzed with the patch-clamp technique. The ionic
currents in T47D cells exhibited at least two com-
ponents (Fig. 74). The first was classified as a de-
layed-rectifier (DR) type K channel, since it was
voltage dependent, outwardly rectifying, non-inacti-
vating, and K "-selective (V,ey < —40mV). A second
outward K" current, present in < 5% of the cells,
clearly differed in voltage dependence (Fig. 7B).
Outside-out patch-clamp recordings (Fig. 7C) re-
vealed large-conductance K™ channel openings
(163 £ 11 pS, n = 6), reminiscent of BK; channels.
With 2 mm [Mg® " J;, and 0 [Ca® " J;,, the ¥V, s estimated
from the whole-cell tail-currents was 45.6 = 6.5 mV
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(k, =85+ 0.8 mV, n=6) 60 mV left-shifted
compared to hSlol (Vs =110 £ 4 mV,
ko, =174 £ 29 mV, n =17) or hSlol + hSlo-B1
channels (Vo5 = 115 £ 9 mV, k, =214 + 1.1
mV, n =17). We note that T47D cells contain more
than one type of BK| -like channels, clearly differing
in voltage dependence (Fig. 7C).

Growth of T47D and LNCaP cells depends on
hormones, progesterone and androgens, respectively.
We therefore tested whether expression or biophysical
properties of BK; channels in LNCaP cells may
change under different growth conditions. We found
that withdrawal of serum from the growth medium
markedly slowed the LNCaP cell proliferation and
changed the cell morphology from being predomi-
nantly bipolar, weakly adherent cells to multipolar,
strongly adherent cells with longer, thinner, and
branched processes. In addition, serum deprivation for
two weeks significantly decreased the whole-cell cur-
rent density at +100 mV with 0 [Ca®"],, from
1.19 = 0.10nA /pFt00.25 £ 0.02nA /pF (n = 103,
each) and reintroduction of serum to the medium
recovered the density to the control level in one week
(1.36 £ 0.14 nA / pF, n = 53). The reduction of
current density was likely due to the absence of sex
hormones and/or other lipophilic substances like
growth factors. Removal of these components from
the serum used for cell culture via charcoal treatment
similarly decreased the current density to 30.9 £ 4.1%
(n = 4 experiments, each with 35 cells per group)
within 5 days. This decrease, however, did not result
from the lack of androgens since the current decrease
was unaffected by an antagonist (100 nm casodex) or an
agonist (100 pm R1881); the current densities of caso-
dex- or R1881-treated cells were significantly reduced
(to 30.1 £ 8.3% and 309 + 4.3%; n = 4 experi-
ments, P < 0.01) compared with control cells, but not
different from cells treated with charcoal-treated serum
(CTS). The voltage dependencies of the LNCaP whole-
cell currents in the control and CTS-treated cells were
indistinguishable; in 0 [Ca® " ];, and 2 mm [Mg? * ], the
whole-cell V) 5 values were 34.6 + 1.4 mV (control)
and 35.2 £ 2.4mV (CTS). However, these V| 5 values
were significantly different (P < 0.05) from those ob-
tained for the CTS+casodex (42.0 = 1.8 mV) or
CTS+R1881 (41.6 = 1.6 mV) -treated cells (n =35,
each), We have to conclude that the BK; phenotype,
i.e., the strong left-shift in Vy 5 does not result from an
androgen signal and speculate that BK| expression is
not restricted to sex hormone-dependent cells.

Discussion
K™ CHANNELS IN LNCaP CELLs
Conflicting results have been reported regarding K *

channels in LNCaP cells. Here we show that BK;, a
BK ., channel with unusual properties, predominates
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large robust whole-cell currents in LNCaP cells. In
contrast, Skryma et al. (1999) measured ~20-fold
smaller whole-cell currents (580 pA vs. 12.4 nA at
+40 mV) and attributed the currents to a Ca®*-
inhibited, 78-pS, voltage-dependent K * channel. We
observed BK; channels in LNCaP and T47D cells
obtained from DSMZ (Germany) as well as in inde-
pendently grown LNCaP cells obtained from ATCC
(USA) and LNCaP-derived androgen-independent
C4-2 cells (Thalmann et al., 1994; not shown). In the
cells used by Skryma and coworkers (1999), BKp
expression may be down-regulated due to clonal
selection or different culture conditions. However, the
culture condition described by Skryma et al. (1999)
was essentially identical to that in our study except
for the reagent suppliers and the addition of antibi-
otics. In our hands, BK; density was reduced neither
by addition of antibiotics (1.4 £ 0.3 nA / pF,
n = 25) nor by cultivation in completely different
(HEK293) medium (1.0 = 0.1 nA / pF, n = 35)
within 4 weeks, suggesting that not the presence, but
rather the absence of BK| currents is the exception.
We speculate that differences in the sera used for cell
culture may be important. Our results exclude any
regulatory role for the androgen receptor but instead
favor the involvement of receptors for other steroids
(e.g., estrogens or glucocorticoids) or growth factors
that also are removed in the charcoal-treated serum.
Expression and physiological functions of BKp
channels in prostate LNCaP precursor cells as well as
the mechanism of BKj-regulation in LNCaP cells
need to be investigated in the future. These issues are
important because serum starvation increases BKc,
activity in glioma cells (Weaver et al., 2004).

CHARACTERISTICS OF BK, CHANNELS

All BK, channels share common features: (1) High
single-channel conductance in combination with
strong K * selectivity and (2) voltage dependence that
is allosterically modified (left-shift in 7 s) by an in-
crease in [Ca’ ], [Mg” ] or by BKca-specific
activators (Kaczorowski et al., 1996; Gribkoff et al.,
1997; Orio et al., 2002). The BK| channel in LNCaP
cells meets all these criteria and, hence, (per defini-
tion) is a novel type of BKc, channel. Although
inhibition of BK; channels by ChTx, IbTx, paxilline,
and penitrem A is slightly less potent compared with
hSlol / BKc, channels (Knaus et al, 1994;
Dworetzky et al., 1996, Strgback et al., 1996; Meera
et al., 2000; Lippiat et al., 2003), the rank order of
potency of the blockers is the same.

BKy clearly differs from conventional hSlol
channels, especially in its voltage dependence; in 0
[Ca®*]in Vo5 of BKy channels is around +50 mV,
about 100 mV left-shifted compared with hSlol
channels (+155 mV). Furthermore, BK; chan-
nels exhibit an about 10-fold lower EC5, for
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Ca®" -dependent activation (440 nm at —20 mV vs. 4.1
pm at + 50 mV for hSlol channels) although the Hill
coefficient of the overall Ca®" dependence is similar
to that of hSlol (n = 2.2 vs. 2.8). Therefore, in
contrast to BK, channels, BK; channels are ex-
pected to be noticeably activated under physiological
resting conditions; ~2 mM [Mg® ', ~100 nm
[Ca®*]in, and a resting potential of around —25 mV.

Low ECs, values for calcium-dependent activa-
tion of BK, channels are not unique for LNCaP
cells. They have also been reported for various cancer
cell lines (Kraft et al., 2000; Basrai et al., 2002; Liu
et al., 2002) and non-cancer cells (Anwer et al., 1992;
Sansom & Stockand, 1994). This may result from
specific Slol o subunits, like a glioma-BK isoform
(Liu et al., 2002), or from differences in signaling
pathways that also affect BK, channels. In contrast
the strong shift in Vs appears specific for BKy,
which raises the question regarding expression pat-
tern and possible physiological roles of this channel.
Since we found no indication for androgen depen-
dence of channel expression or biophysical channel
features in LNCaP cells, BK; channels may also exist
in sex hormone-independent, non-cancerogenic cells/
tissues. In fact, BK|-like currents might have been
overlooked, i.e., taken for K, channels, due to their
high activity in 0 [Ca®>"];,. A BK¢, channel with a
similar shifted voltage dependence was functionally
described in inner hair cells from mouse and rat
(Thurm et al., 2005). Future investigations have to
clarify whether BK; channels in LNCaP cells repre-
sent the corresponding channels in humans.

SPECULATIONS ABOUT THE MOLECULAR Basis orF BK
CHANNELS

Those reagents and treatments that are known to left-
shift the activation of BK ¢, channels, such as Ca’",
Mg?*, BK, activators, and Ch-T mediated oxida-
tion, also affected BK; channels in the same manner.
Although this is no direct proof, we hypothesize that
these means are not the crucial factors for determi-
nation of the difference between the voltage depen-
dencies of BK; and hSlol channels. With our results
we cannot firmly exclude that a novel phosphoryla-
tion pattern in LNCaP and T47D cells cause the BK |
phenotype. The observed reversibility of ATP effects
and the stability of channel activity upon patch
excision in ATP-free solution indicate that, if at all,
lack of dephosphorylation is important in this re-
spect. Up to date, however, a 100-mV left-shift has
been described neither due to dissociation of phos-
phatases nor due to drug-mediated inhibition of
phosphatases (Schubert & Nelson, 2001). Cytoplas-
mic proteins are unlikely to be responsible for the
BK phenotype either. For BKy channels, we neither
observed washout of putative cytoplasmic proteins,
nor could intracellular application of cytosolic
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extracts from LNCaP cells transform hSlol channels
to the BK phenotype (Fig. 5).

BK(, channels are multimeric complexes
formed by four Slol o subunits that can coassemble
with up to four accessory B subunits (Orio et al.,
2002). Several Slol o subunit splice variants and
different B subunits provide a huge number of
possible combinations. Even point mutations or
polymorphisms in both, Slol o (Diaz et al., 1998;
Lippiat et al., 2000) and Slo-B1 (Fernandez-Fern-
andez et al., 2004), can result in tremendous func-
tional changes. The diversity is further increased by
the variable stoichiometry of Slol o and B subunits
(Wang et al.,, 2002) and posttranslational modifi-
cations like phosphorylation (Zhou et al., 2001;
Erxleben et al., 2002), which in turn can determine
the effect of B subunit association (Jin et al., 2002).
Because of the tremendous diversity, we cannot
completely exclude that a combination of already
known o and P subunits forms BK; channels.
Nevertheless, we propose that the features of BK
channels result from a unique subunit composition
including novel hSlo subunits of the o (o) and/or
(Br) type, expressed in LNCaP and T47D cells.

From our transfection experiments (Fig. 4,
Fig. 6), we infer that hSlol o and B1 subunits can
participate in BK formation. hSlo-B1 expression in
LNCaP cells clearly affects BK; whole-cell current
kinetics and voltage dependence without effect on
current density. In addition, the increased suscepti-
bility to Ch-T (Santarelli et al., 2004) clearly indicates
functional interaction. Assuming that oy subunits are
responsible for the BK; phenotype, LNCaP cells
represent an interesting system to study the molecular
mechanism of o / B interactions in BK, channels
since the functional effects of hSlo-B1 on oy (calcium-
independent right-shift of Vys) would be in part
contrary to those on standard o subunits (calcium-
dependent left-shift of 7} s). On the other hand, the
effects of hSlo-B1 expression may be also explained
by functional replacement of B subunits and their
main functional effect, i.e., the Ca’"-independently
left-shifted V5. Both scenarios would be compatible
with the 4-fold increase in BK density observed
upon hSlol expression in LNCaP cells assuming that
one o and/or Bp subunit is sufficient to transform
BK, to BK; channels.

Future studies will have to identify the molecular
counterparts of the BK; phenotype which may give
further insight into Slo o / B subunit interaction as
well as the synergistic channel activation by voltage
and calcium.
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